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Abstract: The Ozone Mapping and Profiler Suites (OMPS) Nadir Mapper (NM) is a grating spectrom-
eter within the OMPS nadir instruments onboard the SNPP, NOAA-20, and NOAA-21 satellites. It
is designed to measure Earth radiance and solar irradiance spectra in wavelengths from 300 nm to
380 nm for operational retrievals of the nadir total column ozone. This study presents calibration and
validation analysis results for the NOAA-21 OMPS NM SDR data to meet the JPSS scientific require-
ments. The NOAA-21 OMPS SDR calibration derives updates of several previous OMPS algorithms,
including the dark current correction algorithm, one-time wavelength registration from ground to
on-orbit, daily intra-orbit wavelength shift correction, and stray light correction. Additionally, this
study derives an empirical scale factor to remove 2.2% of systematic biases in solar flux data, which
were caused by pre-launch solar calibration errors of the OMPS nadir instruments. The validation of
the NOAA-21 OMPS SDR data is conducted using various methods. For example, the 32-day average
method and radiative transfer model are employed to estimate inter-sensor radiometric calibration
differences from either the SNPP or NOAA-20 data. The quality of the NOAA-21 OMPS NM SDR
data is largely consistent with that of the SNPP and NOAA-20 OMPS data, with differences generally
within £2%. This meets the scientific requirements, except for some deviations mainly in the dichroic
range between 300 nm and 303 nm. The deep convective cloud target approach is used to monitor the
stability of NOAA-21 OMPS reflectance above 330 nm, showing a variation of 0.5% over the observed
period. Data from the NOAA-21 VIIRS M1 band are used to estimate OMPS NM data geolocation
errors, revealing that along-track errors can reach up to 3 km, while cross-track errors are generally
within 1 km.

Keywords: NOAA-21 OMPS; Nadir Mapper (NM); calibration and validation; dark current correction;
wavelength registration; intra-orbit wavelength shift correction; stray light correction; geolocation
accuracy; inter-sensor comparison; 32-day average method; double differences via radiative transfer
model; deep convective cloud target approach

1. Introduction

The Ozone Mapping and Profiler Suites (OMPS) [1-3] are an important payload
onboard the SNPP, NOAA-20, and NOAA-21 satellites, which were launched on 28 October
2011, 18 November 2017, and 10 November 2022, respectively. The Nadir Mapper (NM) and
Nadir Profiler (NP) within the OMPS are two grating spectrometers designed to measure
Earth radiance and solar irradiance spectra in the UV bands. In operational products, the
NM covers wavelengths from 300 nm to 380 nm for observations of the nadir total column
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ozone [4], while the NP covers wavelengths from 250 nm to 310 nm for observations of
ozone vertical distributions [5]. The Limb profiler, the third spectrometer within the SNPP
and NOAA-21 OMPS, measures scattering radiance from the Earth limb [6], but is not
included in NOAA OMPS SDR calibration activities. Therefore, for simplification, OMPS
sensors hereinafter refer only to the NM and NP. Currently, the OMPS SDR data from
SNPP and NOAA-20 satellites are widely used to produce a series of well-calibrated EDR
products, such as the total column ozone, vertical profile of ozone, aerosol index, and SO,
referring to [7-11]. Additionally, experimental OMPS NM SDR radiance assimilation has
been demonstrated through one-dimensional variational analysis [12], showing promising
results for assimilating OMPS SDR data into NWP models. SNPP OMPS NM and NP
SDR data have been reprocessed to produce a mission-long calibration-consistent data
record [13], while NOAA-20 OMPS SDR data reprocessing is also planned. As the latest
unit in the OMPS series, the NOAA-21 OMPS NM and NP SDR data not only ensure the
continuation of these applications but also enable a longer ozone data record. Therefore, it
is crucial to thoroughly calibrate and validate the NOAA-21 OMPS NM and NP SDR data
to meet the scientific requirements. Due to many abbreviations, a list of abbreviations is
included in Table A1 in Appendix A.

Over the past decade, intensive studies have been conducted to develop calibration
algorithms for dark current correction, wavelength registration, wavelength shift correction,
stray light correction, and geolocation registration for SNPP and NOAA-20 OMPS SDR
data [14-25]. These high-level principles are applicable for NOAA-21 OMPS SDR data.
However, the OMPS instruments on the SNPP, NOAA-20, and NOAA-21 satellites have
not been characterized consistently. Discrepancies in pre-launch instrument characteriza-
tions exist among the three OMPS instruments, such as spectral response characteristics,
radiance (solar irradiance) calibration coefficients, polarization sensitivity, and the stray
light-relevant point spread function (PSF). In addition, significant deviations in measured
NOAA-21 OMPS reflectance were reported in early-orbit data analysis [26,27]. The prob-
lem was caused by pre-launch solar flux calibration errors [a personal communication
with G. Jaross of NASA]. As a result, the NOAA-21 OMPS instrument exhibits different
on-orbit spectral features in various aspects, such as the wavelength shift, stray light, dark
current, geolocation accuracy, and SNR, compared to the SNPP and NOAA-20 instruments.
These challenges necessitate updating existing calibration algorithms from the SNPP and
NOAA-20 to the NOAA-21 OMPS instrument. Therefore, a series of existing calibration
algorithms for the NOAA-21 OMPS SDR have been updated through activities carried out
through three scientific reviews, progressing from beta, provisional, to validated maturity
levels [26,28-30]. The final review, achieving validated maturity, indicates that the updated
algorithms can generally ensure the SDR data quality meets the scientific requirements
defined in the JPSS mission [31,32].

This study presents our analysis results on the calibration and validation of the NOAA-
21 OMPS NM SDR data at a validated maturity level. A separate manuscript will address
the analysis of the NOAA-21 OMPS NP SDR data. The calibration procedures used in this
study have been established with previous OMPS NM instruments. This study focuses on
the updates of the calibration algorithms, including the dark current correction, one-time
wavelength registration from ground to on-orbit, and orbital intra-orbit wavelength shift
correction. Additionally, a new empirical approach is developed to mitigate impact of
solar flux pre-launch calibration errors. The impact of the stray light correction algorithm
is introduced, but its detailed derivation and performance will be provided in a separate
manuscript [33] to avoid an overly lengthy manuscript. These updated calibration algo-
rithms have been implemented into the JPSS IDPS processing system through calibration
tables or code change to generate operational OMPS SDR data. Consequently, the accuracy
of those calibration algorithms directly determines the accuracy of the NOAA-21 OMPS NM
SDR data. In this study, the radiometric and geolocation quality of the NOAA-21 OMPS are
validated using various methods. For instance, radiance and reflectance in the SDR data are
validated primarily by assessing inter-sensor radiometric calibration biases with the SNPP
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and NOAA-20. This inter-sensor analysis employs an existing 32-day average method [34]
and a double-difference (DD) method via an RTM as a bridge (i.e., the RTM-DD). Moreover,
the DCC target method [35,36] was used to assess the long-term stability of the NOAA-21
OMPS NM SDR data at wavelengths above 330 nm. The geolocation accuracy of the OMPS
NM SDR data is analyzed against NOAA-21 VIIRS observations at the M1 band, as we
did for the SNPP and NOAA-20 [25]. The SNR performance of the OMPS SDR data is
calculated by using a statistical method.

Note that this manuscript centers on the enhancements to the existing algorithms. The
original OMPS SDR calibration algorithms were introduced more than two decades ago, with
details provided in a series of publications listed in the references (e.g., [1-9,13-24]). Subsequent
updates to the NOAA-21 OMPS NM SDR calibration algorithms were also progressively
finalized through three scientific review stages, i.e., the beta maturity review [28], the provi-
sional maturity review [26], and the validated maturity review [29]. These reviews assessed
accuracy improvement before and after the updates. To maintain the manuscript concise-
ness, this study excludes results based upon pre-launch calibration tables or outdated
algorithms. For comprehensive information on the original OMPS calibration algorithms,
and before-and-after comparisons following the latest updates, which are used in this study,
please refer to the cited reviews and publications.

This paper is organized as follows. Section 2 introduces the NOAA-21 OMPS NM
instrument, its requirements, and SDR data access. Section 3 delineates the updated OMPS
NM SDR calibration algorithms for the NOAA-21 OMPS. It also includes an empirical
approach to derive a scale factor for mitigating solar flux errors. Section 4 evaluates
the radiometric and geolocation quality of the NOAA-21 OMPS NM SDR data, includ-
ing Earth radiance, reflectance, SNR, and geolocation. Section 5 offers a summary and
concluding remarks.

2. OMPS NM Instrument, SDR Product Requirements, and Data Access
2.1. OMPS NM Instrument

The detailed descriptions of the OMPS instrument were given in previous studies [4,5,18,19].
Below, a briefing is given.

The OMPS nadir instrument is an important payload onboard the SNPP, NOAA-
20, and NOAA-21 satellites. Its optomechanical design is modular, consisting of the
telescope, and NM and NP spectrometers. The telescope feeds the entrance slits of the
two spectrometers and has a 110° cross-track field of view [1]. Following the imaging
optics are a dichroic beam splitter that is optimized to reflect most of the 250-310 nm light
to the profile spectrometer and transmit most of the 300-380 nm light to the total column
spectrometer [1]. Notice that a common wavelength range exists during wavelengths from
300 nm to 310 nm, where the reflectance to the Nadir Profiler goes from close to 100% near
300 nm to close to 0% near 310 nm. This range is defined as the transition range of the
dichroic or the dichroic (transition) range.

The NOAA-21 OMPS instrument was designed with similar characterization specifi-
cations as its two predecessors, the SNPP and NOAA-20, except for a large difference in
spatial resolution. Operational OMPS NM data cover the wavelength from 300 to 380 nm
for ozone total column observations with a changeable channel number with the satellite.
The OMPS instrument focal plane was designed to have a 1.1 nm FWHM and 0.42 nm
sampling. The IFOV at nadir varies with each satellite, resulting in different spatial res-
olutions for each NM sensor. Table 1 summarizes the OMPS NM and NP instrument
specification characteristics.

The OMPS instrument consists of the following two observation scanning modes:
earth observation and solar diffuser calibration view mode.

For the Earth radiance scanning mode, observations from the NM are collected over a
full 110° cross-track across a 2800 km Earth-view swath, which are saved by a CCD located
at the spectrometer’s focal plane [1]. The NM FPAs consist of dual 2D CCD optical detectors
to provide a response to photons within its spectral and spatial ranges [1,18]. Each CCD
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image consists of 340 micropixels (CCD cells) along the spectral dimension and 740 mi-
cropixels in the spatial dimension. For the NOAA-21 OMPS NM, only 198 spectral channels
out of the full 340 CCD spectral dimension are used, ranging from index 45 to index 242,
and 709 pixels (cell)s out of the 740 full CCD spatial dimension are used, ranging from index
16 to index 724. Additionally, in the IDPS operational processing, 709 spatial CCD cells
are aggregated to form a small number of macropixels with the required spatial resolution.
For example, in the case of the NOAA-21 OMPS, 709 CCD micropixels are aggregated
into 177 macropixels, corresponding to 177 FOV positions (pixels). The nadir FOV pixel
has a spatial resolution of 12 km in the cross-track direction and 10 km in the along-track
direction (see the highlighted spatial resolution in blue in Table 1). There is no aggregation
for the spectral cells, resulting in the abovementioned 198 wavelength channels. However,
the central wavelength at each channel can slightly vary with each scan (latitude) due
to the OMPS nadir calibration and NM housing temperature gradients (see Section 3.4.2
for details).

Table 1. OMPS NM and NP instrument specification characteristics [4,5,19].

Sensor Name Nadir Mapper (NM) Nadir Profiler (NP)
Spectrometer Type Grating spectrometer Double-grating spectrometer
Sensor View Angle Range 110° cross-track Nadir view (16.7°), 50 km cross-track
Spectral Range (nm) 300~380 250~310

FWHM Bandpass (nm) 1.1 1.1

Spectral Sampling (nm) 0.42 0.42

Spatial Resolution ' at NPP: 50 x 50 N20: 50 x 17 N21:12x 10 NPP:250 x 250 N20: 50 x 50 N21: 50 x 50
Nadir (km?)

Channel NPP: 196 N20: 196 N21: 198 NPP: 147 N20: 151 N21: 158

Note: ! NPP, N20, and N21 denote SNPP, NOAA-20, and NOAA-21, correspondingly. The Nadir Profiler footprint
covers a 250 km cross-track for all instruments. The pixel size does vary between instruments.

Solar observations for the calibration mode are conducted using the following two
diffusers: a reflective working diffuser, used bi-weekly for short-term monitoring, and a
reflective reference diffuser, used every six months or one year for long-term monitoring of
sensor stability. As described in [18], during each solar measurement, the diffuser moves
through seven different positions to cover the entire 110° FOV of the NM sensor. For the
NOAA-21 OMPS nadir instrument, the entire sequence of solar measurements is performed
near the Northern Earth Terminator, with solar zenith angles of 80° to 100°, to produce a
series of CCD images.

2.2. OMPS NM SDR Specification Requirements

The requirements for the NOAA-21 are the same as those for the NOAA-20, except
for the SNR due to a high spatial resolution. Table 2 summarizes the requirements for
the NOAA-21 OMPS NM SDR data based on JPSS program documentation [31,32]. These
requirements, except for stray light, will be reflected in either Section 3 or Section 4 below.

Table 2. The requirements of the NOAA-21 OMPS NM SDR products [31,32].

Variable Requirement
SNR radiance @17 km x 17 km ! >195 (305-380 nm)
Irradiance uncertainty <7%
Wavelength registration accuracy <0.01 nm
Intra-orbital wavelength variation <0.01 nm
Radiance uncertainty <8%
OOB stray light <10%
Maximum albedo calibration <2%
Geolocation error <8.5 km @nadir (AT)

Note: ! SNR requirements are defined only at wavelengths above 305 nm.



Remote Sens. 2024, 16, 4488

50f 31

2.3. Data Access

The NOAA-21 OMPS SDR data used in this study are routinely produced in the IDPS
operational processing system at the NOAA ESPC. Near-real time SDR data are distributed
through the PDA system (https:/ /espdsport-dmz.espc.nesdis.noaa.gov/PdaUserPortal,
accessed on 15 April 2023; an account and connecting to the ESPC VPN are required), the
JPSS GRAVITE system (https:/ /gravite.jpss.noaa.gov/, accessed on 18 January 2023) [37],
and the NOAA Direct Readout [38]. Long-term access to OMPS SDR data is available in the
CLASS (https:/ /www.aev.class.noaa.gov/saa/products/welcome, accessed on 15 April
2023). The solar flux data used in this study are from the solar flux L1B data per image in
the NASA SIPS website (https://omisips1.omisips.eosdis.nasa.gov/sipslogin.md, accessed

on 18 February 2023), which are calibrated by the NASA OMPS group.

3. Updates of Calibration Algorithms for NOAA-21 OMPS NM

Each calibration algorithm for the NOAA-21 OMPS NM is used to execute specific func-
tions within the OMPS radiometric calibration methodology. Hence, the OMPS radiometric

calibration methodology is introduced before discussing several calibration algorithms.

3.1. OMPS Radiometric Calibration Methodology

The OMPS SDR calibration methodology consists of Earth radiance and solar irradi-
ance calibrations, as well as an important derived quantity, the reflectance or normalized
radiance (NR). The following radiance and irradiance equations are given in the single
CCD cell (micropixel), avoiding complication in the aggregation of a variable index in the
spatial domain. The radiance and irradiance equations at the macropixel level, resulting
from the aggregation of several CCD cells in the spatial direction according to the OMPS

sample table, can be referenced in [24].

The Earth radiance calibration for a single pixel (j, ) is expressed as a function of the

corrected radiance counts C;l included in the OMPS RDR data by [3,5,18], as follows:

T 1r
i(t) = ik ,
] Ti(t)

where C]r»l is an offset-corrected radiance count; k;l is a calibration coefficient determined
during pre-launch calibration; 7j;(t) represents a sensor response change as a function
of time ¢, with T;)(t = 0) = 1; the subscript indices j and I correspond to the spatial and
spectral dimensions in a CCD image, respectively. The specific wavelength and spatial
geolocation with respect to the two indices are determined by the spectral wavelength and
spatial registrations separately (see Sections 3.4 and 3.6 below). The explanations of the

variables in Equation (1) and other equations in this study are summarized in Table 3.

Table 3. Physical explanations of variables in Equation (1) and the other equations in this study.

Variable Explanation
I ]”; (t) calibrated Earth radiance for pixel (j, ), with a spectral pixel index of j and a spatial pixel index of !
F]’? (1) calibrated solar irradiance for pixel (j, 1)
N R}’] (1) normalized radiance
C}l offset-corrected Earth radiance counts for pixel (j, 1)
C]l:I corrected solar irradiance counts for pixel (j,1)
k;l pre-launch measured radiance calibration coefficient for pixel (j, 1)

i
kﬂ

pre-launch measured irradiance calibration coefficient for pixel (j, 1)
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Table 3. Cont.
Variable Explanation
Kjp combined calibration constant for normalized radiance
T (1) sensor response changes as a function of time ¢
10, 9) pre-launch relative angular irradiance response (goniometric) of the sensor at solar angle (6, ¢)
pji(t) solar diffuser plate reflectivity change
Ci correct counts for a pixel (j, 1), which is applicable for both C;l and C]l:l
Oj nonlinearity-corrected counts for either radiance or solar irradiance at a pixel (j, 1)
S il observational smear
Dj CCD dark current that is subject to bias correction
The solar irradiance calibration is expressed as
Ciki
jIjl
Fy )

it (£) = Ti(t)g1(8, @)oji(t)’

where C;l is an offset-corrected irradiance count; gj(6, ¢) denotes the sensor’s relative
angular irradiance response (goniometric) at solar angles (6, ¢), where 6 and ¢ denote
the SZA and azimuthal angle, respectively; p;(t) is the solar diffuser plate reflectivity
change, with p;;(t = 0) = 1. The calibration coefficients, k;l, and g;(0, ¢), are determined
during the pre-launch calibration. These coefficients were normally well calibrated, with
an exception in kj.l for NOAA-21 OMPS. The pre-launch albedo calibration of the NOAA-21
OMPS was reported to have errors of several percent, varying by wavelength, either in the
OMPS response or in the solar irradiance calibrations [courtesy of Jaros G. in the NASA for
an email communication in 2024]. However, accurate pre-launch calibration errors are not
well understood. Consequently, no error-corrected calibration coefficients are available for
use in the post-calibration of solar flux. This issue has significantly impacted the OMPS
SDR normalized radiance accuracies, leading to the development of an empirical solar flux
error correction factor (refer to Section 3.2 below).
Then, the normalized radiance (NR), N R]'-? (1), is defined by

" I].";(t) C;l . k]r.l
NRj (t) = 7}:};{1(,}) = Kjlfcilgjl(f’,GD)le(f)/Wlfh Kj = P 3)
j j

where the sensor response change is cancelled through the ratio since the sensor response
change affects both the Earth radiance and solar irradiances. The logarithm of this quantity
has a scaling comparable to the total column ozone, while the reflectance is almost identical

to the NR except for an adjustment by ﬁ Thus, the normalized radiance is frequently

0s
used to replace reflectance in this study.
In Equations (1)-(3), both C]Tl and C]l:l represent the offset-corrected radiometric counts
for radiance and irradiance at a pixel (j, ), such as corrections of the dark current, smear,
and stray light. For the OMPS observations, the nonlinearity is caused by imperfect gain
responses of on-chip CCD amplifiers within the instrument. Its correction for NOAA-21
instrument has been performed in the OMPS flight software FSW7.3, so the nonlinearity
correction is not explicated here. Offset-corrected counts are expressed in a common
equation, i.e.,

Cj = Oj — Dy — SLjj — S (4)

where C;; represents an offset-corrected count for a pixel (j, 1), which is applicable for

both C;z and C;.l ; Oj; denotes the nonlinearity-corrected count for either radiance or solar
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irradiance at a pixel (j,1); SL;; denotes the received stray light at (j, ), which is related to
the OOB and OOF stray light (SL) contributions; S;; denotes the smear after corrections for
electronic bias and dark current, resulting from the photon flux incident upon the pixels
during the parallel charge transfer operations; D; represents the CCD dark current that is
subject to bias corrections (see Section 3.3 below for details).

According to Equations (1)—(4), the calibration accuracies of radiance, irradiance, and
NR are primarily determined by accuracies in the calibration parameters or indices in
Equations (1)-(4). This process is performed though individual calibration algorithms,
e.g., the spectral wavelength registration associated with the index ! for the variables, the
geolocation spatial registration associated with the index j, the SL correction as described
in SLj; in Equation (4), and the dark current correction [see Dj; in Equation (4)]. Several
standard algorithms had been well developed for the SNPP and NOAA-20 OMPS to execute
those functions. Those algorithms need to be updated to NOAA-21 to ensure the NOAA-21
OMPS NM SDR data meet the requirements. In addition, a new empirical scale factor is
derived to remove major solar flux errors in the NOAA-21 OMPS, which is described first
in the following analyses.

3.2. Correcting for Pre-Launch Solar Calibration Errors

The impacts of solar flux errors were reported from the NOAA-21 OMPS NM and NP
during their initial orbit calibration analyses [26,27,29]. An empirical approach is presented
below to derive a scale factor to reduce major calibration biases in the NOAA-21 OMPS
NM day-1 solar spectrum by using the SNPP as a reference.

Calibration errors relative to the SNPP are quantified by calculating the double-
difference between the synthetic solar spectrum and the day-1 solar spectrum for both the
SNPP and NOAA-21 OMPS NM. For convenience, DD?\%T_ sNpp 1S introduced to represent
this double difference, as described below:

DD NS = A3 — AN Ep (5)
s Dayl

AT = Fypy (M) — Fgt (V) (6)
Sol S Dayl

ARBp = Fonpp(A) — Fsnpp(A) (7)

where DD HCo is the double difference in A" and AZW,; A" and A, denote
the difference in the synthetic solar spectrum from the day-1 solar spectrum for the NOAA-
21 and SNPP, respectively; the superscript ‘NoCor” denotes that the double difference is
carried out in the absence of the pre-launch calibration error correction.

To clarify the rationale behind the double-difference approach, Equation (5) is rewritten
as follows:

Solar,NoC Day1 Dayl s s
DDyt skpp = — {FN;y (A) = FSI\%P(A)] + [FN}; (A) = FSI%P()‘)} (®)

Mathematically, if the OMPS nadir instrument spectral response features are the same
for both the SNPP and NOAA-21, we have Ff]yz’; (A) = FSSIZZ,P()\) because both FS%,P(A)

and Fi,yzq (A) are computed using the same hyperspectral solar reference dataset. Under

this condition, the second item in Equation (8) is zero. In other words, DDi;’zlﬁzgf\[CP"; is

identical to the difference in the two day-1 solar spectra. However, for the actual SNPP and

NOAA-21 OMPS nadir instruments, Fﬁ{yzr; (A) shows an order of 1% differences within the
range from 300 nm to 310 nm due to different spectral response features. This difference
will be transferred to the difference in the two day-1 spectra through on-orbit measurements
of solar flux by each individual OMPS sensor. The double difference via Equation (5) is
thus designed to reduce this impact due to two OMPS sensors’ spectral response feature
differences. The SNPP OMPS SDR data have been well calibrated [14-18]. Therefore,

DDile‘fi’I;] I‘i]CPOIZ is determined primarily by NOAA-21 calibration errors.
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Figure 1a,b display A%, and AR%Y", respectively, as a function of wavelength. For
the SNPP OMPS NM, the magnitudes of Ag‘l’\lﬁfp typically fall within +2.5% across the entire
wavelength range. The mean difference is only about 0.07%. This small systematic bias
implies that the SNPP OMPS NM does not have obvious pre-launch calibration errors in
the solar irradiance. Hence, it is reasonable to use the SNPP as a reference in this analysis.

In contrast with AU, A" in Figure 1b exhibits a relatively large variation, with a

more than 2% systematic bias. Those results indicate that DD3a"N0C% is dominated by

NOAA-21 OMPS pre-launch calibration errors. Additionally, the small-scale fluctuation
structure in Figure 1b is very similar to Figure 1a, indicating that two OMPS NM sensors
exhibit similar changes from ground to flight in the spectral wavelength scale and other
spectral features.

(a) SNPP NM DAY-1 Deviation (%) Relative to Synthetic Solar Spectrum
10 . . v : v v v : v v . :

L L L L L

Solar Flux Difference ASSLST (%)

_2 — —
__4 — p—
C ! . . . ! . . . ! i
300 320 340 380 380
Wavelength (nm)
(b) NOAA-21 NM DAY-1 Deviation (%) Relative to Synthetic Solar Spectrum
1o — : : ' : ' I : ' : . : : ]
I | No Correction B
& || 2.2% Correction —
& .
§. 6 =
= ]
4 ll ]
g 4 .
S i
5 e - q. AL | |FAAYL | | -
E 2 ' I |
5 i
x L A IL'¢ -
3 "
2 of AVANA \M‘V \( Iy
e
5 N
] - i
L e —
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C . . . 1 . . . 1 . . . I . . . ]
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Figure 1. Cont.
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(c) Solar Spectrum Double Difference without Correction (%), DD?\',;I{II';V;}E;'.
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Figure 1. Deviation of the on-board-measured (day-1) solar spectrum from the pre-launch instrument-
based (synthetic) solar spectrum for both the SNPP and NOAA-21 OMPS NM, respectively, i.e.,
Af\leﬁ” and Ag%‘};p, and their double differences with /without the solar calibration corrections, i.e.,
DDIS\]OZZT_ é\’,\f;ggr and DDls\;’Zli’r_ SCISIrPP In (a,b), the red dash line represents the average values of A,
and A" respectively. Additionally, the results of AS%" after applying the 2.2% correction is
included in (b), with the light blue dash line indicating their average value. (a) Ag%‘l’fp; (b) Af\}’zl‘f’;

Solar,NoCor Solar,Cor
(0) DDYp1 " snpps () DDt g pp-

To derive the correction factor for the NOAA-21 OMPS NM solar errors, Figure 1c
displays the double difference in two individual differences without error corrections

in the NOAA-21 NM day-1 solar spectrum, i.e., DDIS\}’ZI?_I;[K]%);, while the DDIS\IOZI?_I;IKJ%’I;
exhibits a strong wavelength dependency especially in the dichroic range, where the
double differences are the largest. The wavelength dependency beyond the dichroic range

is caused partially by NOAA-21 OMPS pre-launch calibration errors, which was also
reported by the OMPS instrument vendor. Within the dichroic range, the DD3%0" X0C0
shows the strongest dependency upon the wavelength, while the magnitudes are the
largest. This feature is attributed to relatively large changes in the SNPP and NOAA-21

instrument spectral features from ground to orbit, which are observed in Figure 1a,b. Firstly,
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we use pixel-based calibration coefficients in the OMPS SDR calibration algorithm. The
coefficients not only have a large gradient in this wavelength transition range but can also
be changed with both the instrument operating temperature and outgassing of water vapor
after the instrument is in flight. Currently, changes in coefficients from ground to orbit
have not been well understood due to the lack of the truth. As a result, changes in the
radiometric calibration coefficients from ground to orbit are not accounted for in the OMPS
SDR data processing. Secondly, the dichroic range can be shifted when the OMPS sensor
is transitioned from ground to orbit. This shift adds further uncertainties to the radiance
calibration coefficients within the dichroic range, even though the wavelength shift from
ground to orbit has been approximately estimated and corrected (see Section 3.4 below).
In addition to the wavelength dependency, a mean difference of over 2% persists
between A" and A%,. This systematic error is primarily pertinent to the pre-launch
solar calibration errors in the NOAA-21 OMPS NM, as the wavelength-averaged difference

in A, is only about 0.07%. Specifically, an averaged bias between A3%Y" and AZYAr,,

at 2.2%, is derived, which is an average of all DD3%"%%% values after excluding a few

extreme cases below 301 nm. Therefore, this 2.2% is used as a scale factor to reduce major
errors in the NOAA-21 OMPS in-flight solar flux data against the SNPP. The results of

A8 following a 2.2% correction, are added in Figure 1b (see blue line), while the newly

computed double differences with the bias correction, DDile’fY_E% pp, are shown in Figure 1d.

The new averages in both A3%¢" and DD3AM"C! , are approximately within 0.1% of the
zero line, confirming the effective performance of this empirically derived bias correction
scale factor.

3.3. Dark Calibration

Theoretically, dark current is the unwanted electrical current that flows through a
photon collection device, typically due to thermal energy, adding unwanted counts to the
photon-generated pixel counts. For the OMPS measurements, the radiometric counts for
Earth data in Equation (4) are affected by dark current during the readout time period,
when the Earth radiometric counts are transferred from the image region to the storage
region. Therefore, one important calibration is to correct the counts due to dark current. A
schematic diagram of the OMPS dual CCD readout full-frame image format was described
in [17]. In the operational OMPS SDR processing, this process is performed at a macropixel
with the following equation [5,13,14,17,39]:

N; ¢
Dy= 3, ;=(D" ~Bp) ©)

j=Np

where Dﬁbs is an observed dark count without correction; Bp denotes the bias for the dark
data, which is determined by the readout time and dark storage rate; j denotes the jth CCD
micropixel; ] is the Jth macropixel, including micropixels between indices from Np to Nj;
tg and tp are the integration time for the Earth and dark data, respectively.

In the computation of Dy, D](-,)cbs is determined by the image region dark rate and
integration time. About a decade ago, a well-validated processing package, DARKCAL
APP [40,41], was developed to compute the image dark rate for various types of OMPS
SDR data. For example, OMPS dark current measurements include two types, door-closed
and door-open data. The door-closed data are collected during the night side of the orbit,
with the sensor’s entrance aperture blocked. This typically occurs over middle latitudes
outside of the SAA area and is conducted once a week. The door-open data are measured
over each orbit, thus having a risk of being contaminated by SAA transient pixels. In this
study, we employ the same processing method as the DARKCAL APP to calculate the dark
rate of the NOAA-21 OMPS NM based on door-open and door-closed measurements, used
for the calibration of Earth radiance data. The computation procedures were also briefed
in [14,17,39] based on the formulae provided in the DARKCAL APP. In this study, only the
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computation formula for the dark (image region) rate at a pixel is given for understanding
its principle. All subscripts in the involved variables are omitted for simplification.

D% = Neoadd tint DRImageRegion (10)

DIRegion — DReadout — Dsmear

DRImageRegion = (11)

fIRS

In the above equations, DR yageregion denotes the dark image region rate, often re-
ferred to simply as the dark rate; Djgegion represents the average of transient-free dark
counts in the image region; D40, denotes the average of dark counts during the read-
out time in the storage region; Dg,,,, is the average of dark counts due to smear in the
transition; tj,; denotes the integration time for the OMPS NM dark data image region;
tpwerr denotes the dwelling (readout) time for dark counts in the storage region; f]rs is the
exposure time of the dark count measurements. In addition, in the OMPS SDR processing,
the dark count is binned according to the Earth-view (EV) sample table. For IDPS use,
Neoadd = 100.

Figure 2a presents the time series of the NOAA-21 OMPS NM dark rate since the first
dark count measurement, while Figure 2b shows the time series of the "hot’ pixel percentage.
Here, the hot pixel in the measured dark counts is defined by using a pre-loaded hot pixel
threshold, which is 8 sigma to the mean that is derived from the first orbit of the dark
data. The dark rate gradually increases with time due to an accumulation of ‘hot” pixels
caused by radiation damage in the space environment [17], which is confirmed in Figure 2b.
However, the gradually increased ‘hot” pixel number only causes a small dark rate change:
the average weekly change in the dark rate is approximately 0.01%. Especially, the accuracy
of the radiance data at short wavelengths is very sensitive to changes in the dark rate. This
is because Earth radiances are the lowest at short wavelengths, so that a given change in the
dark rate is a larger fraction of the received overall signal at radiometric counts. The results
shown in Figure 2a highlight the importance of routinely correcting the dark current in the
OMPS SDR data calibration. Currently, in the operational processing, an updated dark rate
table is routinely implemented into the IDPS operational procession for the OMPS SDR to
capture changes in the dark rate over time due to increased ‘hot” pixels.

It is noticed that, by comparing the results using the door-open and door-closed dark
data in Figure 2a, the derived dark rates are comparable except for a ‘routine’ spike in the
door-open-based dark rate (green line in the figure). These spikes are caused by monthly
OMPS LED data measurements, which occur on Sunday every four weeks. For the NOAA-
21 OMPS data, the dark calibration tables are delivered once a week by using Monday’s
door-open dark data. Thus, the spikes in the time series do not affect the performance of
the delivered dark tables.

(a) NOAA-21 OMPS NM Averaged Dark Rate Trend

ro
om

I I 1 T 1 T T T T T T T T T
|
| Door-Closed gt
m 24 od TR . -
= | Door-Open o : o
c .
3 23 > T
Q een? s
‘9’ it »
0 22- - -
E}' > o
18 o
¢ 2F o 4
[ at
© : . "'
0 o pet .
n .I., | L L ] I | | | | ] I | l l
Nov Dec Jan Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun
w2 03 Time 04

Figure 2. Cont.



Remote Sens. 2024, 16, 4488

12 of 31

(b) NOAA-21 OMPS NM Hot Pixel Percent
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Figure 2. Time series of the NOAA-21 OMPS NM-averaged dark rate and hot pixel percent when
the dark door is open and closed, separately. The data cover the period from 19 November 2022 to
27 May 2024. (a) Dark rate. (b) Hot pixel percent. The gaps in time series from 16 December 2022 to
2 February 2023 were caused by the KaTx-2 problem.

Additionally, updating the dark current from ground to in-orbit conditions is crucial.
Our earlier analyses indicated that applying pre-launch dark current datasets to on-orbit
NOAA-21 OMPS SDR data can cause anomalous features with striping patterns in the
door-closed NOAA-21 OMPS NM and NP radiance data [28]. The caused differences are
up to 1.5% in the NOAA-21 NM radiance at wavelengths below 303 nm, before and after
applying an on-board dark rate calibration dataset (the figure is omitted). Therefore, a
timely update in the IDPS operational procession for the OMPS SDR is essential. This
includes updating the dark rate table from ground-based to in-orbit measurements and
performing routine weekly updates of the dark rate tables. Such updates are necessary to
capture changes in the dark rate due to instrument conditions and increases in "hot” pixels
over time. These timely updates can ensure the radiometric accuracy of the OMPS SDR
data over time.

3.4. Wavelength Registration

The spectral wavelength registration determines instrument spectral wavelength shifts
in on-orbit solar measurements in comparison with pre-launch defined baseline wavelength
scales. It also includes regular updates to OMPS NM intra-orbit wavelength scales from
time to time. Hence, this registration is performed with the following two steps: the one-
time shift of the channel center wavelengths from ground to orbit and dynamic intra-orbit
wavelength shift correction.

3.4.1. Wavelength Shift from Ground to Orbit

The ground-to-orbit wavelength shift is caused primarily by the rapid change in the
OMPS instrument temperature from ground to orbit, which is a one-time shift. The shift
can be estimated through minimization by adjusting the wavelengths of an on-orbit OMPS
solar flux spectrum in early orbits until the total differences between the early on-orbit
solar flux spectrum and a pre-launch synthetic solar spectrum across the entire OMPS NM
wavelength range is minimized [18]. Here, the total difference between two solar spectra is
expressed as follows [4,5,18]:

380nm  ( pMea (A+AX) — FSyn (1) ’
2 —
ven= 3 -
)HrA/\o Ref (y/ Nax
FS¥"(A) = howg 7 ST "

fj* ffﬂ B(A)dN!
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where FM¢4()) represents the satellite-measured OMPS solar flux spectrum after perform-
ing Earth-sun distance correction and doppler correction due to satellite motion, and it
is usually the initial OMPS solar flux measurement data used to mitigate the impact of
on-orbit OMPS instrument degradation on the wavelength registration from ground to
orbit; FS¥"(A) is the pre-launch synthetic solar spectrum, which is calculated using an
extraterrestrial solar reference spectrum dataset convolved with the OMPS instrument
bandpass function; FR¢f(A) is the extraterrestrial solar reference spectrum; B(A) denotes
the instrument bandpass function at the central wavelength A with a width of AAg, which
was measured in pre-launch measurements; the index of spatial resolution is omitted in
each variable in Equations (9) and (10) for simplification. In this study, FR?f (1) uses the
solar flux atlas from ATLAS SUSIM [42,43] and Kitt Peak National Solar Observatory [44] in
compliance with SNPP and NOAA-20 OMPS calibrations. Recently, another, more accurate,
TSIS-1 Hybrid Solar Reference Spectrum has been recognized as a new solar irradiance
reference standard [45,46], covering the OMPS nadir instrument wavelengths. It would be
interesting to investigate its impact on OMPS SDR quality in future studies.

The initial NOAA-21 OMPS solar flux data using the working diffuser were measured
on 2 September 2023. These data were utilized in the minimization of x? in Equation (9)
to derive a replacement for FM®7 (1) with specific wavelength shifts based upon the FOV
position. This new solar spectrum is referred to as FP%!, the day-1 solar spectrum. Figure 3a
presents the averages of FM¢7(1), FP%1(A), and F5¥"(A) across all FOV positions for the
NOAA-21 OMPS NM SDR, denoted as FMea(A), FPay1(\) and FS¥"(A), respectively. The
overall pattern of FMer closely resembles the pre-launch synthetic solar spectrum, while

FPay1 ijs more comparable to FS¥" than FMe2, where A is omitted for clarity. Figure 3b
describes the NOAA-21 OMPS NM ground-to-orbit wavelength shift vs. the macropixel
position. The sensor displays wavelength shifts ranging from —0.128 nm to —0.139 nm,
with an asymmetric pattern around the nadir pixel position, particularly in the left off-nadir
pixel area. These asymmetric features are related to goniometric non-uniform features
within solar working diffuser (the figure is omitted).

(a) Comparisons of Three Solar Flux Spectra: FMea(2), FP@y1(2) and FSy"(1)
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Figure 3. Cont.
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(b) Derived NOAA-21 OMPS NM Wavelength Shift vs. Macropixel Position
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Figure 3. (a) Comparisons of three solar spectra for the NOAA-21 OMPS NM: FMea (), FP1()),
and F3¥"(A). (b) Derived ground-to-orbit wavelength shifts as a function of the macropixel position.
In (b), the thick line is the averaged wavelength shift at a given macropixel for all CCD micropixels
within it, while the thin line is the standard deviation from the mean.

3.4.2. Intra-Orbit Wavelength Shift

After the OMPS instrument experiences a relatively large wavelength change from
ground to orbit, it continues suffering from certain wavelength shifts with time due to the
instrument temperature changes. Moreover, the OMPS NM in-flight wavelength shifts
do not change monotonically with time. Earlier studies found that the SNPP OMPS NM
SDR data experienced along-orbit wavelength shifts of more than 0.01 nm, exceeding the
specification in Table 2. This phenomenon is caused by the OMPS NM housing and nadir
calibration housing temperatures within an orbit cycle [7,18].

A similar intra-orbit wavelength shift occurs for the NOAA-21 OMPS NM SDR data
due to the same reason. Figure 4 shows the time series of the NOAA-21 OMPS NM and
nadir housing temperature differences and intra-orbit relative wavelength shift by using
five orbits of data on 20 July 2024. The results in the figure show that large housing
temperature differences (absolute value) result in relatively high wavelength shift. Here,
the intra-orbit relative wavelength shifts are estimated by using an empirical algorithm
in the current IDPS operational processing package. This algorithm was developed by
adjusting the solar flux spectrum in the SDR solar table to the Earth wavelength scale as a
function of latitude [7,47,48].

Figure 5 further compares the FOV-averaged intra-orbit wavelength scale vs. latitude
for the SNPP, NOAA-20, and NOAA-21 OMPS NMs by using the entire day of data
on 14 April 2024. The wavelength change range versus latitude represents the Earth
radiance wavelength shift relative to the wavelength scales in the day-1 solar irradiances
(i.e., FPayly provided in the SDR data. Generally, the NOAA-21 NM shows a stable intra-
orbit wavelength shift pattern with a variation of 0.02 nm, which is smaller than that for
either the NOAA-20 (~0.03 nm) or SNPP (~0.04 nm). In spite of smaller wavelength scale
changes than the SNPP and NOAA-20, the wavelength shifts for the NOAA-21 exceeds the
requirement if the shifts are not corrected. Like the SNPP and NOAA-20 OMPS NM SDR,
therefore, the derived intra-orbit wavelength shifts have been applied into the operational
IDPS processing for the NOAA-21 OMPS NM SDR to ensure that the wavelength scale
accuracy is within the specification of -0.01 nm.
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Figure 4. Time series of the NOAA-21 OMPS NM and nadir housing temperature differences and
derived intra-orbit relative wavelength shift by using five orbits of data on 20 July 2024. (a) Instrument
temperature difference. (b) Intra-orbit relative wavelength shift.

(a) S-NPP NM Daily Wavelength Scale on 2024/04/14
Updated at Apr 15 15:05:34 2024 UTC

T T T T T T T T T T T |
- CHANNEL: 022 4
308.70 — —
€
£ = 4
g pproseen SRR SALERA A £
308.65— P e . —
& T %
o gt 3
> = et F
g g e
308.60 — =1
Orbit: 6457664577 64578 64579 64580 64581 4580 64590
L I L L L L L L ) ' L 1 §

-90 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90
LATITUDE

Figure 5. Cont.



Remote Sens. 2024, 16, 4488

16 of 31

(b)NOAA-20 NM Daily Wavelength Scale on 2024/04/14
Updated at Apr 15 17:11:43 2024 UTC
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(c) NOAA-21 NM Daily Wavelength Scale on 2024/04/14
Updated at Apr 15 07:13:09 2024 UTC
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Figure 5. OMPS NM intra-orbit wavelength scale as a function of latitude by using the data on
14 April 2024 for the SNPP, NOAA-20, and NOAA-21. (a) SNPP; (b) NOAA-20; (c¢) NOAA-21.

3.5. Stray Light Correction

As a 2D spectral and spatial CCD detector, the OMPS NM is susceptible to internally
scattered SL spectrally and spatially, the so-called OOF SL. The OOF SL is also defined
as a signal within a spatial /spectral range originating from the same spectral band, but
from outside of the convolution of the specular IFOV during a single measurement [5]. The
following three possible sources can contribute to the OMPS OOF SL: off-axis scatter into the
telescope’s field-of-regard, scatter within the telescope (before the slit), and scatter within
the spectrometer (after the slit) [5]. In addition to the OOF SL, for a given wavelength, the
OMPS NM suffers from the OOB SL from other wavelengths. This is especially true for short
wavelengths, since radiance magnitudes at longer wavelengths are much stronger than
those at short wavelengths. The in-flight OMPS NM measures radiance up to approximately
410 nm, but in the IDPS operational processing system, the OMPS NM SDR data only cover
the wavelength range up to 380 nm. Therefore, the OOF and OOB composite SL correction
development in our operational calibration consists of the following two parts: the SL
contribution below 380 nm and above 380 nm [5]. A detailed description of the OMPS NM
SL correction was given in [20].

For the NOAA-21 OMPS NV, it uses a similar approach to that described in [5,20]
to determine magnitudes of the OOF and OOB composite SL components based on the
pre-launch OMPS NM instrument’s PSF. In addition, an improved SL correction algorithm
has been established in comparison with that in [5,20] to better quantify the contributions
of the SL component above 380 nm. The development and performance assessment of the
NOAA-21 OMPS NM SL correction algorithm will be covered in a separate manuscript [33].
The derived SL values have been implemented into the operational OMPS SDR processing
system to remove the impact of the SL on the OMPS radiance.
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Figure 6 illustrates the percentage of combined OOF and OOB SL components versus
the wavelength for the NOAA-21 OMPS NM. The SL percentage is computed in com-
parison with radiance in the absence of SL correction, i.e., 100.0 X (radiance without SL
correction-radiance with SL correction)/radiance without SL correction (%). The results
demonstrate that the SL contribution is highly dependent upon the wavelength: large
SL contributions up to 30% remain in the dichroic region from 300 to 310 nm, while the
contributions are decreased to the order of 1% at wavelengths above 310 nm. The large
stray light contributions below 310 nm are also due in part to the decrease in the absolute
radiance signal.

NOAA-21 OMPS NM Stray Light (SL) Contribution (%)
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Figure 6. NOAA-21 OMPS NM stray light contributions as a function of the wavelength by using the
newly derived stray light calibration coefficients. The computation was performed on the global data
for solar zenith angles of less than 75°.

3.6. Geolocation Registration

Besides the spectral wavelength registration, the geolocation registration is another
important calibration component. Through geolocation registration, the OMPS-NM LOS
pointing vectors need to be mapped to geodetic longitude and latitude on the Earth’s
ellipsoid for each FOV at each scan position. It consists of two parts, the spacecraft-level
algorithm and the sensor-specific algorithm. The spacecraft-level algorithm is commonly
used by all instruments to compute the intersection of those LOS vectors with the Earth’s
ellipsoid to output geodetic longitude and latitude at a given UTC time, which was de-
scribed in previous studies [49,50]. The geolocation registration in this study is only related
to the sensor-specific geolocation algorithm.

The sensor-specific geolocation algorithm is designed to compute the pointing direc-
tion (unit vectors) of each individual CCD pixel in the OMPS instrument coordinates [5,25].
It also includes the alignment between the instrument and spacecraft coordinates via a
field angle map calibration table, which was performed by using the pre-launch mounting
matrix data. Hence, the post-launch analysis focuses on the computation of unit vectors.
The OMPS NM unit vectors have been derived and expressed in the form of two rotational
angles by the BATC, as described as follows [5]:

Uy = sin sin (B) (14)
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U, = —sin sin («) -sin sin (B) (15)
Us = cos cos (&) -cos cos (P) (16)

where « is the azimuth look angle (the rotation around the x-axis) and {3 is the elevation
look angle (the rotation around the y-axis). Its coordinates were well illustrated in [5,25] so
the descriptions are omitted here. The equations were supposed to be applicable for all
OMPS NM instruments onboard the SNPP, NOAA-20, NOAA-21, and future JPSS-3 and
JPSS-4 platforms.

However, the equations in Equations (8)—(10) were found to cause large geolocation
errors of up to 90 km for off-nadir pixels in the SNPP and NOAA-20 OMPS NM SDR
data [23,25,51]. The large geolocation errors were caused by a discrepancy in the OMPS
instrument rotation coordinate definition between the ground and in-flight instrument
systems (personal email communications with G. Jaross of NASA [52,53]). The unit vector
equations defined in Equations (11)-(13) were expressed using an intrinsic rotation, i.e.,
the rotating azimuth look angle first before the rotating elevation look angle, which are
consistent with that in the ground OMPS LOS measurement system. However, in-flight
OMPS SDR measurements are made in an extrinsic rotation system. In this rotation system,
the elevation look angle f is rotated first before the azimuthal angle « is rotated, which is
opposite to that in the intrinsic rotation. As a result, the in-flight OMPS unit vectors need
to be expressed by using the following equations (a personal email communication with G.
Jaross of NASA in 2021, and [52,53]):

U = cos cos («) -sin sin (P) (17)
Uy = —sin sin (a) (18)
Us = cos cos (&) -cos cos (P) (19)

The corrected equations have been applied to the IDPS operational processing system,
which are applicable for OMPS instruments onboard the SNPP, NOAA-20, NOAA-21, and
future JPSS-03 and JPSS-04 satellites. The geolocation accuracy for the NOAA-21 OMPS
NM SDR with the corrected unit vector equations will be assessed against the VIIRS M1
band data in the following section.

4. Validation of NOAA-21 OMPS NM SDR Data Quality

The validation focuses on the NOAA-21 OMPS NM radiance, reflectance, and geolo-
cation and Signal-to-Noise Ratio (SNR) performance using various approaches. For the
radiometric performance, due to the lack of accurate reference, this study first employs
two inter-sensor comparison methods to assess the performance of new SDR data relative
to well-validated instrument observations which have the same or similar spectral and
spatial resolutions. For the OMPS nadir instruments, the same type of instrument is flying
on the SNPP, NOAA-20, and NOAA-21 platforms. Both the SNPP and NOAA-20 OMPS
SDR have been well-calibrated and were demonstrated to meet the requirements defined
in Table 2 [9,54,55]. Therefore, radiance and reflectance (or normalized radiance) in the
NOAA-21 OMPS SDR are compared with those in the SNPP and NOAA-20. Two inter-
sensor comparison approaches include the 32-day average method [34] and the CRTM-DD
method, as described in Sections 4.1 and 4.2, correspondingly. In addition to the inter-sensor
comparison approach, the deep convective cloud target is utilized to assess long-term sta-
bility of radiance data above 330 nm, as described in Section 4.3. The analyses of the
geolocation and SNR performance are given in Sections 4.4 and 4.5, respectively.

4.1. NOAA-21 OMPS Radiance and Reflectance Differences Against SNPP or NOAA-20

The 32-day average method has been demonstrated to be able to provide reasonable
averaged radiometric calibration biases between two instrument observations onboard two
of the SNPP/NOAA-20 satellites. This is because this method uses two orbit-repeating
cycles of data, such that the averaged differences have a relatively small diurnal impact [34].
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To validate the performance of the NOAA-21 OMPS NM radiance data, Figure 7a
displays the mean and standard deviation of a series of 32-day running-averaged radiance
differences between the NOAA-21 and SNPP OMPS NM SDR datasets since 1 June 2023
through 12 December 2023. Here, the running 32-day average represents the differences
in the data that are computed over a 32-day period, with the computation being repeated
consecutively by shifting the start and end points of the 32-day window by one day at a
time. According to the results in the figure, the mean radiance deviations from the SNPP
are mostly within +3%, with the largest values below 303 nm. Even in the presence of a
1% standard deviation, the NOAA-21 OMPS NM SDR data show the averaged radiance
differences within £4% above 303 nm, which are also within the requirement of 8%. Despite
the averaged radiance differences exceeding 8% below 301 nm, the OMPS ozone retrieval
does not utilize the NM SDR data in this range. Hence, the significant biases below 303 nm
do not impact the quality of the ozone data.

(a) 32-Day Average of Radiance Differences (%): Mean and Standard Deviation
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(c) 32-Day Average of NR Differences (%): (N21-SNPP) x100.0/N21
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Figure 7. (a) Mean and standard deviation of a series 32-day running-average of radiance differences
between the NOAA-21 and SNPP OMPS NM SDR datasets since 1 June 2023 through 12 December
2023. (b) Same as (a) but for reflectance. (c) The 32-day average of normalized radiance difference
between the NOAA-21 and SNPP NM by using the NOAA-21 OMPS NM SDR dataset spanning from
15 May 2024 to 15 June 2024, where a correction of 2.2% has been applied. (d) Same as (c) but for the
NOAA-21 and NOAA-20 OMPS NM.

To validate the performance of the NOAA-21 OMPS NM reflectance, Figure 7b presents
a similar figure to (a) except for the reflectance. Note that the used SDR data in the figure
do not include the correction of 2.2% for the NOAA-21 solar pre-launch calibration errors.
The averaged reflectance differences between the NOAA-21 and SNPP NM vary in a range
approximately from 3% to 4%, with exceptions below 303 nm, where the differences are the
largest. If a correction of 2.2% is applied to the NOAA-21 NM solar flux data, the averaged
reflectance differences above 303 nm will be decreased to levels below 2% (the figure is
omitted). Figure 7c further illustrates 32-day average of normalized radiance differences
using recent NOAA-21 OMPS NM SDR data spanning from 15 May 2024 to 15 June 2024,
where the correction of 2.2% has been applied. We used normalized radiance here, since
a similar comparison is made using the same period of the NOAA-21 dataset except that
the NOAA-20 is used as a reference. Figure 7d displays the inter-sensor differences in the
normalized radiance between the NOAA-21 and NOAA-20 NM by using the same period
of datasets in Figure 7c. The averaged deviations are even smaller than those in Figure 7c,
which are mostly within £1% for the same wavelength range. The smaller NOAA-21
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inter-sensor biases with the NOAA-20, compared to those with the SNPP, are partially
related to the optical throughput degradation of the SNPP OMPS NM instrument [55].

Overall, the NOAA-21 OMPS SDR data are generally consistent in quality with the
SNPP and NOAA-20 data. Two different references lead to a similar conclusion that
radiometric calibration biases in the NOAA-21 OMPS NM SDR after the solar flux error
correction are generally within +2%, with margins in the range from 300 to 303 nm. This
confirms the effectiveness of the empirical solar bias correction scale factor derived in
Section 3.2.

4.2. OMPS Normalized Radiance Double Differences Between NOAA-21 and SNPP by Using
CRTM as a Bridge

The 32-day average differences clearly demonstrate the good radiometric quality of the
NOAA-21 OMPS NM data in radiance and reflectance (and normalized radiance) compared
to either the SNPP or NOAA-20 data. Below, the inter-sensor radiometric calibration biases
are further assessed using RTM simulation as a bridge, specifically by examining the double
differences in the NOAA-21 and SNPP radiance (reflectance) deviations from the RTM
simulations. Its principle can be expressed by the following equation:

—RTM — = - =
DDz1—snpp = (O = B) yp1 = (O = B)gpp (20)

where O and B denote satellite observations (radiance, normalized radiance, or reflectance)
and RTM simulations, respectively; the subscript N21 and SNPP are the NOAA-21 OMPS
NM and SNPP OMPS NM, respectively; the bar ‘—" above each of O and B signifies the

mean over selected observations; Wﬁ,ﬁﬂ_ snpp represents the average of the radiometric
difference between the NOAA-21 and SNPP OMPS SDR data via the RTM. In this study,
the RTM denotes the JCSDA CRTM, and its descriptions are referred to [12,56-58].

It is important to note that it is still challenging to conduct accurate RTM simulations
due to the lack of cloud profile information. So, Equation (20) is only applied to satellite
observations under clear skies. Even under clear skies, however, a few error sources can
contribute to each of (O — E) , e.g., instrument calibration errors (e.g., BPS difference, solar
cal. error, and cal. algorithm error), RTM modeling errors (e.g., solar reference dataset dif-
ference), and simulation errors due to inaccurate inputs such as surface reflectivity or/and
ozone profile. Approximately, the errors except for the first item would be mostly canceled
through the double difference and average in Equation (20). Therefore, it is assumed that

@ﬁ,ﬁ{ snpp approximately represents the radiometric calibration differences between
the NOAA-21 and SNPP.

Figure 8 shows a globally averaged NR difference as a function of the wavelength
under clear skies by using the SNPP and NOAA-21 OMPS SDR data on 20 February 2024.
The surface reflectivity uses the NOAA SNPP OMPS EDR products. Note that the bias
correction of 2.2% has not been applied to the operational NOAA-21 OMPS SDR data
until 11 April 2024. Thus, the results with the 2.2% correction are also included in the
figure as a comparison. According to the results in the figure, the mean NR differences
with the correction are mostly within £2% at wavelengths above 305 nm, while the values
without the correction are frequently above the 2% line. Similarly, large discrepancies
remain at wavelengths below 303 nm, which are consistent with those using the 32-day
average method in Figure 7 above. Even so, these large errors do not impact the quality
of current ozone products, since the data below 303 nm are not used. Finally, small
stripes remain at a few wavelengths, which might be associated with inconsistencies in the
wavelength scale and bandpass spectral characteristics between the SNPP and NOAA-21.
Further investigation is needed to better understand the root cause of the phenomenon in
future studies.
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Figure 8. Averaged double differences in the normalized radiance under clear skies between the
NOAA-21 and SNPP by using the data on 2 February 2024.

4.3. Long-Term Stability of NOAA-21 OMPS NM SDR Data

DCC:s are the brightest tropical Earth targets located in a thin band near the equator
called Inter-Tropical Convergence Zone [59]. DCC targets are approximately ideal visible
calibration targets with nearly a Lambertian reflectance. Thus, in recent years, a new
method associated with DCC targets was initialized to assess the stability of VIIRS SDR
data [59,60]. This method has been successfully extended to SNPP OMPS NM SDR data.
According to the analysis in [35,36], OMPS NM DCC pixels are identified by using the
infrared threshold from collocated VIIRS brightness temperature measurements at the
10.729-pum band: the solar zenith angle is less than 40 degrees; the sensor view zenith angle
is less than 35 degrees; the averaged brightness temperature (TB) from the collocated VIIRS
pixels at channel M15 is less than a temperature threshold; the standard deviation of TB
at M15 from the collocated VIIRS pixels is less than a spatial uniformity threshold. These
criteria are similar to previous studies [59-61]. A detailed description about this analysis is
referred to in [35,36].

Here, this method is applied to the NOAA-21 OMPS-NM SDR data to assess the
stability of the OMPS NM reflectance within DCC targets at several wavelengths above
330 nm.

Figure 9 shows a one-year time series of NOAA-21 OMPS NM reflectance within DCC
targets at several wavelengths above 331 nm. Large drops in reflectance after April 2024 are
observed, which are caused by the updated solar flux table by 2.2% in the SDR data. Except
for these drops, the averaged reflectance exhibits some variations with time, primarily
due to solar angle differences and atmospheric feature changes with time. Nevertheless,
the NOAA-21 OMPS-NM SDR data long-term reflectance within the DCC targets at the
selected wavelengths is stable within 0.5% changes during this period. This demonstrates
the good stability of the NOAA-21 OMPS NM SDR data, except for an update to the solar
flux calibration table.
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Figure 9. Time series of the NOAA-21 OMPS NM reflectance within the DCC targets from 7 July
2023, to 7 June 2024 at wavelengths of 331.21, 345.39, 359.99, 372.93, 378.37, and 380.46 nm. Only the
first week of the data per month is used to produce an average to reduce the impact of different solar
angles with time on the stability of the reflectance. Large drops in reflectance after April 2024 are
caused by the updated solar flux table by 2.2% in the SDR data that was implemented into the IDPS
operational system on 11 April 2024.

4.4. Geolocation Accuracy Assessment

A method was developed to efficiently assess the SNPP and NOAA-20 OMPS NM
geolocation accuracy [25]. It utilizes spatially collocated radiance measurements from the
VIIRS Moderate Band M01, with a central wavelength of 410 nm spanning from 400 to
420 nm. Its basic idea is to find the best collocation position, with a maximum correlation
between the VIIRS collocated and real OMPS NM radiances. It is performed by perturbing
the OMPS NM line-of-sight (LOS) vectors in the cross-track and along-track directions,
with small steps in the spacecraft coordinates. The detailed description of the method is
referred to in [25]. The NOAA-21 VIIRS SDR data geolocation has been well calibrated,
with geolocation errors within a couple of hundreds of meters [62]. Therefore, this study
uses the same method in [25] to assess the accuracy of the NOAA-21 OMPS NM SDR
geolocation accuracy against the NOAA-21 VIIRS M1 band geolocation location.

Figure 10a,b present the geolocation accuracy of the NOAA-21 OMPS NM SDR data
in both along-track and cross-track directions against the NOAA-21 VIIRS M1 band data
by randomly selecting a day last year. In the computation, radiance at a wavelength of
380 nm, or the nearest available wavelength to 380 nm, is used, as radiance at 380 nm
is not always available at each location due to the instrument wavelength shift within-
orbit. It is found that the NOAA-21 OMPS data have a better geolocation accuracy in the
cross-track direction than in the along-track direction. The geolocation distance errors in
the along-track can be as large as 3 km, while the errors in the cross-track direction are
typically within £1 km. In addition, the along-track angle errors are shifted approximately
by —0.1°~—0.15° depending on the position in the spatial direction. Figure 10c,d show
time series of the LOS vector angle errors in the along-track and cross-track directions for
two FOV positions (leftmost and nadir). We can draw similar conclusions to the above ones,
which indicate the long-term stability of the NOAA-21 OMPS NM SDR data geolocation.
Regarding the remaining systematic error in the order of 0.1° in the along-track direction, it
can be corrected by using an updated field angle map (FAM) calibration table based on the
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perturbation method in [25], which will be covered in a future plan. In spite of this small
systematic error, the NOAA-21 OMPS NM SDR data have demonstrated to consistently

meet the specification of 8.5 km.

(a) NOAA-21 OMPS NM Geolocation Accuracy on 06-18-2023: Along-Track Direction
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Figure 10. Geolocation accuracy of the NOAA-21 OMPS NM SDR data against the NOAA-21 VIIRS
M1 band data geolocation position. (a) LOS vector angle error vs. spatial index in the along-track
direction on 18 June 2023. (b) Same as (a) but in the cross-track direction. (c) Time series of the angle
error at the leftmost pixel position in the spatial direction since 10 February 2023 through 20 June
2024. (d) Same as (c) but at the nadir pixel.

4.5. SNR Performance Assessment
As a precision term in radiometric calibration, SNR measures the strength of the
desired signal relative to the background noise within instrument measurements. We com-



Remote Sens. 2024, 16, 4488

250f 31

pute the SNR empirically based on root mean square residuals (RMSRs) for the observed
radiance data. The estimation of the SNR is also an average over a certain wavelength
range to reduce the impact of residual stray light and wavelength shift correction errors,
e.g., 300-305, 305-325, 320-345, and 340-380. In addition, the SNR requirement in Table 2 is
defined at a spatial resolution of 17 km at nadir, which is different from the actual NOAA-21
NM SDR nadir pixel resolutions, with 12 km in the cross-track and 10 km in the along-track
directions. So, the obtained SNR values at the NOAA-21 pixel spatial resolution need to
be converted into SNR values at 17 km x 17 km by multiplying by a scale factor of 1.54
(=v/17/12 x 17/10).

Figure 11a displays the derived SNR versus the wavelength for the NOAA-21 OMPS
NM SDR data on 10 February 2023. As a comparison, the derived noise-corrected radiance
and residuals (noise) are included in the figure. The NOAA-21 OMPS NM SDR data
demonstrate good SNR performance within the requirement (green dashed line in the
figure) for most of the wavelengths above 305 nm. Moreover, this performance is stable
since launch, as shown in Figure 11b. Some exceptions at wavelengths above 305 nm should
be related to the accuracy of the used empirical algorithm. Further study is needed to
improve the performance of the SNR computation algorithm. Certainly, the data show poor
SNR performance at wavelengths below 305 nm, which is mostly related to the dichroic
effect. Due to this, the requirement for the SNR is defined only for wavelengths above
305 nm (see Table 2). Therefore, the SNR performance of the NOAA-21 OMPS NM SDR
data meets the instrument requirement for the defined wavelengths. The small SNR values
below 305 nm do not impact the quality of current ozone products.

(a) NOAA-21 OMPS NM SNR on 02-10-2023
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Figure 11. Estimated NOAA-21 OMPS NM data SNR using a root mean square residual (RMSR)
analysis method. (a) Daily mean OMPS NM radiance SNR over tropical regions within [30°S, 30°N]
on 10 February 2023, where the mean radiance and noise are added in the figure for a comparison.
(b) Time series of the NOAA-21 OMPS NM SNR data from 1 April 2023 through 19 March 2024, using
one day of data per week.
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5. Summary and Conclusions

This study has updated/developed several key calibration algorithms/parameters for
NOAA-21 OMPS NM SDR data to meet the JPSS scientific requirements. Those updated
algorithms have been integrated into the IDPS processing system via either one-time or
periodic calibration tables or code changes to generate quality-assured NOAA-21 OMPS
NM SDR data. Furthermore, this study has validated the radiometric and geolocation
performance of NOAA-21 OMPS NM SDR data using multiple methods. The results
demonstrate that the quality of NOAA-21 OMPS NM SDR data is consistent with that of
the SNPP and NOAA-20 OMPS data. It also meets the scientific requirements, with some
exceptions primarily in the dichroic range between 300 nm and 303 nm. More details are
described below.

Firstly, several calibration algorithms for the SNPP and NOAA-20 OMPS NM SDR
are updated for the NOAA-21, including the dark current correction, one-time wavelength
registration from ground to on-orbit, dynamic intra-orbit wavelength shift correction, and
geolocation registration. In addition, an empirical scale factor of 2.2% is newly derived to
mitigate pre-launch solar flux calibration errors, using a well-calibrated SNPP OMPS solar
flux dataset as a reference. This factor is shown to effectively remove systematic errors in
the NOAA-21 OMPS NM solar flux relative to both the SNPP and NOAA-20. Geolocation
errors in the OMPS SDR off-nadir pixels, which potentially impacted all of the OMPS
instruments, are effectively corrected in the NOAA-21 OMPS data by using the updated
LOS unit vector equations that were given in previous studies for the SNPP and NOAA-20.
Overall, those calibration algorithms offer a good performance for the NOAA-21 OMPS
NM SDR data to meet the JPSS scientific requirements.

Secondly, the radiometric and geolocation accuracies of the NOAA-21 OMPS NM SDR
data have been validated by using various approaches. For the radiance and reflectance
or normalized radiance, two inter-sensor comparison methods, i.e., the 32-day average
method and the CRTM-DD method, are employed to assess their accuracies relative to
well-validated instrument observations from the SNPP and NOAA-20. The results show
that the NOAA-21 OMPS NM SDR data are consistent with the SNPP and NOAA-20, with
averaged differences mostly within + 4% in radiance and 2% differences in reflectance
(normalized radiance). Therefore, using two independent references, the NOAA-21 OMPS
NM radiometric calibration accuracies in both radiance and reflectance are shown to
generally meet the standards. Certain margins of errors remain in wavelengths below
303 nm. However, these discrepancies do not affect the quality of current ozone product
retrievals, as the OMPS NM SDR data in this range are not utilized. Additionally, the
DCC approach is employed to assess the stability of the NOAA-21 OMPS NM data. In the
presence of solar angle differences, the changes in the NOAA-21 OMPS NM reflectance
in a year is approximately 0.5%. For the geolocation accuracy, it is estimated using VIIRS
M1 band data as a reference. The geolocation distance errors in the along-track can be as
large as 3 km, while the errors in the cross-track direction are typically within =1 km. Both
meet the requirement of being less than 8.5 km. The NOAA-21 OMPS NM SDR data also
show a good SNR performance within the requirement. Overall, the NOAA-21 OMPS NM
SDR data generally meet the required specifications for radiometric and geometric quality,
although some margins remain in wavelengths below 303 nm.

In terms of the large radiometric calibration discrepancy below 303 nm, additional
analyses should be conducted in future studies to improve the quality of the NOAA-21
OMPS NM SDR data in this range. Remaining errors in a few calibration parameters, such
as solar flux and stray light, could contribute to this discrepancy. For example, according
to our analysis, the NOAA-21 OMPS pre-launch calibration errors are highly wavelength-
dependent, especially in the dichroic range. However, the current correction using a scale
factor of 2.2% only accounts for a wavelength-independent or averaged error. In addition,
the radiometric calibration accuracy of the NOAA-21 OMPS SDR data is evaluated in this
study primarily using inter-sensor radiometric biases against both the SNPP and NOAA-20
observations, thus lacking an independent accuracy computation. The RTM simulation is
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ideally an efficient approach to independently quantify radiometric calibration accuracy of
the SDR data. This assumption is true if the information about atmospheric and surface
properties is accurate, which is especially important for the OMPS NM data, since both
accuracies of the simulated radiance and solar flux data are significantly sensitive to the
accuracy of the surface reflectivity. Thus, another future study is to improve the accuracy of
the CRTM simulations at the NM wavelengths, thus helping to improve the performance
of the SL and solar flux error correction algorithms.
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Appendix A

Table Al. Acronyms used in this study.

Acronym Description
OMPS Ozone Mapping and Profiler Suite
NM Nadir Mapper
NP Nadir Profiler
VIIRS Visible Infrared Imaging Radiometer Suite
RDR Raw Data Record
SDR Sensor Data Record
EDR Environmental Data Record
SNO Simultaneous Nadir Overpass
32D-AD 32-day Average Differences
JPSS Joint Polar Satellite System
JPSS-01 (NOAA-20) Joint Polar Satellite System-01
JPSS-02 (NOAA-21) Joint Polar Satellite System-02

SNPP Suomi National Polar-Orbiting Partnership
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Table Al. Cont.

Acronym Description
ICVS Integrated Calibration/Validation System
SIPS Science Investigator-led Processing System
PDA Production, Distribution, and Access
IDPS Interface Data Processing Segment
DCC Deep Convective Cloud
CLASS Comprehensive Large Array-Data Stewardship System
OOB Out-of-Band
OOF Out-of-Field
RTM Radiative Transfer Model
CRTM Community Radiative Transfer Model
CRTM-DD Double-Difference (DD) Method via an RTM as a Vridge
FWHM Full-Width at Half-Maximum
IFOV Instantaneous Field-Of-View
CCD Charge-143-Coupled Device
FFAs Focal Plane Arrays
Govemment R o Al Moo
SZA Solar Zenith Angle
SAA Southern Atlantic Anomaly
TSIS-1 Total and Spectral Solar Irradiance Sensor-1
UTC Universal Time Coordinated
LOS Line-of-Sight
SNR Signal-to-Noise Ratio
RMSRs Root Mean Square Residuals
LT Long-Term
NRT Near-Real-Time
STAR Center for Satellite Application and Research
OSPO Office of Satellite and Product Operations
ESPC Environmental Satellite Processing Center
NWP Numerical Weather Prediction
JCSDA Joint Center of Satellite Data Assimilation
NOAA National Oceanic and Atmospheric Administration
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