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Abstract: The on-orbit calibration of Visible Infrared Imaging Radiometer Suite (VIIRS) Thermal
Emissive Bands (TEB), onboard the National Oceanic and Atmospheric Administration-20 (NOAA-20)
and the Suomi National Polar-orbiting Partnership (S-NPP) satellites, have been stable during nominal
operations. However, larger than expected scan angle/scene temperature dependent biases, relative
to the co-located Cross-track Infrared Sounder (CrIS) observations, were observed in the NOAA-20
longwave infrared (LWIR) bands. The Response Versus Scan (RVS) effect—the variation of instrument
reflectance of source radiance with scan angle, is a significant contributor to VIIRS calibration. TEB
RVS is characterized using prelaunch test data and verified on-orbit using pitch maneuver data.
This study presents a new method that characterizes VIIRS on-orbit TEB RVS at both Earth View
(EV) and Space View (SV) scan angles simultaneously. This method was compared with an existing
on-orbit RVS method (the Wu et al. method), which derives RVS at EV scan angles using pitch
maneuver data and extrapolates SV RVS from EV. The new method derived on-orbit RVS differ from
prelaunch values up to 1.0% at the beginning of scan in the NOAA-20 LWIR bands, and ~0.5% in
S-NPP M15. VIIRS-CrIS inter-comparison results indicates that the new method derived on-orbit RVS
can effectively minimize LWIR scan angle/scene temperature dependent biases, with scan averaged
biases reduced from 0.40K to 0.15K for NOAA-20 LWIR bands, and from 0.24K to 0.08K for S-NPP
M15. The Wu et al. method can also reduce the scan angle dependent biases, but at the expense of
increasing the scene temperature dependent biases.

Keywords: Visible Infrared Imaging Radiometer Suite (VIIRS); NOAA-20; S-NPP; Thermal Emissive
Bands (TEB); Response Versus Scan (RVS); on-orbit pitch maneuver; prelaunch; scan angle/scene
temperature dependent biases

1. Introduction

The second Visible Infrared Imaging Radiometer Suite (VIIRS) instrument, onboard the National
Oceanic and Atmospheric Administration-20 (NOAA-20) satellite, was launched on November 18, 2017,
following six years of successful operation by its predecessor on the Suomi National Polar-orbiting
Partnership (5-NPP) satellite. VIIRS has 22 spectral bands, including 14 Reflective Solar Bands (RSB), 7
Thermal Emissive Bands (TEB), and 1 Day-Night-Band (DNB). NOAA-20 and S-NPP VIIRS Sensor
Data Records (SDR) achieved validated maturity status in April 2018 and December 2013, respectively.
Among the 7 TEBs, there are 3 mid-wave infrared bands (MWIR, M12-M13 and 14) on the short
and mid-wave infrared (S/MWIR) cold Focal Plane Assembly (FPA) and 4 long-wave infrared bands
(LWIR, M14-M16 and 15) on the LWIR cold FPA. Table 1 summarizes spectral, spatial, and radiometric
characteristics of NOAA-20 and S-NPP VIIRS TEBs. With heritage from the Moderate Resolution
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Imaging Spectroradiometer (MODIS) and the Advanced Very High-Resolution Radiometer (AVHRR),
VIIRS TEB SDRs are widely used for monitoring severe weather events and deriving a variety of
environmental data records (EDR), such as sea/land/ice surface temperature, active fires, and cloud
and aerosol properties [1,2].

Table 1. Spectral, spatial, and radiometric characteristics of NOAA-20 and S-NPP VIIRS TEBs. 14-15,
M12, M14-M16 are single gain (S) bands. M13 is a dual gain band (H: high gain; L: low gain). Ttyp
stands for typical scene temperature; NEdT stands for noise equivalent differential temperature.

Center NEdT On-Orbit

VIIRS TEBs Resfl}:x ‘::21 (my _ Wavelength (um)  Gain T&g’ NEdg()s pec (K)

NOAA-20 S-NPP NOAA-20 S-NPP

M12 750 3.700 3.697 s 270 0.396 0.12 0.12

MWIR 4 375 3.753 3.753 s 270 25 0.42 0.40

H 300 0.107

M13 750 4.070 4.067 . 280 0423 0'?4 O'EM

M14 750 8.583 8.578 S 270 0.091 0.05 0.06

LWIR M15 750 10703 10.729 s 300 0.07 0.02 0.03
15 375 11450  11.469 s 210 15 0.42 0.40

M16 750 11.869  11.845 S 300 0.072 0.03 0.03

VIIRS is a scanning radiometer with a Rotating Telescope Assembly (RTA) that rotates 360° to
collect signals from the Earth View (EV) port and the onboard calibrators including Solar Diffuser
(SD), blackbody (OBCBB), and Space View (SV) port. VIIRS EV has a nominal scan range of +56.063°.
A two-sided Half Angle Mirror (HAM) is used to direct source radiance exiting from the RTA into
the aft-optics. The reflectance of the HAM varies with the scan angle due to the change of angle of
incidences (AQI) of the radiance on the HAM. In the VIIRS calibration algorithm, Response Versus Scan
(RVS) is used to account for the change of reflectance with AOI on the HAM across a scan [3-5]. It is
used for both on-orbit degradation factor estimation and EV radiance calculation. Up to date, prelaunch
characterized RVS look-up-tables (LUT) have been used in the NOAA-20 and S-NPP operational VIIRS
SDR processing [6]. Details of the NOAA-20 and S-NPP prelaunch VIIRS RVS characterization is
available in Moyer et al. [4].

The on-orbit calibrations of NOAA-20 and S-NPP VIIRS TEB are monitored routinely at the NOAA
Center for Satellite Applications and Research (STAR) to ensure quality SDR products. S-NPP TEB
on-orbit degradations are very limited. NOAA-20 VIIRS TEB had a LWIR degradation issue during
the Post-Launch Testing (PLT), or extensive Cal/Val period, but the issue was successfully resolved
after the Mid-Mission Outgassing on March 12, 2018, with LWIR responsivity back to the levels similar
to the beginning of the mission [7,8]. After the outgassing, NOAA-20 TEB calibration has remained
stable and similar to S-NPP. Note all degradations in S-NPP and NOAA-20 have been accounted for
by the on-orbit calibration. Overall, during nominal operations, NOAA-20 and S-NPP VIIRS TEBs
agree with co-located Cross-track Infrared Sounder (CrIS) observations to about 0.1K at near nadir
locations. However, persistent larger than expected scan angle and scene temperature dependent
biases, relative to CrIS, have been observed in the NOAA-20 LWIR bands, especially in M15 (up to
~1.0K at the beginning of scan). On the other hand, the scan angle and scene temperature dependent
biases in S-NPP are much smaller (within ~0.3K).

VIIRS TEB on-orbit calibration is performed scan by scan. RVS is the only known calibration
parameter that varies with the scan angle. Moreover, errors in RVS also introduce scene temperature
dependent biases due to the nonlinear relationship between radiance and brightness temperature
(BT) at the MWIR and LWIR wavelengths. Moyer et al. [9] empirically modified the prelaunch RVS
to reduce the scan angle/scene temperature dependent biases in NOAA-20 M15. However, other
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NOAA-20 VIIRS TEBs have not been studied, and the root cause of the observed NOAA-20 LWIR scan
angle/scene temperature dependent biases remains uncertain.

Fortunately, VIIRS TEB RVS can also be estimated post-launch using observations from on-orbit
spacecraft pitch maneuvers, which were performed during NOAA-20 and S-NPP PLT periods. During
a spacecraft pitch maneuver, VIIRS observes deep space and provides an opportunity to characterize
on-orbit TEB RVS (as well as DNB dark offset). Wu et al. [5,10,11] developed a method for verifying
prelaunch TEB RVS at the EV scan angle range using pitch maneuver data. This method will be referred
to as the Wu et al. method in the rest of the text for convenience. Results show that the prelaunch and
on-orbit pitch maneuver based RVS (on-orbit RVS) agree within 0.3% for NOAA-20 [11] and within
0.4% for S-NPP [5]. Despite that, no study has been performed yet to investigate if the on-orbit RVS
can be implemented operationally to reduce the scan angle and/or scene temperature dependent biases.
NOAA operational processing requires EV RVS to be normalized to SV. The Wu et al. method estimates
the shapes of RVS at the EV scan angle range only using pitch maneuver data; SV RVS needs to be
extrapolated from EV RVS. There is a need to investigate if on-orbit RVS at both EV and SV scan angles
can be derived simultaneously. Moreover, it is valuable to re-assess the NOAA-20 TEB RVS using pitch
maneuver data independently.

This study presents a new method for estimating VIIRS TEB RVS using on-orbit pitch maneuver
data at both EV and SV scan angles simultaneously. The new method will be referred to as the Wang et
al. method in the rest of the text for convenience. Prelaunch RVS was assessed using the on-orbit RVS
derived using both the Wang et al. method and the existing Wu et al. method. The impacts of on-orbit
RVS on the scan angle/scene temperature dependent biases were analyzed using reprocessed VIIRS
SDRs and co-located CrIS observations. Three more Joint Polar Satellite System satellites (JPSS), J2-]4,
will be launched in the coming years. The methodology developed in this study may also be applied
to the VIIRS onboard the future J2-J4 satellites. This paper is organized as follows. Section 2 gives an
overview of VIIRS TEB calibration algorithm and the VIIRS scan angle/scene temperature dependent
biases. Section 3 presents the two on-orbit RVS methods: (1) the Wu et al. method, and (2) the Wang
et al. method. Section 4 compares the prelaunch and on-orbit RVS. The impacts of the on-orbit RVS
on NOAA-20 and S-NPP TEB SDRs are assessed and discussed in Section 5. Section 6 summarizes
this study.

2. VIIRS TEB On-Orbit Calibration Algorithm and Scan Angle/ Scene Temperature
Dependent Biases

2.1. VIIRS TEB On-Orbit Calibration Algorithm

VIIRS S/MWIR and LWIR FPAs are cooled down to nominal operating temperatures (NOAA-20:
80.5K; S-NPP: 80.0K) with a passive radiative cooler [2]. The temperature controlled OBCBB is the
primary TEB calibration source. It provides absolute calibration traceable to the National Institute
of Standards and Technology (NIST). SV provides the dark background reference. VIIRS TEBs are
calibrated on a scan-by-scan basis. On-orbit detector response degradation factors (F-factor) are
derived using the on-orbit OBCBB and SV measurements, as well as prelaunch calibration coefficients
(C-coefficients) and other parameters. Effects of instrument self-emission and RVS are accounted
for during calibration. Prelaunch characterized RVS is currently used in the NOAA-20 and S-NPP
operational processing. All TEB calibration terms remain the same within one scan, except for RVS
that varies with the scan angle. Details of the VIIRS TEB calibration algorithm and procedures are
described in previous publications [3,12-14]. Equations (1) and (2) show how the VIIRS TEB EV
radiance is calculated:

F:(co + ¢1dneo + cde”) = (RVSeo = RVSso)-Luirror

Lev = RVng; (1)
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(1= prra)-LrRTA — LHAM
Lmirror = (2)
PRTA

where L., is EV spectral radiance entering the instrument aperture; cy, c¢;, and ¢, are calibration
coefficients (C-coefficients) derived from prelaunch test data; dn,, is the EV digital count with the SV
count subtracted; RVS,, is RVS at EV AOI on the HAM; RVSg, is RVS at SV AOI on the HAM ( all
RVS values are normalized to SV in the NOAA operational processing, therefore RVSs, = 1); Lyiror 1S
instrument background emission; prr4 is the RTA reflectivity; Lrra is RTA emitted radiance; Ly is
HAM emitted radiance. F is detector and HAM-side dependent on-orbit degradation factor (F-factor),
which is calculated scan-by-scan using Equation (3):

F RV Syp-Lyy_emitted+reflected + (RVSpy = RV Ssp)-Lyirror ®
(Co + cy-dnyy + Cz‘dnbbz)

where RV Sy, is RVS at OBCBB AOL on the HAM; Lyy,_emitted-+re flected 1S OBCBB emitted radiance according
to Planck’s function and OBCBB shield, cavity, and telescope originated radiance reflected off the
OBCBB; dny, is the OBCBB digital count with the SV count subtracted.

2.2. VIIRS Scan Angle and Angle of Incidence (AOI) on the HAM

VIIRS uses a 4-mirror RTA that rotates 360° to collect source radiance from the EV port, the SD, the
OBCBB, and the SV. SD, OBCBB, and SV are located at fixed scan angles, while EV has a nominal scan
angle range of +£56.063°. A two-sided HAM, which rotates at half speed of RTA, is used to direct source
radiance exiting from the RTA into the aft-optics. Both sides of HAM (HAM-A and HAM-B) are used
to ensure that all collected radiances are directed to the detector arrays. The AOIs of source radiance
on the RTA mirror and the aft-optics are fixed during a scan. However, AOIs of source radiance on the
HAM depend on the scan angle. In the VIIRS calibration algorithm, RVS is used to characterize the
effect of the change of source radiance with AOI on the HAM. The relationship between AOI on the
HAM and scan angle is given in Equation (4) [4,15]:

AOI = cos™! cos(AOImin)-cos( (4)

0—46.0 )]
where AOL,;, is the minimum reflection angle off the HAM (AOL,;, = 28.6°, occurs at +46° scan angle),
and 0 is the scan angle. Figure 1 shows a diagram of VIIRS scan pattern [3]. Scan angles and AQOIs at
the beginning of EV scan (EVBOS), nadir, the end of EV scan (EVEOS), SV, OBCBB, and AOI,,,;,, which
are relevant to TEB calibration, are also given. The VIIRS calibration algorithm assumes that the RVS is
symmetric about +46° scan angle. Therefore, RVS at OBCBB AOI (scan angle +100°) is the same as the
RVS at —8° EV scan angle based on the assumption, but the SV AOl is outside of the EV scan angle
range [3].
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Figure 1. Diagram of Visible Infrared Imaging Radiometer Suite (VIIRS) scan pattern. Scan angles and
angle of incidences (AOISs) at space view (SV), blackbody (OBCBB), the beginning of Earth View (EV)
scan (EVBOS), nadir, the end of EV scan (EVEOS), and AOl;, are also given.

2.3. VIIRS Prelaunch TEB RVS

During the prelaunch test; band, detector, and HAM-side dependent RVS functions are measured
using the Laboratory Ambient Blackbody, which is placed at various VIIRS scan angles to ensure a
good characterization of RVS at the entire EV and SV scan angle range. The 2™ order polynomial fit is
used to model RVS variations to predict RVS at all AQIs [4,15]. In the NOAA operational processing,
RVS LUT (VIIRS-SDR-RVF-LUT, where RVF stands for response versus frame, i.e., pixel index along
the scan) is used to provide band, detector, and HAM-side dependent RVS values for all EV frames
(pixels), SV, and OBCBB. In an operational RVS LUT, all RVS values are normalized to SV, i.e., RVS at
SV AOI equals to 1. NOAA-20 and S-NPP operational VIIRS SDRs have been processed using the
prelaunch RVS LUTs up-to-date.

Figure 2 compares S-NPP and NOAA-20 band averaged RVS for the 4 LWIR bands. Prelaunch
values from the NOAA operational RVS LUTs were used. The RVS at SV, OBCBB, EVBOS, and EVEOS
are also marked. For S-NPP, the values in the operational RVS LUT are consistent with those presented
in Moyer et al. [4]. EV RVS at -8° scan angle (AOI = 38.53°) agrees well with OBCBB RVS stored in
the LUT. The 2™ order polynomial curves fitted using EV RVS values converge nicely at SV AOL For
NOAA-20, the magnitudes of RVS values at different AOIs are also generally consistent with those
reported by Moyer et al. [4]. However, there are three discrepancies in the NOAA-20 prelaunch RVS
LUT (similar issues were also observed in the NOAA-20 MWIR and RSB bands):

1. Inconsistent RVS values exist near AOI i, (28.60°). In other words, different RVS values occur
when the AOIs are the same.

2. Inaprelaunch RVS LUT, all values are modeled using 2" order polynomials as functions of AOIs
and normalized to SV [4]. However, in the NOAA-20 operational RVS LUT, 2" order polynomial
curves fitted using EV RVS converge ~2° earlier than SV AQ], consistent with the —2° AQOI error
in the prelaunch M15 RVS found in Moyer et al. [9].

3. OBCBB RVS values do not match EV RVS at —8° scan angle.
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Figure 2. S-NPP and NOAA-20 band averaged Response Versus Scan (RVS) as functions of AOI for
half angle mirror (HAM)-A (solid lines) and HAM-B (dash lines). The SV, EVBOS, EVEOS, and OBCBB
AOQIs are also marked.

2.4. VIIRS TEB Scan Angle and Scene Temperature Dependent Biases

The on-orbit calibrations of NOAA-20 and S-NPP VIIRS have been monitored closely to ensure
quality TEB SDRs. OBCBB temperature uniformity, SSMWIR and LWIR FPA temperatures, instrument
temperatures, and on-orbit calibration factors (F-factor) are trended routinely. VIIRS TEB calibrations
have been stable during nominal operations after achieving validated maturity status since April 2018
and December 2013 for NOAA-20 and S-NPP, respectively. VIIRS TEB SDR performance is monitored
using co-located CrlS observations. Our long-term monitoring results show that VIIRS agrees with
CrIS on the order of 0.1K at nadir locations for both NOAA-20 and S-NPP.

However, persistent larger than expected scan angle and scene temperature dependent biases,
relative to co-located CrIS observations, have been observed in the NOAA-20 LWIR bands since
the beginning of the mission [9,16]. Figures 3 and 4 compare NOAA-20 and S-NPP VIIRS-CrIS BT
differences at 10 scene temperatures and as a function of CrIS field of regard (FOR) position and VIIRS
scan angle. One day (March 18, 2019, randomly selected, both VIIRS and CrIS were under nominal
operation) of NOAA operational VIIRS TEB SDRs were used. We also checked data during other dates.
Results show that the patterns in NOAA-20 scan angle and scene temperature dependent biases do
not vary significantly over time; S-NPP TEB bias patterns are also consistent in recent years. A brief
description of CrIS observations and VIIRS and CrIS inter-comparison methodology used in this study
is given in Section 5.1.

NOAA-20 (see Figure 3) TEBs exhibit obvious scan angle/scene temperature dependent biases.
M15 shows the worst case of scan angle/scene temperature dependent biases near EVBOS (up to ~1 K),
much larger than those near EVEOS (CrIS FOR 1, ~0.4K). Similar biases in M15 were reported in Moyer
et al. [9], using data from February 2018. M16 and I5 show similar bias patterns, but their magnitudes
are smaller. M13 show little scan angle dependent biases, though scene temperature dependent biases
were observed.

The scan angle/scene temperature dependent biases in S-NPP (see Figure 4) are much smaller
than those in NOAA-20. Moreover, the biases are nearly constant across scan in all cases. M15 shows
slightly larger scan angle/scene temperature dependent biases (~0.3 K) compared to M16 and I5, but
much smaller than its NOAA-20 counterpart. Similar S-NPP M15 bias patterns were reported by
Moyer et al. [9].
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Figure 3. NOAA-20 VIIRS-CrIS BT differences at 10 scene temperatures and as function of CrIS
FOR position and VIIRS scan angle. Under each scene temperature, the sizes of the filled circles are
proportional to the number of data samples used.
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Figure 4. S-NPP VIIRS-CrIS BT differences at 10 scene temperatures and as function of CrIS FOR
position and VIIRS scan angle. Under each scene temperature, the sizes of the filled circles are
proportional to the number of data samples used.

Wu et al. [5,11] verified the NOAA-20 and S-NPP prelaunch TEB RVS at the EV scan angle range
using pitch maneuver data. Results show that NOAA-20 prelaunch and on-orbit RVS agree within
0.3%, similar to S-NPP (within 0.4%). Though other VIIRS calibration parameters may contribute
to the observed scan angle/scene temperature dependent biases, the discrepancies in the NOAA-20
prelaunch RVS LUT (see Figure 2) indicate that it will be useful to re-assess the quality of NOAA-20
prelaunch RVS independently. A re-analysis of the NOAA-20 prelaunch RVS test data and the LUT
creation process may also help to address the issues, but the prelaunch RVS LUTs were generated
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using test data measured under ambient temperature conditions. The thermal environment of the
prelaunch test and on-orbit are different. The on-orbit pitch maneuver data may provide a unique
insight about the uncertainty of prelaunch TEB RVS. This study focuses on characterizing TEB RVS
using on-orbit pitch maneuver data and studying the impacts of on-orbit RVS on TEB calibration.

3. Methods for Characterizing VIIRS TEB RVS Using On-Orbit Pitch Maneuver Data

3.1. Selection of On-orbit Pitch Maneuver Data for TEB RVS Characterization

During NOAA-20 and S-NPP VIIRS PLT, spacecraft pitch maneuvers were performed to
characterize DNB calibration offsets and TEB RVS [5,10,11]. During a pitch maneuver, VIIRS has a
complete view of deep space for about 25 min, with detectors observing deep space over the entire EV
scan angle range, SV, and OBCBB. The thermal emission of deep space is negligible in the infrared
spectrum; therefore, radiance received by the TEB detectors is due to the thermal emission of the VIIRS
instrument only, including RTA and HAM. The shape of TEB RVS can be determined by measuring the
relative change in emissive radiation across the scan. Band, HAM-side, and detector-dependent TEB
EV RVS can be derived using data selected based on the following two criteria [5,10,11]:

1. A complete view of the deep space, and away from Earth radiation contamination.
2. S/MWIR and LWIR cold FPAs are stably controlled at nominal operating temperatures.

VIIRS pitch maneuver data are available through the NOAA Comprehensive Large Array-data
Stewardship System (CLASS) [17]. S-NPP pitch maneuver data is open to the public, while NOAA-20
data require special permission to access. Figure 5 shows an example of VIIRS pitch maneuver
data. The image was generated using NOAA-20 M15 EV counts. Three granules (January 31, 2018,
13:42:23-13:48:04 UTC) of Raw Data Records (RDR) during the beginning of the pitch maneuver were
used. Details of pitch maneuver data used in this study are summarized in Table 2. Note bowtie
deletion [18] is enabled during a pitch maneuver. Detectors 1-2 and 15-16 of M-bands and detectors
1-4 and 29-32 of I-bands cover near nadir frames only, instead of the entire range of EV scan angles.
Fortunately, EV RVS at bowtie deletion regions are not required in the TEB calibration.

Figure 5. An image of NOAA-20 M15 EV counts during the beginning of pitch maneuverer (January
31, 2018, 13:42:23-13:48:04 UTC). The bright feature that occupies most of the image is the Earth. The
dark portion of the image in the bottom shows the deep space data for on-orbit RVS characterization.
The striping at the beginning and the end of scan are fill values due to bowtie deletion.
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Table 2. NOAA-20 and S-NPP pitch maneuver data used for on-orbit Response Versus Scan
(RVS) characterization.

NOAA-20 S-NPP
Granule Used 13:12%?3:11&(2)2 1STC 18:13266?;91?{%7:53:,4240521“C
Start Scan Number 11 1
Number of scans used 10 (5 scans for each HAM-side) 10 (5 scans for each HAM-side)
S/MWIR FPA Temp. 80.29K 79.86K
LWIR FPA Temp. 80.48K 79.95K

3.2. The Wu et al. Method

Wau et al. [5] proposed an equation for characterizing band, HAM-side, and detector dependent
VIIRS TEB RVS at EV scan angle range (RV'S,y) using on-orbit pitch maneuver data:

RVSep =1.0+

Lbb_emitted+reflected (DNeU — DN_gy—pp ) )

DNbb - DNev:bb

Lmirror

where Lyp_emitted+reflected 18 OBCBB emitted and reflected radiance; DN,, is EV counts (without SV count
subtraction); DN,—yy, is EV counts at OBCBB AOI (38.53°, scan angle = —8°, see Figure 1); DNy, is
OBCBB counts (without SV count subtraction); Ly, is instrument self-emission. The equation was
derived based on the TEB calibration equations after ignoring the zero offset (cy) and the nonlinear
coefficient (c3). Details about this method are available in the literature [5]. The RV S, derived using
this equation is normalized to OBCBB by default, which is different from the prelaunch RVS LUT used
in the operational processing (normalized to SV).

In the Wu et al. method, 2" order polynomial curves are fitted using EV on-orbit RVS as a
function of AOI to predict RVS at any AOI [5,10,11]:

RVS = ag + a1-AOI + a,-AOI? (6)

where a9, a1, and a, are 2" order polynomial coefficients.

To apply on-orbit RVS to operational processing, RVS at SV AOI (RV'Ss,) and OBCBB AOI (RV Syy)
also need to be estimated, and all RVS are required to be normalized to RVSs,. Scan angles at SV,
OBCBB, and EV are fully covered during prelaunch testing to ensure accurate RVS characterization.
Using on-orbit pitch maneuver data, RVSy, can be interpolated using Equation (6) and OBCBB AOI
(-8° EV scan angle). However, the Wu et al. method does not directly estimate RVS, using pitch
maneuver data. Instead, it needs to be extrapolated using Equation (6) and SV AOI. Extrapolation error
exists for the on-orbit RVS characterized using this method, when it is applied for SDR processing.
Moreover, on-orbit RVS for the detectors affected by bowtie deletion cover near nadir AOIs only, and
the extrapolated RVSs, for these detectors suffers even larger uncertainties.

3.3. The Wang et al. Method

In this study, we propose a new method (Wang et al. method) for characterizing TEB RVS at
both EV and SV scan angles using pitch maneuver data. The Wang et al. method is based on the TEB
calibration equations directly. During a pitch maneuver, VIIRS looks at deep space, therefore, L., in
Equation (1) (see Section 2.1) equals zero. Consistent with the prelaunch RVS, here we also assign
RVSg, to unity. Equation (1) can be simplified as:

F'(CO + c1-dnep + C2'd”evz) = (Rvsev - 1)'Lmirror ()
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From Equation (7), RVS,, can be resolved as:

F'(Co + c1-dney + CZ'dnevz)

RVSe =1+ 8)

Linirror

The Wang et al. method uses SV counts for background subtraction, consistent with operational
processing. In this study, we examined the SV and OBCBB counts in the pitch maneuver data used for
RVS retrieval. Results show that the quality of SV and OBCBB counts are similar to those during the
nominal operations. C-coefficients are interpolated using prelaunch values based on electronic and
opto-mechanical module temperatures. The L+, term, which is the same as those in the Equations (1),
(3), and (5), is calculated based on RTA and HAM temperatures and prelaunch calibration LUTs.

The Wang et al. method assumes that C-coefficients are reasonably well characterized prelaunch,
although small errors may exist in the prelaunch RVS. For NOAA-20, prelaunch C-coefficients used in
this study were derived using measurements from an external NIST traceable blackbody calibration
source, located inside the thermal vacuum chamber at a fixed scan angle (~ +41°) [19]. As a result,
prelaunch RVS at this scan angle was used for characterizing the prelaunch C-coefficients. A similar
arrangement was used to derive the prelaunch C-coefficients for S-NPP. Therefore, the impact of errors
in the prelaunch RVS needs to be analyzed in this study:.

On-orbit RVS may be affected by errors in the prelaunch zero offset values. Note zero offset is a
calibration coefficient that attempts to account for unexplained residual radiances in the TEB calibration
equations, including but not limited to the residual radiance due to the inaccurate prelaunch RVS.
Since the zero offset and the RTA/HAM temperatures are mostly constant in the scans used for on-orbit
RVS retrieval, errors in the prelaunch zero offset are expected to introduce nearly constant biases across
scan in the derived on-orbit RVS. On the other hand, on-orbit RVS may also compensate for the errors
in prelaunch zero offset. NOAA-20 and S-NPP TEB on-orbit degradations are less than 1% by the time
of pitch maneuvers. The errors in the prelaunch calibration slope (c1) can be mostly compensated for
by the on-orbit calibration factor (F-factor, see discussions in next paragraph). The radiances observed
by the TEB detectors during a pitch maneuver are very low, with the magnitudes of the SV subtracted
EV counts ranging from a few counts (for MWIR) and up to ~90 counts (for LWIR) only. Our analysis
shows that the impact of the nonlinear coefficient on the on-orbit RVS is negligible.

The F-factor (F) in Equation (8) is calculated using Equation (3) (see Section 2.1). RVSy, is required
to calculate the F-factor. After carefully analyzing the magnitudes of different terms in Equation (8),
we found that on-orbit RVS is insensitive to errors in the F-factor. A 0.1% error in the F-factor only
results in a 0.01% of error in the on-orbit RVS. Therefore, prelaunch RVSy;, can be used to calculate the
F-factor without introducing significant errors. In case there exist large errors in the prelaunch RVSy,
on-orbit RVS can be solved iteratively, with prelaunch RVSyy, as first guess.

The two methods also differ in how the RVSg;, is derived for operational implementation. The Wu
et al. method extrapolates RVSg, using 2" order polynomials fitted using the on-orbit RVS at EV scan
angles. The Wang et al. method is computationally more complex than the Wu et al. method, but it
estimates on-orbit RVS that is normalized to RVSs, by default. In other words, the Wang et al. method
derives the shapes of RVS curves that cover both EV and SV scan angles. For the Wang et al. method,
2" order polynomial fit (Equation (6)) is used to smooth the EV RVS data only. Therefore, the RVS,
extrapolation error can be prevented.

4. Comparisons of Prelaunch and On-Orbit RVS

4.1. Deriving On-Orbit RVS Using the Wang et al. Method

NOAA-20 and S-NPP VIIRS TEB raw on-orbit RVS data (pixel level, before applying 27 order
polynomial smoothing) were derived using the Wang et al. method (see Equation (8)). All terms
required by Equation (8) were calculated following the same methods used in the NOAA operational
processing software [20] and input parameters [6]. Prelaunch C-coefficients and RVSy;, values were
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used to calculate F-factors, hence on-orbit RVS. By the time of pitch maneuvers, the NOAA-20 LWIR
degradations are within 1% and MWIR degradations are negligible; S-NPP TEB degradations are
within 0.5%. The impact of using prelaunch RV Sy, on the on-orbit RVS is negligible for both NOAA-20
and S-NPP (see Section 3.3). Our results show that the RVSy;, derived and used as input for F-factor
calculation converge only after one run in all cases, with difference less than 0.01%.

Figure 6 shows NOAA-20 bands 14-15 and M13-M16 HAM-side, and detector dependent raw
on-orbit RVS derived using the Wang et al. method. Band M12 raw on-orbit RVS data is similar to M13.
Overall, the magnitudes of on-orbit RVS derived using this method are similar to the prelaunch values
reported by Moyer et al. [4], with mean magnitudes of on-orbit RVS varying within +0.5% for the
MWIR bands, and up to 10% for the LWIR bands. The MWIR pitch maneuver data are noisy, because
the F -(co + c1-dney + cz-dnevz) term in Equation (8) (RVS effect) is within the on-orbit characterized noise
equivalent differential radiances (NEdL). The LWIR pitch maneuver data are much cleaner, at least
more than 30 times above the on-orbit NEdL. The fork-like features in band I5 near the beginning and
end of scan are due to differences in even and odd frames of SV subtracted EV counts, which were
averaged out in the 2-sample and 3-sample aggregation zones toward scan center. Similar patterns
were observed in the raw on-orbit RVS data for S-NPP.
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Figure 6. The Wang et al. method derived NOAA-20 raw (pixel level) on-orbit RVS data as function
of frame. For each band, detector level raw RVS are illustrated by different colors ranging from blue
(HAM-A, first detector) to dark red (HAM-B, last detector).

The Wang et al. method derived raw on-orbit RVS at EV scan angles were further smoothed using
2nd order polynomial fit, with uncertainties (1 sigma) of 0.7%, 0.5%, 0.2%, 0.2%, 0.05%, 0.03%, 0.03%
for 14-I5 and M12-M16, respectively. Note that the on-orbit RVS,, remains unchanged (equals to 1).
RVSy, was estimated using on-orbit RVS at —8° EV scan angle. The uncertainties for MWIR bands are
higher, consistent with the noises observed in the raw RVS data. The uncertainty for I5 is relatively
larger than other LWIR bands, mostly due to the even and odd frame effect. Our analysis shows that
this effect has little impact on the detector level on-orbit RVS after the data were smoothed.

Figure 7 plots NOAA-20 bands I5, M13, and M15-M16 detector level on-orbit RVS as function of
AOI (after smoothed using 2" order polynomials). 14 and M12 detector level RVS patterns are similar
to M13, except that the detector level differences are slightly larger; M14 is similar to M15. Obvious
HAM-side dependencies were observed in the RVS curves for LWIR bands; while the MWIR RVS
curves show little HAM-side dependency. The detector level on-orbit RVS for S-NPP are similar to



Remote Sens. 2019, 11, 1624 12 of 24

NOAA-20, except that S-NPP show larger HAM-side dependence (within +0.8%) in the LWIR bands
compared to NOAA-20 (within +0.3%). The observed HAM-side dependent differences in NOAA-20
and S-NPP on-orbit RVS are generally consistent with prelaunch results [4]. In addition, on-orbit RVS
for the detectors affected by bowtie deletion are not significantly different from other detectors.
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Figure 7. NOAA-20 bands 15, M13, and M15-M16 detector level on-orbit RVS derived using the Wang
et al. method, after smoothed using 2" order polynomials.

4.2. Deriving On-orbit RVS Using the Wu et al. Method

In this study, NOAA-20 and S-NPP VIIRS band, HAM-side, and detector dependent on-orbit
RVS were also derived using the Wu et al. method. First, raw RVS at the EV scan angle range was
estimated using Equation (5). The noise patterns in raw RVS data derived using this method are
similar to those derived using the Wang et al. method. Then, 2™ order polynomials were fitted using
Equation (6) and the raw RVS to predict RVS at all AOIs, including RV'Sy,. The fitting uncertainties
of the Wu et al. method derived on-orbit RVS are also similar to the Wang et al. method. RVS;, and
RVSy;, were calculated using the fitted 2" order polynomial curves. Finally, all on-orbit RVS values
were re-normalized to RV'Sg, to be consistent with the RVS used in the NOAA operational processing.
Compared to the Wang et al. method derived on-orbit RVS, the Wu et al. method derived on-orbit RVS
exhibits smaller HAM-side dependency. Moreover larger differences were observed between detectors
not affected by bowtie deletion and those affected.

We compared the two sets of on-orbit RVS derived in this study, by the Wang et al. method and
the Wu et al. method. Both on-orbit RVS were normalized to OBCBB before they were compared.
Interestingly, our results indicate that the shapes of the two sets of on-orbit RVS are very close to each
other at the EV scan angle range, with differences within +0.1% for NOAA-20. For S-NPP, the two
on-orbit RVS also agree within +0.1% at all scan angles, except for M14-M15 (up to 0.3% at HAM-B
near EVBOS). This study confirms that the simplification of VIIRS TEB calibration equation used by
the Wu et al. method is sound for estimating RVS curves at EV scan angle range. Therefore, the two
methods are expected to perform similarly for assessing the shape of prelaunch RVS at EV scan angle
range in most cases.

It is worth noting that two versions of the on-orbit RVS derived using the Wu et al. method exist:
(1) calculated in this study, and (2) reported by Wu et al. [5,11]. These two sets of on-orbit RVS do not
agree in all cases. The differences between the on-orbit RVS derived in this study and Wu et al. [5,11]
will be discussed in Section 4.4.
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4.3. Comparison of Prelaunch RVS and the Wang et al. Method Derived On-Orbit RVS

Figure 8 compares NOAA-20 (left panel) and S-NPP (right panel) band-averaged prelaunch and
the on-orbit RVS derived using the Wang et al. method. Table 3 summarizes the scan averaged
differences over the entire EV scan range and the differences over representative scan angles. For
NOAA-20, the scan averaged differences are within ~+0.5% for all bands. However, on-orbit RVS
show large disagreements compared to the prelaunch values in the LWIR bands at EVBOS, with band
averaged differences about 0.8%, 1.0%, 1.0%, and 0.45% for 15, and M14-M16, respectively. However,
the two sets of RVS agree well at EVEOS (within +0.1%). The differences at +41° scan angle, RVS at
which were used for prelaunch C-coefficients characterization, are ~0.1% for LWIR bands, supporting
the Wang et al. method’s assumption that the impact of errors in prelaunch RVS on the prelaunch
C-coefficients is small. For NOAA-20 MWIR bands, nearly constant differences between the on-orbit
and prelaunch RVS were observed, about —0.4%, —0.5%, and 0.2% for 14 and M12-M13, respectively.
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Figure 8. Comparison of band-averaged NOAA-20 (left panel) and S-NPP (right panel) prelaunch and
the Wang et al. method derived on-orbit RVS for HAM-A (solid lines) and HAM-B (dash lines).
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Table 3. NOAA-20 and S-NPP band-averaged differences between the Wang et al. method derived
on-orbit RVS and prelaunch RVS over scan angles at —56.063° (EVBOS), —8° (OBCBB AOI), +41°,
+56.063° (EVEOS), and averaged over the entire EV scan angles (Scan Avg.), for HAM-A and HAM-B.
Cases with differences exceeding +0.3% are highlighted.

On-Orbit RVS (the Wang et al. Method)—Prelaunch RVS

Unit: %
~56.063° —8° +41° +56.063° Scan Avg.
4 -0.35/-0.34  —0.30/-0.34  —0.43/—0.45  —0.43/-0.45  —0.35/-0.38
15 0.73/0.80 0.30/0.29 0.10/0.08 0.07/0.04 0.32/0.32
M12 -0.46/-0.48  —0.47/-045  —0.58/—0.59  —0.59/—0.59  —0.51/—0.51
NOAA-20 MI3 0.28/0.32 0.20/0.24 0.14/0.17 0.14/0.17 0.19/0.23
M14 1.01/0.93 0.37/0.33 0.12/0.08 0.04/0.01 0.41/0.36
M15 0.95/1.05 0.35/0.40 0.13/0.16 0.09/0.11 0.40/0.45
M16 0.44/0.45 0.16/0.13 0.02/-0.01 0.00/-0.03 0.17/0.15
4 —0.80/-0.75  —0.79/—0.80  —0.85/—0.86  —0.85/—0.86  —0.81/—0.81
5 0.25/0.31 0.04/0.05 0.09/0.10 0.09/0.10 0.11/0.13
M12 -0.26/-024  —0.33/-0.35  —0.37/-0.39  —0.37/-0.39  —0.33/-0.34
S-NPP M13 —028/-027  —-0.42/-041  —0.39/-0.40  -0.40/-0.41  —0.39/-0.39
M14 0.09/0.07 0.06/0.03 0.18/0.17 0.18/0.17 0.11/0.09
M15 0.37/0.47 0.15/0.22 0.15/0.22 0.15/0.22 0.19/0.27
M16 0.11/0.14 -0.02/-0.02  -0.01/-0.01  —0.01/-0.01 0.01/0.02

On-orbit OBCBB warm-up/cool-down (WUCD) events have been performed to characterize
TEB zero offset and nonlinearity changes over time [21]. Compared to the prelaunch C-coefficients,
WUCD derived C-coefficients may better represent on-orbit instrument environment, though they may
also be subject to the errors in the prelaunch RVS at OBCBB AOI [21]. We derived on-orbit WUCD
C-coefficients for NOAA-20. Results show that MWIR WUCD zero offset values differ significantly
from prelaunch values. The constant differences between MWIR prelaunch and on-orbit RVS can be
reduced to ~0.0% (I14), —0.25% (M12), and 0.0% (M13) if WUCD derived zero offset values are used for
on-orbit RVS estimation. By contrast, no significant differences between prelaunch and WUCD zero
offset values exist in the NOAA-20 LWIR bands, therefore, the impacts of errors in prelaunch zero
offsets are expected to be small.

For S-NPP, the Wang et al. method derived on-orbit RVS also agree with prelaunch values within
~+0.5% in all bands and at all scan angles, except for 14. The differences averaged over all EV scan
angles are about —0.8% (14), 0.1% (I5), —0.3% (M12), —0.4% (M13), 0.1% (M14), 0.3% (M15), and 0.0%
(M16). M15 shows relatively larger differences than the other S-NPP LWIR bands. Moreover, though
the M15 scan averaged difference is ~0.3%, but its difference at EVBOS is up to ~0.5% for HAM-B.
Similar to NOAA-20, the differences at +41° scan angle are small for LWIR bands, ~0.2% for M14-M15
and less than 0.1% for M16 and I5. The disagreements between S-NPP prelaunch and on-orbit RVS in
MWIR bands are almost constant, similar to NOAA-20 MWIR bands.

Wang et al. [21] analyzed WUCD C-coefficients for S-NPP. On-orbit WUCD derived MWIR and
M15 zero offset values differ significantly from prelaunch values, co-incident with the larger differences
between prelaunch and on-orbit RVS in these bands. No significant disagreement was observed in the
prelaunch and WUCD zero offset values for 15, M14, and M16. Meanwhile, the differences between
prelaunch and on-orbit RVS in these three bands are also small. Results from this study indicates
that errors in the prelaunch zero offset contribute to the constant differences between prelaunch and
on-orbit RVS derived using the Wang et al. method, at least partially. More discussions about the
relationship between prelaunch zero offset and on-orbit RVS will be given in Section 5.

4.4. Comparison of Prelaunch RVS and the Wu et al. Method Derived On-Orbit RV'S

Figure 9 compares NOAA-20 (left panel) and S-NPP (right panel) band-averaged prelaunch and
the Wu et al. method derived on-orbit RVS. Table 4 summarizes the scan averaged differences over
the entire EV scan range and the differences over representative scan angles. For NOAA-20, the
scan-averaged differences are ~ 0.1% (I4), —0.2% (I5), 0.0% (M12), —0.1% (M13), 0.3% (M14), —0.2%
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(M15), and —0.1% (M16), generally consistent with the results reported by Wu et al. [11]. That said,
large differences were observed in LWIR bands I5 at EVEOS (up to —0.6%), M14 at EVBOS (~0.8%) and
M15 at EVBOS (~0.4%) and EVEOS (up to —0.6%).
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Figure 9. Comparison of band-averaged NOAA-20 (left panel) and S-NPP (right panel) prelaunch and
the Wu et al. method derived on-orbit RVS for HAM-A (solid lines) and HAM-B (dash lines). .

For S-NPP, the scan averaged differences between the Wu et al. method derived on-orbit RVS
and prelaunch RVS are about 0.0% (I4), —0.3% (I5), —0.1% (M12), —0.2% (M13), 0.0% (M14), —0.4%
(M15), —0.2% (M16), consistent with Wu et al. [5]. However, large differences were observed at scan
angles from near nadir to EVEOS in bands I5 HAM-B (up to —0.5%) and M15 HAM-B (up to —0.7%).
Moreover, Wu et al. [5] reported relatively large disagreements in bands 14 (0.4%) and M13 HAM-B
(0.5%). The 14 and M13 RVS differences estimated in this study are within +0.2%, for both HAM sides.
The disagreements in the Wu et al. method derived on-orbit RVS calculated in this and previous
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studies [5,11] may be due to RTA temperatures. The Wu et al. [5,11] studies used slightly different RTA
temperature offsets as those used in the NOAA operational processing and this study [6].

Table 4. NOAA-20 and S-NPP band-averaged differences between the Wu et al. method derived
on-orbit RVS and prelaunch RVS over scan angles at —56.063° (EVBOS), —8° (OBCBB AOI), +56.063°
(EVEOS), and averaged over the entire EV scan (Scan Avg.), for HAM-A and HAM-B. Cases with
differences exceeding +0.3% are highlighted.

On-Orbit RVS (the Wu et al. Method)—Prelaunch RVS

Unit: %
—56.063° -8° +56.063° Scan Avg.
14 0.11/0.09 0.16/0.11 0.03/0.00 0.10/0.07
15 0.32/0.30 -0.10/-0.27 —-0.34/-0.55 -0.09/-0.23
Mi12 0.08/0.09 0.07/0.09 —0.05/-0.04 0.03/0.04
NOAA-20 M13 0.02/0.02 —0.06/-0.06 -0.12/-0.12 —0.06/-0.06
Mi14 0.78/0.79 0.22/0.25 -0.09/-0.04 0.25/0.28
M15 0.44/0.43 —0.14/-0.29 —0.40/-0.60 —-0.09/-0.23
M16 0.22/0.22 —0.04/-0.17 —0.20/-0.37 —0.04/-0.15
14 0.03/0.01 0.04/-0.03 -0.02/-0.09 0.02/-0.04
5 —0.06/-0.12 —0.25/-0.54 —0.20/-0.55 -0.19/-0.45
M12 —0.01/-0.02 —0.08/-0.13 -0.12/-0.18 —0.08/-0.12
S-NPP M13 —0.06/-0.06 -0.20/-0.22 —0.18/-0.22 -0.17/-0.20
M14 0.06/—0.04 0.13/-0.32 0.28/-0.27 0.17/-0.24
M15 —0.04/-0.13 —0.24/-0.65 —0.24/-0.74 —0.20/-0.57
M16 —0.02/-0.07 —0.14/-0.33 -0.13/-0.35 -0.11/-0.28

Generally speaking, the Wang et al. method derived on-orbit RVS show larger differences from the
prelaunch values compared to those derived by the Wu et al. method. However, the differences match
better with the LWIR scan angle and scene temperature dependent biases observed in the operational
products (see Figures 3 and 4). The two on-orbit RVS methods estimate RVS, differently, and the
differences in RVSs, propagate to the RVS at EV scan angle range during the normalization process.
For the MWIR bands, including (the Wang et al. method) and ignoring (the Wu et al. method) of
prelaunch zero offset also affect the on-orbit RVS derived. The impacts of on-orbit RVS on TEB SDRs
will be further evaluated in Section 5 using independent co-located CrIS observations.

5. Impacts of On-Orbit RVS on TEB SDR Products

To evaluate the impacts of on-orbit RVS on VIIRS TEB SDRs, NOAA-20 and S-NPP VIIRS TEB
SDRs from March 18, 2019, consistent with the time period of the data used in Figures 3 and 4, were
reprocessed in this study. Three on-orbit RVS LUTs were created. The first RVS LUT was created, for
NOAA-20, using the Wu et al. method derived on-orbit RVS. Two RVS LUTs, for NOAA-20 and S-NPP,
were created using the Wang et al. method derived on-orbit RVS. All other calibration parameters
used in the reprocessing are the same as those used in the NOAA operational processing [6]. VIIRS
orbits the Earth 14 times each day, and provides sufficient data samples under majority of scene
temperature conditions at all scan angles. Our analysis shows that VIIRS scene temperature and scan
angle dependent bias patterns do not change significantly over time.

5.1. VIIRS-CrIS Inter-Comparison

CrIS, onboard the same satellites as VIIRS, is a Fourier transform spectrometer that provides
hyperspectral observations at 9.14-15.38 pum, 5.71-8.26 um, and 3.92—4.64 um. CrlS scan the Earth step
by step, with 30 field of regards (FOR) and a scan angle range of +48.3°. Each FOR has 3 by 3 field of
views (FOV), with size angle of 0.963° and separated by 1.1°. The scan direction of CrIS is opposite
to that of VIIRS. CrIS FOR positions 1 and 30 correspond to VIIRS scan angles +48.3° and —48.3°,
respectively. CrIS observations are geolocated using VIIRS as reference, with uncertainty less than
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300 m [22]. S-NPP CrIS radiometric calibration uncertainty is ~0.3K [23]; NOAA-20 and S-NPP CrIS
agree within 0.1K [16]. More importantly, the CrIS radiometric calibration algorithm is independent of
scan angle, different from VIIRS. Therefore, CrIS can provide plenty of high quality and co-located
observations to independently evaluate the VIIRS scan angle/scene temperature dependent biases, at
the scan angle range of +48.3°, under nearly all scene temperature conditions, and at any time during
VIIRS and CrIS nominal operations.

In this study, VIIRS and CrIS observations were co-located using a fast and accurate method
developed by Wang et al. [24], which co-locates VIIRS measurements with CrIS FOV based on
line-of-sight vectors. VIIRS and CrIS latitudes and longitudes were first converted to line-of-sight
vectors based on sensor view geometry and satellite range information. Then co-located observations
were identified based on the angle between VIIRS and CrIS line-of-sight vectors. A threshold of half
CrIS FOV size angle (0.4815°) was used. VIIRS bands M15-M16, M13, and 15 are covered by CrIS
hyperspectral measurements. CrIS spectra do not cover the entire spectral range of bands M15-M16 and
M13. The out of band (OOB) effects were characterized and corrected using the Infrared Atmospheric
Sounding Interferometer (IASI) spectra. Band and scene temperature dependent OOB corrections were
applied before computing differences between VIIRS and CrIS co-located radiances. Observations
from all CrIS FORs and FOVs were used in this study. The details of VIIRS-CrIS inter-comparison
method are available in literature [21,24].

To evaluate the VIIRS scan angle/scene temperature dependent biases, averaged biases were
calculated for 10 by 30 bins, at 10 scene temperatures (from 220K to 310K, with a step of 10K) and the
30 CrlIS FOR positions. Absolute VIIRS-CrIS BT differences were used to calculate the averaged biases
for individual bins, so BT differences with opposite signs would not cancel out each other. Moreover,
scan averaged biases were computed at the 10 scene temperatures using biases from all CrIS FOR
positions. In addition, under each scene temperature, the sizes of the filled circles in the figures are
proportional to the number of data samples used, so a potential under-sampling issue at individual
CrIS FOR position bins can be revealed.

5.2. Evaluation of the Wu et al. Method Derived On-Orbit RVS for NOAA-20

Figure 10 shows VIIRS-CrIS BT differences for NOAA-20 M15-M16, M13, and I5 SDRs reprocessed
using the Wu et al. method derived on-orbit RVS. The scan angle/scene temperature dependent biases
for the NOAA operational SDRs is given in Figure 3. For LWIR bands, the Wu et al. method derived
on-orbit RVS can effectively reduce the scan angle dependent biases, but it also increases scene
temperature dependent biases near EVEOS. It can be observed that the VIIRS-CrIS BT differences for
M15-M16 and I5 are almost constant at various scan angles in the reprocessed SDRs. In the meantime,
the overall scene temperature dependent biases near EVBOS (VIIRS scan angle —48.3° or CrIS FOR 30)
are also reduced, from ~1.0K (operational) to ~0.6K in M15, from ~0.6K to ~0.4K in M16, and from
~0.75K to ~0.5K in I5. However, the scene temperature dependent biases near EVEOS (VIIRS scan
angle +48.3° or CrIS FOR 1) increased significantly, from ~0.45K to ~0.8K in M15, from ~0.3K to ~0.5K
in M16, and from ~0.4K to ~0.8K in I5. Overall, the maximum scan averaged VIIRS—CrIS biases in the
LWIR bands increased compared to the operational processing. The Wu et al. method derived on-orbit
RVS values are higher than the prelaunch values near EVBOS, but lower than the prelaunch values
near EVEQS in all three LWIR bands. The changes in the VIIRS-CrIS bias patterns are consistent with
the differences between prelaunch and the on-orbit RVS. For the MWIR band M13, the operational and
reprocessed SDRs show similar VIIRS—CrIS biases patterns, also consistent with smaller difference
between the prelaunch and on-orbit RVS (~0.1%, see Section 4.4).
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Figure 10. NOAA-20 VIIRS-CrIS BT differences at 10 scene temperatures and as functions of CrIS
FOR position and VIIRS scan angle. VIIRS M15-M16, M13, and I5 SDRs from March 18, 2019 were
reprocessed using the Wu et al. method derived on-orbit RVS. Under each scene temperature, the sizes
of the filled circles are proportional to the number of data samples used.

5.3. Evaluation of the Wang et al. Method Derived On-Orbit RVS for NOAA-20 and S-NPP

5.3.1. VIIRS-CrIS BT Differences for Reprocessed NOAA-20 TEB SDRs

Figure 11 shows VIIRS-CrIS BT differences for NOAA-20 M15-M16, M13, and I5 SDRs, reprocessed
using the Wang et al. method derived on-orbit RVS. Scan averaged biases at 10 scene temperatures for
the operational and reprocessed SDRs are summarized in Table 5. Results show that the Wang et al.
method derived on-orbit RVS can effectively minimize scan angle/scene temperature dependent biases
in M15-M16 and I5, with maximum scan averaged biases reduced from 0.40K (operational) to within
0.15K, under all scene temperatures. The most significant improvements are observed near EVBOS,
while the biases near EVEOS are almost unchanged. The results are consistent with the observed
differences between the prelaunch and the Wang et al. method derived on-orbit RVS in these bands:
up to 1% near EVBOS and ~0.1% near EVEOS (see Section 4.3). For M13, the VIIRS-CrIS biases show
little change, generally consistent with the small difference between the prelaunch and the Wang et al.
method derived on-orbit RVS.

Table 5. NOAA-20 VIIRS-CrIS scan averaged biases at 10 scene temperatures for the NOAA operational
(prelaunch RVS) and the reprocessed SDRs (the Wang et al. method derived on-orbit RVS). Unit for
scene temperatures and biases: K.

Scene Prelaunch RVS Wang et al. On-Orbit RVS
Temperature 1,5 M16 M13 15 M15 M16 M13 15
220 0.40 0.19 - 0.26 0.12 0.10 - 0.06
230 0.31 0.14 - 0.20 0.11 0.08 - 0.05
240 0.24 0.10 - 0.14 0.10 0.05 - 0.03
250 0.18 0.05 0.05 0.09 0.08 0.02 0.03 0.01
260 0.11 0.01 0.04 0.03 0.06 0.01 0.08 0.02
270 0.05 0.04 0.08 0.03 0.03 0.05 0.11 0.04
280 0.01 0.08 0.09 0.07 0.02 0.07 0.10 0.06
290 0.05 0.12 0.13 0.11 0.02 0.11 0.12 0.08
300 0.07 0.15 0.19 0.13 0.02 0.12 0.18 0.09

310 0.15 0.19 0.29 0.20 0.05 0.15 0.28 0.13
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Figure 11. NOAA-20 VIIRS-CrIS BT differences at 10 scene temperatures and as function of CrIS
FOR position and VIIRS scan angle. VIIRS M15-M16, M13, and I5 SDRs from March 18, 2019 were
reprocessed using the Wang et al. method derived on-orbit RVS. Under each scene temperature, the
sizes of the filled circles are proportional to the number of data samples used.

NOAA-20 M15-M16 and I5 SDRs reprocessed using the on-orbit RVS show relative larger residual
biases near EVEOS compared to those near EVBOS. Moreover, some residual biases at warmer scene
temperatures were observed in these three bands. Similar residual biases were also observed in the
reprocessed LWIR SDRs using the Wu et al. method derived on-orbit RVS (see Figure 10). The residual
biases may be due to uncertainty in the VIIRS thermal model, VIIRS-CrIS co-location error, CrIS
calibration issue, and/or on-orbit RVS. Errors in the prelaunch nonlinear coefficients may introduce
scene temperature dependent biases at warmer scenes, but not scan angle dependent biases. In
addition, the number of data samples varies with scan angle at some scene temperature/CrIS FOR
position bins (see the sizes of filled circles in Figures 3, 10 and 11), which may also contribute to the
observed residual scan angle dependent biases. Averaged scene temperatures at CrIS FOR 1 and 30
may differ up to 0.5K. These factors will be studied in the future.

5.3.2. VIIRS-CrIS BT Differences for Reprocessed S-NPP TEB SDRs

We also investigated the feasibility of using the Wang et al. method derived on-orbit RVS to
reduce scene temperature/scan angle dependent biases in S-NPP. Note S-NPP TEB scan angle/scene
temperature dependent biases are much smaller than those in NOAA-20 in the NOAA operational
processing. However, scene temperature dependent biases of ~0.3K were observed in M15, which are
much larger than those in M16 and I5 (within 0.1K). Figure 12 shows VIIRS - CrIS BT differences for
S-NPP M15-M16, M13, and I5 SDRs, reprocessed using on-orbit RVS. Scan averaged biases at 10 scene
temperatures for the operational and reprocessed SDRs are summarized in Table 6.
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Figure 12. S-NPP VIIRS-CrIS BT differences at 10 scene temperatures and as function of CrIS FOR
position and VIIRS scan angle. VIIRS M15-M16, M13, and 15 SDRs from March 18, 2019 were reprocessed
using the Wang et al. method derived on-orbit RVS. Under each scene temperature, the sizes of the
filled circles are proportional to the number of data samples used.

Table 6. S-NPP VIIRS-CrIS scan averaged biases at 10 scene temperatures for the NOAA operational
(prelaunch RVS) and reprocessed (the Wang et al. method derived on-orbit RVS) SDRs. Unit for scene
temperatures and biases: K.

Scene Prelaunch RVS Wang et al. On-Orbit RVS
Temperature ~npis M16  M13 15 M15  Ml6 M3 15
220 0.24 0.04 - 0.07 0.08 0.04 - 0.01
230 0.18 0.02 - 0.05 0.06 0.02 - 0.01
240 0.13 0.01 - 0.03 0.03 0.01 - 0.01
250 0.09 0.01 0.08 0.02 0.02 0.01 0.06 0.01
260 0.05 0.02 0.09 0.01 0.01 0.01 0.01 0.01
270 0.02 0.02 0.08 0.02 0.01 0.02 0.03 0.01
280 0.01 0.02 0.08 0.03 0.02 0.02 0.06 0.03
290 0.02 0.01 0.09 0.05 0.02 0.01 0.09 0.05
300 0.02 0.01 0.10 0.08 0.01 0.01 0.10 0.09
310 0.03 0.02 0.17 0.11 0.01 0.02 0.18 0.13

Our results show that the Wang et al. method also works well for S-NPP M15, with a maximum
scan averaged scan angle/scene temperature dependent biases reduced from 0.24K (prelaunch RVS) to
0.08K (on-orbit RVS). Larger improvements were observed at colder scenes. Moreover, no significant
residual biases were observed at warmer scenes. Since the same method was used to derive on-orbit
RVS for NOAA-20 and S-NPP, the S-NPP results indicate that the residual biases observed in NOAA-20
LWIR bands at warmer scene temperatures (see Figure 11) may be caused by factors other than the
uncertainties in the on-orbit RVS. Larger differences between prelaunch and on-orbit WUCD derived
zero offset values were observed in M15 in our previous study [21]. Moreover, WUCD C-coefficients
derived using data during the cool-down phase can reduce scene temperature dependent biases in
M15. VIIRS-CrIS comparison results indicate that S-NPP M15 prelaunch RVS is likely to have larger
errors than for the other LWIR bands, or on-orbit RVS derived using the Wang et al. method can
compensate, at least partially, for the errors in the prelaunch zero offsets.

The Wang et al. method derived on-orbit RVS also works reasonably well for S-NPP M16, I5, and
M13. For M16, the performance of the on-orbit RVS is at least comparable to the prelaunch RVS, with
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residual maximum scan averaged biases within 0.04K. The impacts of on-orbit RVS on band I5 are
mixed, with slightly reduced scan angle/scene temperature dependent biases at cold scene temperatures
(220-250K), but slightly increased biases at warmer scene temperatures (300-310K). Nevertheless,
the bias differences between the operational and reprocessed data are smaller than 0.02K at all scene
temperatures. The impacts of on-orbit RVS on band M13 are similar to I5, with reduced biases at colder
scene temperatures (250-270K), but slightly increased biases at 310K. In the meantime, the on-orbit
RVS does alter M13 SDR at colder scenes. VIIRS-CrIS BT differences changed from +0.08K to —0.06K at
250K scene temperature. Nevertheless, all differences observed in S-NPP M16, 15, and M13 are small,
consistent with the small differences between prelaunch and on-orbit RVS presented in Section 4.3.
The evaluation results for the S-NPP provide another evidence that the on-orbit RVS derived using the
Wang et al. method may be implemented operationally to improve VIIRS TEB calibration.

Figure 13 illustrates NOAA-20 (left) and S-NPP (right) scene temperature dependent biases,
relative to co-located CrIS observations, for the NOAA operational and reprocessed SDRs. Data from
all CrIS FOR positions were averaged for 10 scene temperature bins (from 220 to 310K). The impacts
of the Wang et al. method derived on-orbit RVS on scene temperature dependent biases are clearly
revealed. The on-orbit RVS significantly reduces scene temperature dependent biases in NOAA-20
M15-M16, and I5, and S-NPP M15, with cold biases reduced from up to 0.4K to ~0.1K or less. The
biases at warmer scenes are also slightly reduced in these cases. The performance of prelaunch and
on-orbit RVS are comparable for S-NPP M16 and I5. For NOAA-20 and S-NPP M13, the on-orbit RVS
changes the signs of biases at colder scene temperatures, while it has little impact on warmer scenes.
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Figure 13. NOAA-20 VIIRS-CrIS BT differences as function of CrIS scene temperature. Scene
temperature dependent biases for the reprocessed VIIRS SDRs (the Wang et al. method derived
on-orbit RVS) were plotted in the foreground in solid lines; biases for the NOAA operational processing
(prelaunch RVS) were plotted in the background using dash lines and pale colors.

VIIRS—CrIS inter-comparison results cover bands M15-M16, M13, and 15 at scan angles within
+48.3° only. We also studied the impacts of the Wang et al. method derived on-orbit RVS on all TEBs
and over the entire EV scan angle range, by computing BT differences between the NOAA operational
and reprocessed SDR. The largest differences occur at EVBOS in the NOAA-20 LWIR bands. On-orbit
RVS has a large impact on M14, up to ~0.6K at 220K scene temperature and similar to M15. For
S-NPP, the impacts of on-orbit RVS are much smaller. M14 shows no correction near EVBOS and ~0.2K
correction near EVEOS. The M14 results are consistent with the observed differences in the prelaunch
and on-orbit RVS (see Section 4.3).

For MWIR bands, the on-orbit RVS decreases NOAA-20 I4 and M12 scene temperatures by ~1.0K
at 220K scene temperature. For S-NPP 14, the change of scene temperature can be as larger as ~2.0K,
due to the ~0.8% differences between prelaunch and on-orbit RVS. On-orbit WUCD derived and
prelaunch zero offset values show consistent differences in the NOAA-20 and S-NPP MWIR bands.
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Previous sections indicate that the Wang et al. method derived on-orbit RVS may compensate for the
errors in prelaunch zero offset. More study will be conducted to better understand the relationship
between RVS and zero offset in the future.

6. Summary

This study presents the Wang et al. method that characterizes VIIRS TEB RVS at both EV and
SV scan angles simultaneously using on-orbit pitch maneuver data. NOAA-20 and S-NPP VIIRS
TEB on-orbit RVS derived using this method were compared to those derived using the previously
developed Wu et al. method. Our results indicate that the shapes of on-orbit RVS curves derived using
the two methods agree within +0.1% for NOAA-20 and +0.3% for S-NPP at EV scan angles for all TEBs.
However, the two methods estimate RVSs, differently. The Wang et al. method derived on-orbit RVS at
SV and EV scan angles simultaneously, while the Wu et al. method extrapolates RV Sg, from EV.

We compared the NOAA-20 and S-NPP on-orbit RVS and the prelaunch RVS, which are currently
used in the NOAA operational processing. For NOAA-20, the Wang et al. method derived on-orbit
RVS show larger differences compared to the prelaunch values in the LWIR bands at EVBOS, with band
averaged differences at EVBOS about 0.8%, 1.0%, 1.0%, and 0.45% for 15 and M14-M16, respectively.
But the differences at EVEOS are small, within +0.1%. The differences in MWIR bands are up to —0.5%
and mostly constant across the EV scan. S-NPP on-orbit RVS agree better with prelaunch values, within
+0.5% in all bands, except for 14 (~0.8%). Relatively larger difference was observed in M15 HAM-B (up
to 0.5%). The Wu et al. method derived on-orbit RVS also exhibit large differences in NOAA-20 M14
(~0.8% at EVBOS) and M15 (~0.4% at EVBOS and ~ —0.6% at EVEQOS), as well as in S-NPP I5 HAM-B
(up to —0.5%) and M15 HAM-B (up to —0.7%) from near nadir to EVEOS. The differences in other
bands are within +0.3%.

The on-orbit RVS derived in this study were evaluated using one-day of reprocessed VIIRS SDRs
and independent CrIS observations. VIIRS-CrIS comparison results indicate that the Wang et al.
method derived on-orbit RVS can effectively minimize scan angle/scene temperature dependent biases
from up to 0.40K to 0.15K or less for NOAA-20 LWIR bands, and from 0.24K to 0.08K for S-NPP M15.
The Wu et al. method also works in terms of reducing the scan angle dependent biases, but at the
expense of increasing the scene temperature dependent biases. Moreover, the Wang et al. method
derived on-orbit RVS may compensate, at least partially, for the errors in the prelaunch zero offsets,
which requires further studies. The methodology developed in this study may also be applied to the
VIIRS onboard the future J2-J4 satellites.
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