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Abstract. The Ozone Mapping and Profiler Suite (OMPS)
has been on board the Suomi National Polar-orbiting Part-
nership (S-NPP) satellite since October 2011 and was fol-
lowed by an OMPS on NOAA-20 (N20) in November 2017
as part of the US Joint Polar Satellite System (JPSS) pro-
gram. The OMPS measurements are processed to yield vari-
ous products of atmospheric composition data for near-real-
time monitoring and offline study, including retrievals of to-
tal column ozone (TCO) and an ultraviolet-absorbing aerosol
index (AI) based on the version-8 total ozone (V8TOZ) al-
gorithm. With the implementation of changes to employ a
broadband channel approach in the NOAA OMPS V8TOZ,
the retrieved TCO and Al products have become more sta-
ble and consistent between S-NPP and N20. Two particu-
lar regions have been chosen for building soft-calibration ad-
justments for both OMPS S-NPP and N20, which force the
V8TOZ retrievals to be in quite good agreement from both
sensors with little change by season. However, bias analysis
shows that some noticeable errors and differences still ex-
ist after soft-calibration, and those errors appear to be quite
persistently associated with solar zenith angle (SZA) and
satellite viewing angle (SVA) in the retrievals of TCO and
Al for both OMPS S-NPP and N20. Comparisons of TCO
and Al from NOAA OMPS retrievals with other products
such as those from the Tropospheric Monitoring Instrument
(TROPOMI) and the Earth Polychromatic Imaging Camera
(EPIC) show that, although the sensor, algorithm, and solar
spectra are different among them, the overall retrievals from
those products are quite similar and consistent.

1 Introduction

Ozone and aerosol loading in the atmosphere play an impor-
tant role in environment and climate change, which require
a broad set of actions across the world for monitoring and
assessing their impacts. Observations from ground-based in-
struments can regularly provide continuous time series data,
but they are spatially scattered with limited global coverage.
In contrast, satellite instruments have an important advantage
for ozone and aerosol measurements: they can provide daily
global ozone and aerosol maps with a resolution that is suffi-
cient to detect meteorological variability across regions.
Global-scale satellite observations of total column ozone
(TCO) have been performed since the early 1970s, and reg-
ular and continuous ozone monitoring by the Total Ozone
Mapping Spectrometer (TOMS) and Solar Backscatter Ultra-
violet (SBUV) instruments on board the Nimbus-7 satellite
started in 1978 (McPeters et al., 1996; Bhartia et al., 2013).
Since then, instruments for ozone observations have been
available on various platforms. Some of these instruments
are the Global Ozone Monitoring Experiment (GOME) on
board the European Remote Satellite-2 (ERS-2) (Bodeker
et al., 2001), the Ozone Monitoring Instrument (OMI) on
board the Earth Observation System Aura satellite (Kouk-
ouli et al., 2012), the Earth Polychromatic Imaging Camera
(EPIC) on board the NOAA Deep Space Climate Observa-
tory (DSCOVR) spacecraft (Marshak et al., 2018; Kramarova
et al., 2021), and the TROPOspheric Monitoring Instrument
(TROPOMI) on board the Sentinel-5 Precursor (S5P) mis-
sion (Lindfors et al., 2018; Inness et al., 2019; Garane et al.,
2019). The concept of the UV-absorbing aerosol index (AI)
was initially introduced in the context of observations made
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by TOMS in the late 1990s for the correction of aerosol-
induced errors in the retrieval of total ozone (Herman et
al., 1997; Torres and Bhartia, 1999). Since then it has been
extended to apply to measurements with OMI (Herman et
al., 1997; Torres et al., 1998, 2007). Using Al for detect-
ing aerosol has been applied to other sensors such as GOME
(de Graaf et al., 2005), EPIC (Lyapustin et al., 2021), and
TROPOMI (Lindfors et al., 2018; Kooreman et al., 2020).
The channel wavelengths selected for deriving Al may dif-
fer from different sensors, but the method and the purpose of
generating Al in the ozone retrieval algorithms remain simi-
lar.

As one of the instruments in the US Joint Polar Satellite
System (JPSS) program, the Ozone Mapping and Profiler
Suite (OMPS) Nadir Mapper (OMPS-NM) was designed for
total column ozone (TCO) and aerosol index (Al) retrievals.
The first OMPS has been on board the Suomi National Polar-
orbiting Partnership (S-NPP) spacecraft since October 2011;
the second OMPS is flying on NOAA-20 (N20) launched in
November 2017, and a third OMPS is flying on NOAA-21
launched in November 2022. All three platforms have or-
bital adjustments to maintain their 13:30 Equator crossing
times. The OMPS-NM is a total ozone column sensor and
uses a single grating and a charge-coupled device (CCD) ar-
ray detector to make measurements every 0.42 nm from 300
to 380 nm with 1.0 nm full width at half maximum (FWHM)
resolution. It has a 110° cross-track field of view (FOV)
(~2800km on the Earth’s surface) and 0.27° along-track
slit width FOV. In standard Earth science mode, the mea-
surements are combined into 35 cross-track bins (20 spatial
pixels giving 3.35°, or 50km, at nadir, and 2.84° at £55°
cross-track dimensions for the FOVs). The resolution for the
OMPS-NM is changeable. For OMPS S-NPP, the resolution
is 50 x 50km along-track at nadir, created by using a 7.6 s
reporting and integration period. For OMPS N20, the reso-
lution is 50 x 17 km along-track at nadir, created by using a
2.5 s integration period (Flynn et al., 2014; Seftor et al., 2014;
Jaross et al., 2014; Wu et al., 2014; Pan et al., 2019).

The S-NPP OMPS-NM was reprocessed with a consis-
tent set of calibration tables to produce an SDR (sensor data
record) dataset of uniform quality (Zou et al., 2020; Yan
et al., 2022). The OMPS-NM instrument stability is moni-
tored by using a pair of solar diffusers — a working diffuser
used every 2 weeks and a reference diffuser used once per
year. Taken together, the measurements track both the per-
exposure diffuser degradation and the instrument throughput
degradation. The latter is shared with the Earth radiance mea-
surements. Analysis of the 10-year solar measurement record
reveals that the S-NPP OMPS-NM radiometric calibration
has been stable at better than 1 % as shown in Fig. 1.

To maintain consistency and continuity of retrieved ozone
and aerosol index for climate data and atmospheric model
studies, we employed a NASA-developed version-8 ozone
retrieval algorithm (V8TOZ) (Wellemeyer et al., 1997; Bhar-
tia and Wellemeyer, 2002; McPeters et al., 1996; Bhartia et
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al., 2013) for NOAA operational OMPS S-NPP and N20 re-
trievals as well as for offline studies. Undergoing 3 decades
of progressive refinement, V8TOZ was used as the primary
algorithm in the previous NOAA series of SBUV/2 prod-
ucts and is now widely used for ozone retrievals and studies
for many satellites. The science basis and algorithmic proce-
dures as well as error sources for the V8 algorithm have been
well documented in the OMPS ATBD (Algorithm Theoreti-
cal Basis Document) and other articles (Bhartia and Welle-
meyer, 2002; McPeters et al., 1996).

The results in this paper use soft-calibration adjustments
to force agreement between V8TOz retrievals for S-NPP
and NOAA-20 with plans to continue using the method for
NOAA-21 OMPS and other instruments. The adjustment
method uses statistical comparisons over a latitude—longitude
box over the equatorial Pacific. This region is selected for a
variety of reasons including the following: (1) the total col-
umn ozone amounts are modest and the solar zenith angles
are low, (2) the ozone profiles are relatively stable and con-
sistent over the region (with some intra- and inter-annual as
well as quasi-biennial changes), (3) the atmospheric aerosol
and SO, loading are usually close to background levels, and
(4) the ocean surface presents a target with little intra-annual
variability.

We start the process with the NASA S-NPP V8TOZ prod-
ucts. The level-1 data records for those retrievals were cal-
ibrated to give agreement with NOAA-19 SBUV/2 total
ozone at the start of the record, and cross-track adjustments
from ice radiance studies were used to set the effective re-
flectivity (McPeters et al., 2019). The NASA soft-calibration
using ice radiances could have been applied here for NOAA-
20. That calibration is primarily for the reflectivity channels
and requires seasonal observations. The equatorial Pacific is
available year-round with good viewing conditions and bet-
ter stability. Further, the close-to-identical Equator crossing
times of S-NPP, NOAA-20, and NOAA-21 allow direct com-
parisons of the cross-track reflectivity, aerosol, and ozone
patterns over that region. Both methods use the cross-track
reflectivity over dark vegetative scenes as a check on the
performance. The soft-calibration for ozone for the NASA
S-NPP used comparisons to the ozone amounts from the
NOAA-19 SBUV/2 retrievals. This dataset is not available
for the NOAA-20 OMPS NM. Fortunately, the NPP OMPS
NM dual-diffuser system has been working well to track
the small levels of instrument degradation. This means that
ozone comparisons between NPP OMPS NM and NOAA-
20 OMPS NM give a good approach for generating a con-
sistent addition to extend the long-term record. The equato-
rial Pacific presents a low-variability ozone field for inter-
instrument result comparisons to estimate ozone channel ad-
justments to force agreement. The V8TOZ radiative trans-
fer lookup tables and retrieval algorithm act as a transfer be-
tween the two OMPS NM measurements at the 12 channels
used in the VETOZ.
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Figure 1. Estimates of the total wavelength-dependent throughput changes for S-NPP OMPS-NP and OMPS-NM over 10 years (2012 to
2022). The blue curve is from linear fits of the changes in the biweekly solar measurements from the working diffuser. The red curve is
from linear fits of the changes in the annual solar measurements from the reference diffuser. The green curve is a scaling of the blue curve
accounting for the difference in exposure frequency for the reference versus the working diffusers. The orange curve is the red curve minus
the green curve. It gives an estimate of the throughput degradation for the shared optical path for the radiance measurements. Note that the
instrument throughput changes for OMPS-NM (300 to 380 nm) are well within the 1 % level. (This figure was created and provided by

Colin Seftor of SSAI for the NASA GSFC Ozone Team.)

Thanks to the OMPS series, which provide similar instru-
ments with the same scanning method and the same local
Equator crossing times in the same orbital plane, the re-
trievals from OMPS S-NPP V8TOZ and N20 V8TOZ can be
used for further analysis of biases. Those biases exist in the
algorithm with various sources and are difficult to remove by
soft-calibration. We provide a quantification of those differ-
ences with latitude. Researchers interested in error analysis
and refined retrievals could take it as a reference. This pa-
per is structured as follows. Section 2 describes the retrieval
algorithm and the differences between using broadband and
narrowband approaches. Section 3 shows procedures for gen-
erating soft-calibration adjustments for both OMPS S-NPP
and N20 to make their retrievals in agreement with each other
and exhibits the stability and consistency of those two prod-
ucts through verification. Section 4 describes the potential
biases that remain in the retrievals after soft-calibration ad-
justment. Section 5 shows a comparison of OMPS-retrieved
total column ozone and aerosol index with the products from
TROPOMI and EPIC. Section 6 gives the summary and con-
clusions.

2 V8TOZ with a broader band-pass approach

Based on the nature of the backscatter ultraviolet (BUV) ra-
diance, two key assumptions are employed in the V8TOZ
algorithm (Klenk et al., 1982; McPeters et al., 1996; Welle-
meyer et al., 1997). The first assumption is that the BUV ra-
diances at wavelengths greater than 310 nm are primarily a
function of total ozone amount, with only a weak dependence
on ozone profile shapes that can be accounted for by using a
set of climatological profiles. This is not a good assumption
when the optical path length becomes large, e.g., at high solar
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zenith angles for large ozone loading. The second assump-
tion is that a relatively simple radiative transfer model that
treats clouds, aerosols, and surfaces as Lambertian reflectors
can account for most of the spectral dependence of BUV
radiation. Lambertian representation of surface and atmo-
spheric particles (i.e., clouds and/or aerosols) works because
radiative transfer through this simplified model atmosphere—
surface system closely simulates those in the actual atmo-
sphere, especially in the stratosphere, where most O3 absorp-
tion happens (Huang and Yang, 2022). Unlike the version-
8 ozone profile (V8PRO) algorithm, which makes use of a
number of shorter wavelengths for estimating ozone amounts
in the upper layers of the atmosphere, the VETOZ for NOAA
OMPS S-NPP and N20 makes use of 12 discrete channel
wavelengths (308.7,310.8,311.9, 312.6,313.2,314.4, 317.6,
322.4, 331.3, 345.4, 360.2, 372.8 nm) in the retrieval algo-
rithm. Of those 12 wavelengths, two wavelengths (317.6 and
331.3nm) are directly used to derive total ozone, while the
other channel wavelengths are used to make error corrections
from aerosols, profile shapes, clouds, and sun glint, as well as
to provide atmospheric SO, estimates for volcanic eruptions
(Niu et al., 2020; Yang et al., 2009).

2.1 Forward model

Because the OMPS sensors only measure BUV from the top
of the atmosphere (TOA), radiative transfer forward model
results must be included in the algorithm under various ozone
amounts and vertical distribution conditions as well as geo-
metrical properties. To minimize computer time, the TOA ra-
diances are computed by interpolation and adjustment from
a pre-computed radiance table, which is created using the
TOMRAD radiative transfer code (Caudill et al., 1997). This
table consists of five variables: Iy, I, I», Ig, and Sp. Us-
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ing these five variables one can calculate the TOA radiance /
with the following formula:

1 =1y(00,0)+ 11 (6g,0)cos @+ 1> (6p,0)cos2
RIg (60, 0)

AR .

where the first three terms together constitute the purely at-
mospheric component of the radiance, unaffected by the sur-
face. This component, which we will refer to as 1, is a func-
tion of solar zenith angle 6y, satellite zenith angle 6, and ¢,
the relative azimuth angle between the plane containing the
sun and local nadir at the viewing location and the plane con-
taining the satellite and local nadir. The last term in Eq. (1)
provides the surface contribution, where RIp is the once-
reflected radiance from a Lambertian surface of reflectivity
R, and the factor (1 — RS,)~! accounts for multiple reflec-
tions between the surface and the overlying atmosphere.
Since the OMPS-NM uses a CCD array, there are es-
sentially thousands of independent detectors. This means
that the products from each cross-track FOV are derived
from their own set of detectors. Different from the NASA
OMPS S-NPP level-1 product, in which the CCD readout
is kept split at the center with 36 cross-track measurements
per swath, both OMPS S-NPP and N20 V8TOZ products
at NOAA have a 110° cross-track FOV with 35 cross-track
bins. While OMPS S-NPP has a 0.27° along-track slit width,
corresponding to a 50 x 50 km resolution at the Earth’s sur-
face, OMPS N20 has a 0.09° along-track slit width with a
50 x 17 km resolution. Both of them provide instantaneous
coverage of a 2800 km wide swath at the Earth’s surface.
Due to the differences in their CCD detectors and band
passes, we generated N-value, with N values defined as
—100 x log;g(radiance / irradiance), lookup tables from the
TOMRAD radiative transfer code for both OMPS S-NPP and
N20. Those tables are computed for 10 solar zenith angles,
six satellite zenith angles, four surface pressures, 12 channel
wavelengths, 21 a priori ozone profiles, and 35 cross-track
positions. The main differences in the tables between S-NPP
and N20 are their instrument band-pass functions, which dif-
fer for different instruments. In this study, we use broad band
passes for the six longer wavelength channels and narrow
band passes for the shorter wavelength channels. Figure 2
shows pre-flight slit functions at 314.4 nm narrowband center
and 317.6 nm broadband center for 35 cross-track positions
for OMPS S-NPP and N20. The slit functions for the other
five narrow band passes used for channel centers shorter than
314.4nm channel wavelength and five broad band passes
used for channel centers longer than 317.6 nm wavelength
are not shown here due to the similarity. The slit functions
provide key information for the spectra-convolved values
of the ozone absorption cross-sections as computed through
the instrument table formulation using weighted averages
of monochromatic radiance and irradiance components. The
OMPS detectors make measurements every 0.42nm from
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300 to 380 nm with around 1.0 nm full width at half maxi-
mum (FWHM) resolution. The OMPS V8TOZ products at
NOAA have recently switched to using broader band passes
for the six longer channel wavelengths in the algorithm. As
shown in Fig. 2, the broadband slit function for the 317.6 nm
channel appears to become very flat around its peak values
for both S-NPP and N20. Those slit functions are the ag-
gregated narrowband slit functions from 11 adjacent wave-
lengths surrounding 317.6 nm in the measurements. Calcula-
tions indicate that the differences of FWHMs for the narrow-
band slit function between S-NPP and N20 are about 0.75 %,
while those differences for the broadband slit function with
FWHMs close to 4.3 nm are negligible. That suggests that
using a broader band pass should create a tendency to re-
duce retrieval biases from potential biases in ozone absorp-
tion cross-sections. We will address further advantages of us-
ing broader band-pass wavelengths in retrievals later.

2.2 Inverse model

The basic OMPS V8 algorithm uses just two wavelengths to
derive total column ozone: a strong ozone absorption wave-
length (317.6nm) to estimate total ozone and a weakly ab-
sorbing wavelength (331.3 nm) to estimate an effective sur-
face and cloud reflectivity. The formula of the forward model
(Eq. 1) indicates that BUV radiance can be estimated if we
know the underlying reflectivity with a given total ozone as-
sociated with the ozone profile. Since we only have mea-
sured radiance to irradiance ratios, to solve this TOMRAD
radiative transfer equation for a proper estimation of total
ozone, an iteration approach has to be employed, i.e., by
starting with a nominal total ozone estimate and then re-
calculating the reflectivity using total ozone provided by the
317.6 nm shorter wavelength. The process is repeated if the
estimated reflectivity changes significantly. The inverse pro-
cess assumes that the effective reflectivity estimated from the
331.3 nm wavelength has little dependence on wavelength.
This assumption is pretty robust since ozone absorption at
the 317.6 nm wavelength is much larger than that for the
331.3 nm wavelength and the channel separation is less than
14 nm.

2.3 Aerosol index

In the inverse model, the effective reflectivity is estimated
from the 331.3 nm wavelength and taken to be insensitive to
changes in wavelengths. However, when radiances encounter
aerosol particles, the interactions will influence the reflectiv-
ity and result in apparent dependence of reflectivity on wave-
lengths. That is why the Al was introduced in the V8TOZ
algorithm for correcting total ozone retrievals, and it turned
out to be a very useful product for monitoring environmen-
tal change. The aerosol index for OMPS S-NPP and N20
is defined as the difference between the measured (includes
aerosol effects) spectral contrast of the 360.2 and 331.3 nm

https://doi.org/10.5194/amt-16-2919-2023



Z. Zhang et al.: Tracking instrument calibration and producing consistent products with V§TOZ

Narrowband Vs. Broadband, NPP

L2 arrow = 3144 nm
[ broad = 317.6 nm
1.0~

(a)

0.8 -

0.6 -

OMPS slit function

0.4

0.2

0.0

4 3 -2 -1 0 1 2 3
Wavelength relative to band center (nm)

OMPS slit function

2923

Narrowband Vs. Broadband, N20
[ nmarrow=3144nm

T
[ broad =317.6 nm (b) i
1.0 3

121

08 ]
0.6 ]
04f .

02f 1

0.0 71 1 1 L \“
-4 -3 -2 -1 0 1 2 3
Wavelength relative to band center (nm)

'

Figure 2. (a) OMPS NPP pre-flight slit function at 314.4 nm narrowband center and 317.6 nm broadband center for 35 cross-track positions,
with colors representing different cross-track positions from 1 (blue) to 35 (red). (b) Same as (a) but for OMPS N20.

wavelength radiances and the contrast calculated from the
radiative transfer theory for a pure molecular (Rayleigh scat-
tering) atmosphere. Since the calculation of the radiance for
the 360.2 nm wavelength uses reflectivity derived from the
331 nm measurements, the aerosol index can be simply de-
fined as

@

T360_meas
AI = 100log (m> .

I360_calc

Torres and Bhartia (1999) showed that a simple linear rela-
tionship exists between the aerosol index values and the total
column ozone error and that the slope of this relationship
varies with slant path (sec 6y + secf). A correction is applied
using the Al values and tabulated value of these slopes in
the OMPS V8TOZ algorithm. The positive Al values are as-
sociated with UV-absorbing aerosols, mainly mineral dust,
smoke, and volcanic aerosols, and the negative values are as-
sociated with non-absorbing aerosols (for example, sulfate
and sea salt particles) from both natural and anthropogenic
sources (Torres et al, 1998) with sizes less than 0.2 um.

2.4 Broader band-pass approach vs. narrowband
approach

When we average radiance and irradiance from 11 adjacent
spectral channels in our retrieval, we expect that the measure-
ment noise as well as biases and uncertainties from wave-
length shifts, interpolation from measurements to algorithm
channel wavelengths, ring effects (inelastic scattering includ-
ing Telluric contributions not present in the radiative transfer
forward model), and stray light correction uncertainties will
be greatly reduced. The improvements for errors in the wave-
length scale are best for channels with relatively flat radi-
ances. The 318 nm channel is in a region with a linear gradi-
ent in radiances versus wavelength, so the benefit of reduced
sensitivity to wavelength shifts is not present. The interpola-
tion errors are related to the effective broadening of the band
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passes when measurements are used to estimate the signals
at intermediate points. By using broader band passes to start,
the interpolation distances in wavelength space are a factor
of 11 smaller relative to the band-pass width than with sin-
gle measurements. One potential caveat of applying broader
band passes in the algorithm is that it would slightly weaken
the spectral contrast for retrievals. Statistical analysis of the
total ozone retrievals shows that this weakness is negligible.
We do not use the broader band passes for the six shorter
channels as they are used to determine estimates of atmo-
spheric SO, by using a follow-on algorithm which makes
use of the smaller-scale spectral features of SO, absorption.

We made 1-month (March 2020) runs of V8TOZ for both
OMPS S-NPP and N20 with zero soft-calibration based on
both narrowband radiances and broadband radiances. The
31d pixel-level ozone deviations were averaged as shown in
Fig. 3. Those deviations appear to contain two parts. One
is from the real ozone gradations in space, and the other is
from retrieval biases with various sources. Because the true
ozone patterns are independent of sensors and algorithms,
comparing the deviations would be able to show the magni-
tude of error biases from retrievals. It is expected that if one
algorithm can generate a smoother and more homogeneous
retrieval with less noise, the deviation will be smaller. Thus,
this deviation can be referred to as a homogeneity deviation,
which is an averaged deviation of pixel ozone from those
pixels of its neighboring cross-tracks and scans.

The patterns of homogeneity deviation appear to be pretty
similar between OMPS S-NPP and N20, which show that
the Northern Hemisphere has larger variation than the South-
ern Hemisphere, and the equatorial and lower-latitude re-
gions exhibit the lowest ozone variability. Those deviation
structures correspond to with the natural global ozone pat-
terns except for some uncommon features. The deviation for
OMPS S-NPP appears to be larger than N20, which may be
mainly due to the fact that the FOVs of S-NPP are 3 times

Atmos. Meas. Tech., 16, 2919-2941, 2023
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Figure 3. The March 2020 along-orbit homogeneity deviations of retrieved total column ozone in DU for 35 cross-track positions for the
narrowband (a, d) and broadband (b, e¢) of OMPS S-NPP (a—c) and OMPS N20 (d-f), as well as the differences of homogeneity deviation
between the narrowband and broadband (c, f). This is the along-orbit ozone retrieval variability with respect to different cross-tracks for
both OMPS S-NPP and N20 based on the narrowband wavelength approach and based on broadband. It is simply an averaged deviation of
pixel ozone with its neighboring cross-tracks as well as with its neighboring scans at the same cross-track position. Those absolute deviation
values were binned at 0.5° intervals according to cross-track no. 1 solar zenith angle. So, approximately 400 scans of NPP NM and 1200

scans of N20 NM were averaged onto 360 SZA intervals for one orbit.

wider than those for N20. The homogeneity deviation also
shows apparent association with ozone slant column den-
sity (SCD). That suggests that the V8TOZ algorithm tends
to have systematic biases as SCDs get larger. There are strip-
ing structures in both S-NPP and N20. Those features mainly
come from measurement calibration errors associated with
cross-track positions. By subtracting the homogeneity devia-
tion of narrowband retrievals from broadband retrievals (see
Fig. 3, right panel), we see apparent bias reduction when us-
ing broadband wavelengths, especially for N20. The bias re-
duction with broadband wavelengths did not show noticeable
improvement for retrievals in high-SCD regions. That sug-
gests that broadband approaches could make apparent mini-
mization of measurement noises but would have limited in-
fluences on error biases from the algorithm itself.

Atmos. Meas. Tech., 16, 2919-2941, 2023

3 Soft-calibration for both OMPS S-NPP and N20

The purpose of soft-calibration is to make retrieved variables
such as total column ozone and aerosol index close to their
true states. As mentioned before the OMPS satellites use a
CCD array, and the radiances were binned onto cross-track
FOV with 35 cross-track positions. For the VETOZ applica-
tions, it is as though both OMPS S-NPP and N20 contain
12 x 35 individual instruments, which have their own mea-
surement and calibration errors from various sources. In or-
der to make consistent retrievals with close to “truth” values,
we have to conduct a radiance adjustment for each of the
105 (318, 331, and 360 nm channels by 35 cross-track) indi-
vidual instruments from S-NPP and N20 and to make them
have the same unbiased performance. A similar approach to
obtain soft-calibration adjustments was addressed in other
works (Bak et al., 2017).

There are two key assumptions for our soft-calibration:
one is that the natural patterns of ozone and aerosol index
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are homogeneous with little dependence on cross-track posi-
tions. So if we do an averaging of the ozone and aerosol index
at different cross-track positions based on a certain amount
of data in a region, those averaged ozone and aerosol indexes
should be close to the same values as expected. The second
assumption is that those cross-track-related measurement er-
rors are consistent: that is, the magnitude of errors caused by
biases in radiance or in wavelength registration should have
a similar pattern along an orbit.

3.1 Data

A total of 2 months of data were used in estimating our soft-
calibration for NOAA OMPS S-NPP and N20. The March
2020 data are mainly used to generate soft-calibration ad-
justment tables, while the September 2020 retrievals are used
only for comparison and validation to verify the fidelity of
the soft-calibration due to the September data being fully in-
dependent of building the soft-calibration tables. Data from
the NASA OMPS Nadir Mapper Suomi NPP NMTO3-L2
from the NASA ozone and air quality website are used for
calibration and comparison. We selected NASA’s retrievals
instead of ground-based observations for calibration simply
because the NASA OMPS S-NPP V8TOZ retrievals have
been well validated and generally used for comparison with
ozone retrievals from other satellites. The NASA products
were calibrated to agree with NOAA-19 SBUV/2 total ozone
and with cross-track adjustments to the effective reflectiv-
ity from ice radiance studies (McPeters et al., 2019). We use
these products to tie the OMPS retrievals to the earlier ozone
record. Since the NOAA operational OMPS V8TOZ prod-
ucts share the same algorithm with the same measurements
as NASA, it is easier to make these two products agree with
each other. However, because NASA binned the CCD array
in 36 FOVs, which is different from our 35 FOVs, and NASA
and NOAA are slightly different in processing SDR data, em-
ploying soft-calibration directly from NASA OMPS V8TOZ
as NOAA adjustment tables even for the same narrowband
approach will not work properly.

3.2 Method

The V8TOZ output contains a variety of useful parameters
in addition to the total column ozone, effective reflectivity,
and aerosol index estimates. In particular, the retrieval sen-
sitivities, dy/dx, of the forward model predicted measure-
ment, y, to a retrieved parameter, x, can be used to give soft-
calibration estimates of the N-value changes to remove re-
flectivity and ozone bias. If you want to increase the effec-
tive reflectivity, R, and the total column ozone, 2, by AR
and A€ then you should increase the N values by

dN3ig dN3ig
AN313 = AR AQ , 3
318 iR + o (3
dN33; dN33;
AN331 = AR AQ , 4
331 iR + 0 )
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where dN,,/dR is the rate of change of the N value, defined
as —100 x log;q(radiance / irradiance), N,,, for wavelength,
w, with respect to changes in the effective reflectivity, R, and
dN,,/dS2 is the rate of change of the N value, N,,, for wave-
length, w, with respect to changes in the total column ozone
of  in Dobson units (DU). Those are two key equations used
to estimate soft-calibration parameters for the 318 nm ozone
channel and the 331 nm reflectivity channel. We calculate the
soft-calibration values for all the other channels using pretty
much the same equation by assuming that there is no change
in effective reflectivity with respect to different wavelengths,
and the calculated N -value residuals, which represent the dif-
ferences between measurements and the forward model us-
ing the retrieval values, should keep the same value for 35
cross-track positions. In this study, the adjustments for the
other channels were set to produce constant measurement
residuals with no cross-track variation. The mean residuals
for the channels were set at the target retrievals from NASA
OMPS S-NPP V8TOz using comparisons over the equato-
rial land areas with cloud-free pixels. There are no sun-glint
bumps to influence the residuals along the 35 cross-tracks.

In Egs. (3) and (4), AR represents the departures of true
reflectance with the retrieved effective reflectivity without
soft-calibration adjustment for 35 cross-track positions, and
AQ represents the differences of real (true) total column
ozone with respect to retrievals without soft-calibration. We
assume that the monthly averaged effective reflectivity and
total column ozone from NASA retrievals are close to real
states. Then, to calculate soft-calibration values for AN3;g
and AN331, we only need to know the values of dN313/dR,
dN318/d€2, dN331/dR, and dN331/dS2. Those four parame-
ters are outputs from the V8TOZ algorithm varying with re-
spect to estimated ozone and reflectivity. So, an iterative pro-
cess is needed to achieve the right values for these two soft-
calibration parameters.

In order to obtain a universal soft-calibration table that
works everywhere, we choose two regions to conduct the
adjustment parameters. We derive AR over the equatorial
Pacific box defined by 20°S to 20°N and 100 to 180° W
because of its benign and seasonally stable conditions, such
as a dark ocean surface and low UV-absorbing aerosol load-
ing. The 1st percentile effective reflectivity values are used
to represent a relatively low reflectivity with limited cloud
influence. That means that for a set of reflectivity data val-
ues, 99 % of the values are larger than this 1st percentile re-
flectivity; correspondingly, the standard median is the 50th
percentile value. We derive A2 over lower-latitude land re-
gions between 25° S and 25° N. The averaged ozone values
were computed from cloud-free pixels of the best ozone re-
trievals. The best ozone has been adjusted with aerosol load-
ing, which was also flattened over the 35 cross-track posi-
tions for a month averaging. This is not always true of the
V8TOz algorithm. It is difficult to obtain a real association
of Al patterns with TCO with respect to different cross-tracks
and satellite viewing angles. We make a simple assumption
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here that the natural AI would not be a function of cross-track
and SVA, except in the presence of sun glint. One obvious
advantage of choosing cloud-free land retrievals for deriv-
ing soft-calibration is that it reduces potential complications
from clouds and sun glint.

3.3 Calibration results

Figure 4a shows Ist percentile reflectivity over the Pacific
box for March 2020. We put the Ist percentile reflectivity
from NASA NMTO3-v2.1 and OMPS S-NPP in the same fig-
ure for comparison. The NASA reflectivity, which has been
adjusted based on the darkest pixels over land, shows a wave-
like pattern along cross-tracks with the lowest values about
5 % around cross-track position no. 25. The wave-like reflec-
tivity pattern for OMPS S-NPP is typical over oceans with a
sun-glint hump from cross-track positions no. 7 to no. 19 and
viewing angle effects from haze, aerosol, and fair-weather
cumulus clouds that are frequently present at very low alti-
tudes. At higher viewing angles, sky glint can also become
a larger contribution. The relatively larger FOVs at higher
viewing angles will make fully clear scenes less likely. The
Ist percentile reflectivity before soft-calibration appears to
have cross-track-related structures from biases in the level-1
SDR data for both OMPS S-NPP and N20. The unadjusted
OMPS S-NPP results show larger variations of reflectivity
than the variations for N20, especially in the eastern half of
cross-tracks. The reflectivity from the broadband approach is
generally slightly lower with less variation than the narrow-
band approach.

We forced the broadband reflectivity (red line in Fig. 4a)
of NOAA OMPS S-NPP to be in agreement with NASA
NMTO3-v2.1 (yellow line). By design, we not only made
the reflectivity nearly the same for different platforms but
also removed apparent biases associated with cross-track po-
sitions. As shown in Fig. 4a, the reflectivity of N20 for both
narrowband and broadband appears to be close to the ex-
pected patterns with sun-glint hump and rises at high viewing
angles. It is quite reasonable to consider this wave-like re-
flectivity pattern of N20 to be close to the real one. In order
to make the NOAA OMPS N20 retrievals in agreement with
the retrievals from OMPS S-NPP, we forced the averaged st
percentile reflectivity of N20 to be the same as the mean 1st
percentile of S-NPP and removed all those cross-track biases
through smoothing (see black line at Fig. 4a). That is, we
trust the relative calibration for OMPS N20 from the ground-
based characterizations. Note that this gives us two different
patterns for the cross-track (viewing angle) 1st percentile ef-
fective reflectivity dependence over the equatorial Pacific.

Figure 4b shows monthly mean aerosol indexes over low-
latitude land between 25° S and 25° N for all cloud-free pix-
els. To make the NOAA OMPS S-NPP and N20 retrieved
aerosol index in agreement with NASA retrievals, we aver-
aged 12 cross-track NASA OMPS S-NPP NMTO3-2.1 Al
values (yellow line) close to nadir as the true aerosol state.
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It is not necessarily true that, in nature, the mean state of
the aerosol index as defined with the simple V8TOz cloud
model should be flattened with no dependence on cross-
track positions. Any cross-track-related ups and downs of
the retrieved aerosol indexes represent biases from various
sources in addition to instrument calibration. Without soft-
calibration adjustments, the retrieved aerosol indexes show
apparent variation with respect to different cross-track posi-
tions for both OMPS S-NPP and N20. The retrieved aerosol
indexes based on the broadband approach appear to have less
variability than those from the narrowband approach, indi-
cating some advantage of using broader band-pass channels.
There is about 0.5 difference in retrieved aerosol indexes be-
tween OMPS S-NPP and N20 before soft-calibration, which
may imply some relatively large biases in level-1 SDR data
for longer wavelengths. After soft-calibration adjustment, we
see that the averaged aerosol index retrievals are virtually
the same as the expected true aerosol states, with no dif-
ferences between NOAA OMPS S-NPP (red line) and N20
(black line) and no associations with cross-track positions.
The reflectivity model will have some viewing- and solar-
zenith-angle-dependent errors, and the aerosol index for a
given atmospheric aerosol will vary due to the wavelength
dependence of these errors as well as the viewing and solar
zenith angle channel sensitivities to the aerosol layer height
(Haffner et al. 2019).

Figure 4c has the same conventions as Fig. 4b except that
all the lines represent monthly averaged Step-1 total col-
umn ozone instead of aerosol index. As expected, without
soft-calibration adjustments, the retrieved Step-1 ozone val-
ues show apparent variation with respect to different cross-
track positions for both OMPS S-NPP and N20, and the re-
trievals based on the broadband approach appear to have less
variability than those from the narrowband approach. The re-
trieved Step-1 ozone with soft-calibration adjustment shows
a relatively smooth curve-like pattern for both S-NPP (red
line) and N20 (black line). The magnitude and curve-like fea-
tures are in agreement with those from NASA Step-1 ozone
retrievals (yellow line). The curve-like shape seems to be
true with the current version-8 total column ozone algorithm
since both NOAA and NASA retrievals have this feature. The
reason for those potential biases at higher satellite viewing
angles may be that the final ozone retrievals were adjusted
to remove aerosol effects, and those adjustments are virtu-
ally scale factors associated with aerosol indexes. It is likely
that those scale factors were not able to precisely account
for the influences of slant column density (SCD) and cause
up to 1 % bias at extreme satellite viewing angles for Step-1
ozone. The retrieval algorithm is also sensitive to differences
between the true profiles and the set of standard profiles used
to construct the instrument tables. Further, these errors will
vary with the retrieval sensitivity (layer retrieval efficiency
factors) to the profile shape, and that in turn varies with the
viewing and solar zenith angles.
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Figure 4. The March 2020 1st percentile reflectivity over the Pacific box (a), mean aerosol index (b), mean Step-1 ozone (c), and mean best
ozone retrieval (d) for 35 cross-track positions. The bold yellow lines represent NASA NMTO3-V2.1 OMPS S-NPP retrievals, which were
used as references for soft-calibration; the blue lines represent OMPS S-NPP retrievals of the narrowband approach (dash) and broadband
approach (solid) before soft-calibration; the green lines represent OMPS N20 retrievals of the narrowband approach (dash) and broadband
approach (solid) before soft-calibration; the bold lines represent OMPS S-NPP retrievals of the broadband approach (red) and N20 retrievals

of broadband (black) after soft-calibration.

With the same conventions as Fig. 4b and c, Fig. 4d shows
monthly mean final (Step-3) total column ozone retrievals
over low-latitude land between 25°S and 25°N from all
cloud-free pixels. Similar to the idea used in making soft-
calibration for the aerosol index, we treat the 12 averaged
close-to-nadir cross-track NASA OMPS S-NPP NMTO3-2.1
final ozone values (yellow line) as the true ozone state and
adjusted the radiances to make NOAA OMPS S-NPP and
N20 total ozone retrievals with the broadband approach the
same as this “true” ozone state for each of those 35 cross-
tracks. Since the final ozone retrieval involves initial esti-
mates of ozone and effective reflectivity with 318 and 331 nm
channel radiances, as well as radiances from other wave-
lengths for aerosol and ozone profile shape adjustments, an
iterative approach was employed in our process. As shown
in Fig. 4d, before soft-calibration, both OMPS S-NPP and
N20 exhibit apparently higher than true ozone state values,
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and the retrievals from the narrowband approach appear to
have larger retrieved ozone with more variability along 35
cross-tracks. Like the retrieved aerosol index with adjust-
ment, the monthly averaged final total column ozone after
soft-calibration is flattened with respect to different cross-
tracks, suggesting that intra-cross-track biases are virtually
eliminated by adjusted radiances. The final ozone retrievals
for both NOAA OMPS S-NPP (red line) and N20 (black line)
are very close to the true ozone state derived from NASA
OMPS S-NPP, indicating that the soft-calibration parame-
ters generated for NOAA OMPS are quite robust. We did
not plot the generated 12 (wavelengths) x 35 (cross-tracks)
adjustment values here for OMPS S-NPP and N20 since they
are saved in the NOAA OMPS V8TOZ Environmental Data
Record (EDR) NetCDF products.
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3.4 Verification results

Figure 4 shows the 1st percentile reflectivity over the Pacific,
the monthly averaged aerosol index, and Step-1 ozone and
final (Step-3) ozone retrievals over cloud-free land before
and after soft-calibration adjustment for NOAA OMPS S-
NPP and N20. However, since the broadband retrievals for
the entire month of March are involved in the generation of
soft-calibration parameters, it is possible that biases from the
data will be forced to add to the soft-calibration. For exam-
ple, some retrievals based on biased measurement may not
be screened out from statistics, or the true states of ozone
and the aerosol index were not flattened with the assumed
values due to an insufficient data pool. We really need to
see retrievals in other seasons that are fully independent of
calibration to verify the stability and robustness of our soft-
calibration.

Figure 5a—d show the same statistics as Fig. 4 except in-
stead of March 2020, the Ist percentile reflectivity, aerosol
index, and ozone are all from retrievals in September 2020,
a month that is independent of the soft-calibration adjust-
ment month. We did not put any of the retrievals with nar-
rowband here since the narrowband approach is no longer
used in NOAA OMPS operational V8TOZ retrievals. We
added one extra plot (Fig. Se) here for better understand-
ing of differences in behavior of effective reflectivity over
ocean and over land. As expected, the variation features of
Ist percentile (Fig. 5a), aerosol index (Fig. 4b), Step-1 ozone
(Fig. 5c¢), and final ozone (Fig. 5d) without soft-calibration
adjustment are very similar to those in Fig. 4 for both OMPS
S-NPP and N20. Although the mean states were shifted due
to seasonal change, the high similarity for those variability
structures and almost the same departures in retrievals be-
tween OMPS S-NPP and N20 with respect to cross-tracks
suggest that the OMPS instruments are very stable, and the
remaining intra-cross-track biases are mainly from system-
atic errors in measurements, which are the main sources of
persistent biases in retrievals.

The September 1st percentile reflectivity with adjustments
(Fig. 5a) appears to be very close to those in March with
expected sun-glint hump and rises at high viewing angles.
For OMPS S-NPP, reflectivity from NASA (yellow line) and
NOAA (red line) are almost the same, suggesting that both
products have kept their relative calibration. The N20 reflec-
tivities (black line) with adjustments seems not as smooth as
that from the calibration in March, but no noticeable cross-
track-related biases exist, indicating that the soft-calibration
for NOAA OMPS N20 reflectivity is also robust. Similar
to the aerosol index in March, the adjusted monthly mean
aerosol index for September (Fig. 5b) is close to 1 for both
OMPS S-NPP (red line) and N20 (black line); the very slight
curve-like shape may indicate some nonlinearity, and very
small variation in terms of different cross-tracks may come
from noises in statistics. Like Step-1 ozone in March, the ad-
justed monthly mean ozone for September (Fig. 5¢) shows
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similar curve-like patterns for both NOAA OMPS S-NPP
(red line) and N20 (black line), with slightly more bend-
ing at high viewing angles. Since the shape and magnitude
of NOAA OMPS Step-1 ozone are quite similar to that of
NASA OMPS S-NPP, it is most likely that those errors are
from nonlinearity associated with SCD as we mentioned be-
fore. Since we forced the monthly mean of final ozone re-
trievals to be flattened in March by soft-calibration, it is ex-
pected that we should have a flatter ozone for the Septem-
ber retrievals. However, the final ozone retrievals for both
NOAA OMPS S-NPP (red line) and N20 (black line) as well
as NASA OMPS S-NPP (yellow line) show similar curve-
like features with potential errors reaching up to 1 % at very
edged pixels in a swath. Those errors most likely come from
nonlinearity associated with slant column density and profile
shape interactions that are not accounted for precisely in the
algorithm. Nevertheless, the soft-calibration parameters for
most pixels are quite robust, which are capable of produc-
ing high-quality V8TOZ retrievals with high agreement with
NASA OMPS retrievals. Systematic differences between the
true ozone profiles and the standard profiles used in the radia-
tive transfer tables can also produce cross-track dependencies
as the layer retrieval efficiency varies with both view angle
and solar zenith angle.

Except for the extreme off-nadir cross-tracks positions,
both OMPS S-NPP and N20 show relatively flat reflectiv-
ity over land (Fig. 5e), and the sun-glint effects which cause
a significant hump at the ocean are gone. Reflectivity of S-
NPP shows a very slight downward trend from west to east,
while N20 shows a somewhat upward trend. In the eastern
part of the cross-tracks, the difference of effective reflec-
tivity between S-NPP and N20 is about 0.5, which is very
close to the magnitude of the difference at those cross-track
positions when we built the soft-calibrations using 1st per-
centile reflectivity over the Pacific. Maybe the true reflectiv-
ity over those cross-tracks is in the middle of the retrieved
reflectivity between S-NPP and N20. For the extreme off-
nadir cross-tracks positions, the reflectivity of OMPS S-NPP
still shows a bias attributed to sky-glint effects at the higher
viewing angles, which suggests that the post-soft-calibration
pattern over the ocean was too large. However, the reflectiv-
ity of OMPS N20 appears to have a downward trend in the
east. It is opposite to the OMPS S-NPP with the departure
magnitude close to that when we made the soft-calibrations.
More studies are needed to decide if this is true reflectiv-
ity for OMPS N20 at those off-nadir cross-track positions.
One potential reason for the lower reflectivity may be that,
because of the much smaller FOVs for N20 compared to S-
NPP, one expects it to be harder (less likely) to have clear
scenes as the area of the FOV increases. It is also the case
that the simple reflectivity model used in the V8TOz may
have SZA- and SVA-dependent retrieval errors.

To further check the performance of the soft-calibration,
we examined the cross-track and absolute dependence of
the effective reflectivity, total column ozone, and aerosol in-
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Figure 5. The September 2020 1st percentile reflectivity over the Pacific (a), mean aerosol index (b), mean Step-1 ozone (c), mean best
(Step-3) ozone retrieval (d), and 1st percentile reflectivity over land (e) for 35 cross-track positions. The bold yellow lines represent NASA
NMTO3-V2.1 OMPS S-NPP retrievals; the thin lines represent OMPS S-NPP retrievals of the broadband approach (blue) and N20 retrievals
of broadband (green) before soft-calibration; the bold lines represent OMPS S-NPP retrievals of the broadband approach (red) and N20

retrievals of broadband (black) after soft-calibration.

dex values over the equatorial Pacific box for March for all
11 years in the S-NPP data record. Figure 6a shows that the
cross-track pattern for 1st percentile reflectivity is very stable
year after year, and the absolute values are stable at the 1 %
level. While we have used effective reflectivity values from a
comparison over the same time periods in 2020 to make our
soft-calibration adjustment estimates to force agreement be-
tween S-NPP and NOAA-20, this suggests that there is some
value to comparing the absolute results over time as a sta-
bility check for both cross-track patterns and absolute val-
ues. Figure 6b shows that the cross-track pattern for the total
column ozone over the equatorial Pacific box is also stable
year after year. The values are given relative to cross-track
position 17. The average TCO values for position 17 over

https://doi.org/10.5194/amt-16-2919-2023

the 11 years vary by 7 % with no specific trend as shown
in the inset time series. One expects variations in TCO for
this region related to dynamics such as the quasi-biennial
oscillation. Figure 6¢ shows that the cross-track pattern for
the aerosol index over the equatorial Pacific box is also sta-
ble. There is a trend totaling approximately 0.3 % over the
11 years. This is consistent with the S-NPP differences in the
instrument throughput changes for the 331 and 360 nm chan-
nels as shown in Fig. 1 and the formulation of the aerosol
index.
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Figure 6. Cross-track patterns for the equatorial Pacific for March for all 11 years (2012 to 2022 — cold to warm) of the S-NPP record.
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column ozone. The inset time series shows the averages for cross-track position no. 17. Panel (c¢) shows averages versus cross-track for the

aerosol index.

4 Errors and uncertainties versus latitude

As mentioned in Sect. 3, soft-calibration may suffer from
sampling biases as well as nonlinearity and slant column den-
sity issues. In addition, there are issues of measurements in
geophysical properties of the Earth’s surface, geometric in-
accuracy, and radiance and wavelength inconsistency along-
orbit with possible seasonal variations. All those issues are
likely to bring errors and uncertainties in our final retrievals.
Because of the complexity of those biases and the associa-
tions with various steps in the retrieval algorithm, explicitly
addressing the relationships and magnitudes of the effects in
the algorithm is difficult. Since the final retrievals of ozone
and aerosol index are the main products of OMPS S-NPP
and N20, we will focus on analyzing the spatial and tem-
poral variations of the differences for those two variables. If
those detected errors are persistent with respect to cross-track
positions, solar zenith angles, and seasons, then we would
think those errors are consistent, systematic, and able to be
removed by correction with latitudinal and cross-track scale
factors or adjustments.

Atmos. Meas. Tech., 16, 2919-2941, 2023

4.1 Error detection

Both OMPS S-NPP and N20 make ~ 14 sunlit orbital mea-
surements in 1d with ~50min difference at the Equator
for consecutive orbits and generate full global coverage re-
trievals. The two platforms have the same local Equator
crossing times but are situated 180° apart in their orbits.
That means that for equatorial areas we will have at least
two measurements from OMPS S-NPP and N20 with 50 min
difference in measuring time. For middle- and high-latitude
regions, due to the geophysics of the Earth’s shape, there will
be more than two overlapped measurements. Because S-NPP
and N20 are from the same series of NOAA OMPS satellites
and the same algorithm was used for retrievals, the gridded
retrievals combined from those two instruments should be
able to provide further internal (or cross satellite) compar-
isons for estimating error biases.

4.2 Biases in retrieved Al

Figure 7 shows retrieved aerosol index biases along-orbit
with respect to 35 cross-track positions after soft-calibration
for both NOAA OMPS S-NPP and N20. The biases were

https://doi.org/10.5194/amt-16-2919-2023
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calculated as follows: first, the daily 0.5 latitude x 0.5 lon-
gitude gridded aerosol index dataset was established based
on combined aerosol index retrievals from OMPS S-NPP
and N20. In building this gridded dataset, a distance weight
was applied to those pixels selected to generate the gridded
values. Only high-quality pixel retrievals with no contami-
nation from sun glint and no influence from larger sec(6)
or sec(f) retrievals, as well as being within 1° (latitude—
longitude) searching radius, were chosen for averaging. Sec-
ond, the bias of aerosol index for each individual pixel was
estimated by subtracting the retrieved aerosol index from the
gridded value in the same grid, and thus we will have a pixel-
level bias dataset of aerosol index with the same dimensions
of retrievals as OMPS S-NPP and N20. We averaged those
biases in terms of solar zenith angles and scans as well as
cross-track positions for 15d and generated the along-orbit
bias patterns as shown in Fig. 7.

A total of 2 months of data (May and September 2020)
were employed to illustrate the features of retrieved aerosol
index biases along-orbit. The bias patterns appear to be very
similar and persistent in terms of different satellites and dif-
ferent seasons. Because geolocations of pixels at the same
solar zenith angle differ a lot between May and September,
the high similarity indicates that the associations of biases
with geolocation are limited compared to solar zenith angle.
Since intra-cross-track biases and scale differences for both
OMPS S-NPP and N20 have been mostly removed by soft-
calibrations over equatorial regions, the biases detected in
Fig. 7 are likely associated with inconsistent biases of sensor
measurements along-orbit, biases from the algorithm itself,
or both.

Although not perfectly symmetric, the aerosol index bias
patterns show apparent positive biases for pixels where both
solar zenith angle and satellite viewing angle are large. The
western wing of an orbit appears to have more significant
positive biases than the eastern wing for both OMPS S-
NPP and N20. The patterns are extremely similar between S-
NPP and N20 with noticeable seasonal change from May to
September. The highest positive errors for retrieved aerosol
index have a scale of 1.2 at Northern Hemisphere high-solar-
zenith regions for the first one to four cross-tracks in Septem-
ber for both OMPS S-NPP and N20. Unlike the positive
biases, negative aerosol index biases are much milder over
about 15 cross-tracks around the nadir position for middle-
and high-solar-zenith-angle regions, and those regions shift
to the western wing of the orbit when the solar zenith angle
gets smaller. Those shift patterns are pretty similar for both
OMPS S-NPP and N20 with different seasons. It is difficult
to quantify how much of the bias is from measurement errors
and how much is from the V8TOZ algorithm. Since the bias
patterns are so close for both OMPS S-NPP and N20, sug-
gesting a limited association with sensors, it is more likely
that those error biases are related to algorithms or errors in
the SDR data. The potential errors from nonlinearity and the
inaccurate addressing of the relationship between aerosol and
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its effects on reflectivity in terms of various solar zenith an-
gles and satellite viewing angles may play a role in retrieval
biases.

4.3 Biases in retrieved TCO

The convention and statistical processing are the same as in
Fig. 7. Figure 8 shows ozone retrieval biases in percent along
the orbit for 35 cross-tracks for both NOAA OMPS S-NPP
and N20 products. Slightly different from aerosol bias pat-
terns that are nearly persistent between S-NPP and N20 for
different seasons, the bias patterns for retrieved ozone are
not so persistent, but still very similar with respect to differ-
ent sensors and different seasons. In aerosol retrievals, strong
positive biases were detected when both solar zenith angles
and satellite viewing angles are large. However, for ozone
retrievals, similar biases occurred at the very edge of the re-
gions with even higher solar zenith angles. Unlike aerosol
biases, the signs of those retrieved ozone biases are different
with respect to different hemispheres. The significant posi-
tive biases at extreme high-solar-zenith-angle regions in the
Northern Hemisphere and apparently negative biases in the
Southern Hemisphere may imply that the ozone biases for
extreme conditions are complex. The measurement errors as
well as nonlinearity and inaccuracy of retrieval algorithm
should have all contributed to those biases.

Besides those extreme regions with very high solar zenith
angles for a few edged cross-tracks where the ozone biases
could be more than +2 %, ozone biases for most areas are
relatively mild. The bias patterns are slightly different for
different sensors in different hemispheres. The ozone biases
also show a somewhat seasonal change in magnitude, which
indicates that the biases in September are slightly larger than
May with a scale of less than =1 %. There is a tendency of
mild positive ozone biases around the middle 15 cross-tracks
for both S-NPP and N20. Pixels with high satellite view-
ing angles seem to have slightly negative biases in retrieved
ozone. Those bias patterns did not show apparent features in
symmetry, but in general, the bias structures are quite stable
and persistent spatially and temporally. All those features in-
dicate that the detected biases in ozone retrieval are not ran-
dom errors; they have to be related to biases either from mea-
surements or from shortcomings in the algorithm. A proper
correction would be able to minimize those systematic errors
to a certain level.

5 Comparison with other products

Previous sections addressed the robustness and stability of
retrieved total column ozone and aerosol index from NOAA
OMPS S-NPP and N20 V8TOZ products. Similar prod-
ucts have been generated from various satellite instruments.
In this section, we will focus on comparing retrievals of
NOAA OMPS V8TOZ with well-validated products from

Atmos. Meas. Tech., 16, 2919-2941, 2023
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Figure 7. The along-orbit retrieved aerosol index biases associated with 35 cross-tracks for NOAA OMPS S-NPP (upper panel) and OMPS
N20 (bottom panel). The left two plots represent the averaged aerosol index biases for the first and second half of May 2020, while the right
two plots represent the averaged half-month aerosol index biases for September 2020.

other satellites, such as Sentinel-5p TROPOMI and DIS-
COVR EPIC. The latter comparisons are somewhat circular
as the EPIC was soft-calibrated to agree with OMPS (see Ge-
ogdzhayev and Marshak, 2018). We also compared retrievals
with those from NASA-processed OMPS S-NPP V8TOZ to
further check the fidelity of our adjustments.

Due to differences in measuring time and method as well
as algorithms used for retrievals, comparison of retrievals for
different products is usually based on zonal mean charac-
teristics. In this study, we mainly focus on features of re-
trievals at grid level for a more detailed comparison of the
deviations associated with different satellites. To remove po-
tential biases from measuring time, the grid values for all
those products are generated based on pixels with scanning
time differences within roughly 2 h over equatorial areas. In
the process of generating gridded total column ozone, pix-
els with very high SZA and SVA or data that do not have
good quality are removed. From multi-sensor bias analysis,
we notice that the retrieved ozone biases that need multi-
sensor correction are mainly present in the high-SZA and
high-SVA regions. Therefore, there are no big differences of
soft-calibrated TCO and Al as well as multi-sensor-corrected
TCO and AI after making grids. We used soft-calibrated

Atmos. Meas. Tech., 16, 2919-2941, 2023

TCO and Al retrievals of current operational OMPS V8TOZ
at NOAA for the following comparison. The 3d retrievals
from 10 to 12 September 2020 were chosen for comparison
because in that period of time massive wildfires occurred on
the west coast of the United States, which exhibit a global-
scale impact on the environment.

5.1 Differences in Al retrievals

Figure 9 shows gridded aerosol index (Al) retrievals from
different satellites on 12 September 2020. As was defined
in the previous section, the aerosol index is the difference
between measured and calculated radiance with respect to a
reference reflectivity spectral channel. Al products from dif-
ferent satellites differ to some degree in terms of differences
in sensors and wavelengths used for deriving aerosol index.
To make an explicit comparison, we readjust all those re-
trieved aerosol indexes in terms of median values from the
3d (10-12 September 2020) global gridded AI data pool
within 70° N and 70° S. The median values (see Table 1) in-
dicated that the mean states of retrieved aerosol index from
different satellites or different processing vary significantly,
with TROPOMI Al appearing to be much lower (—1.759)
than any of the AI retrievals from other satellites. The me-
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while the right two plots represent the averaged half-month ozone biases for September 2020.

dian values of Al from OMPS and EPIC are pretty close
to each other. Retrievals from EPIC are more likely to ex-
hibit a relatively larger median Al value (0.454), and the Al
value (0.262) from NASA-processed OMPS S-NPP retrieval
is likely to be about 0.13 lower than NOA A-processed Al re-
trieval. All the products clearly show the massive wildfires in
California, Oregon, and Washington in the USA, as well as
the plumes associated with wind. The retrieved Al patterns
associated with this extreme wildfire appear to be very close
to each other for different sensors in terms of regions and
magnitude. Some small-scale wildfire events that occurred in
central South America and on the west coast of central Africa
are also detected from all those instruments. Compared to
biomass loading from wildfires, Al from dust loading over
the Sahara area is relatively weak for the date 12 September
2020. The magnitude of those dust-related Al values appears
to be slightly smaller from EPIC and TROPOMI retrievals
than those from OMPS retrieval.

Except for those areas that show apparent mass loading
signals, the close-to-real retrieval of aerosol index over other
regions should be smooth with no features associated with
geolocation and cloud patterns. However, for a general view-
ing of Al patterns in Fig. 9, we saw that the base Al patterns
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Table 1. Statistics of Al for different sensors.

Sensors NOAA NOAA NASA EPIC TROPOMI
NPP N20 NPP

Median 0.380 0.397 0.262 0.454 —1.759

Base SD 0.407 0.400 0.424  0.569 0.510

from all the products still show noticeable cross-track-related
structures and biases associated with cloud patterns, which
can be mostly removed in NOAA OMPS S-NPP and N20 by
multi-sensor correction (figures not shown here). The base
standard deviation statistics (see Table 1), which are calcu-
lated from those grids that have Al values less than median
+1.2 for the 3 d within 70° N and 70° S, indicate that Al re-
trievals from OMPS V8TOZ have slightly less noise than
those from TROPOMI and EPIC.

Figure 10 illustrates the similarity of retrieved aerosol
index from different products with scatter density plots.
We mainly focused on those grids in which both sensors
exhibit discernible biomass or dust loading signals with
Al > median + 1.2. Those plots would be able to show the
retrieval differences more explicitly between two products in

Atmos. Meas. Tech., 16, 2919-2941, 2023
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Table 2. Statistics on Al for the scatter density plots in Fig. 10.

Two products NOAA-N20/ NASA-NPP/ EPIC/ TROPOMI/ TROPOMI/

NOAA-NPP NOAA-NPP NOAA-NPP NOAA-NPP EPIC
R? 0.936 0.997 0.923 0.955 0.925
Slope 0.984 1.031 1.223 1.289 1.003
Departure mean —0.042 —0.173 —-0.524 —2.852 —2.408
Departure SD 1.000 0.228 1.371 1.219 0.925

magnitude. As shown in Fig. 10, the retrieved Al events from
NOAA OMPS S-NPP and NASA OMPS S-NPP appear to
be very close in R2, slope, and departure mean, which illus-
trates the difference in mean state, as well as the departure
SD, which shows the standard deviation of those selected
grid values (see Table 2); these all indicate that the Al re-
trievals between those two products are almost the same.
Those are expected results, and the slight differences come
from some sort of difference in pixel geolocation, wavelength
registration, and soft-calibration adjustments between differ-
ent research groups. The slope and departure mean between
NOAA OMPS S-NPP and NOAA OMPS N20 (see Table 2)
indicate that the retrieved Al values from those two products
are very close in magnitude, and the relatively large standard

Atmos. Meas. Tech., 16, 2919-2941, 2023

deviation with a relatively broader distribution in scatter den-
sity plot is mostly contributed by the movement of biomass
or dust loading with wind due to the differences in measuring
time.

While the retrievals of aerosol index from OMPS S-NPP
and N20 exhibit a strong linear relationship in magnitude
with a high correlation coefficient and slopes close to 1.0,
the Al retrievals from both TROPOMI and EPIC, although
showing high correlation with OMPS retrievals (see Table 2),
have a nonlinear relationship with those from OMPS re-
trievals (see Fig. 10). To establish a proper exponential re-
lationship of aerosol index, as shown in Fig. 10, between
OMPS and other satellites is out of the scope of this study.
We display this phenomenon here mainly since we want to
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Figure 10. The scatter density plots of the gridded aerosol index between two products for NOAA OMPS S-NPP vs. NOAA OMPS N20 (a),
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demonstrate that there is a potential scale and magnitude in- Total Column Ozone, NOAA NPP, Sep. 12, 2020
consistency in the Al products, which is associated with the = .
wavelength pairs used for deriving aerosol index and the as-
sumption in the models of the reflectivity dependence with
wavelength. Those kinds of disagreements in the retrieved
aerosol index suggest that, if researchers want to compare
biomass or dust loading events or need to address spatial and
temporal variation of Al patterns using various products, a \
conversion to apply to those Al values for accuracy and con-
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Figure 11 exhibits gridded total column ozone from NOAA 100 150 200 250 300 350 400 450

OMPS S-NPP retrievals. It shows a typical global ozone pat- Figure 11. The map of total column ozone grids from soft-
tern for September with a significant ozone hole over the  cajibrated NOAA OMPS S-NPP retrievals for the date 12 Septem-
southern pole area surrounded by belt-like high-ozone re- ber 2020.

gions. Relatively lower and stable ozone appears over equa-

torial and middle-latitude areas, while some weak high-

ozone centers appear over high-latitude regions in the North- retrieved ozone associated with algorithms as well as differ-
ern Hemisphere. The retrievals of total column ozone from ent instruments can be seen by grids comparison and scatter
other instruments were not shown here simply because they density plots from different products.

are so similar to each other with little apparent difference Figure 12 illustrates the differences in percentage of re-

from map viewing. Nevertheless, discernable deviations in trieved total column ozone between two products at grid

https://doi.org/10.5194/amt-16-2919-2023 Atmos. Meas. Tech., 16, 2919-2941, 2023



2936

(a) % TCO-Dif, NOAA NPP - NOAA N20

-150 -120 -90 -G -30 [] -150 -124 -90

Sk

-1

Z. Zhang et al.: Tracking instrument calibration and producing consistent products with V§TOZ

(b) % TCO-Dif, NOAA NPP - NASA NPP  (c¢) % TCO-Dif, NOAA NPP - TROPOMI

50 -120 -80 -6 -30 []

50 120 8¢ 60 30 [ 50 120 90

(d) % TCO-Dif, NOAA NPP — EPIC
p < VRN W —

a

0

60

30

-30

60
(€) % TCO-Dif, TROPOMI - EPIC
5D 120 80 .60 -30

-30 [}

5.0

3.3

0.0

-8.0

-150 -120 -9 -60 =30 [] -150 -120 -90

=30 ]
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EPIC (d), and EPIC and TROPOMI (e) for the date 12 September 2020.

level for the date 12 September 2020. Although there is a
~ 50 min difference in measuring time, the differences be-
tween NOAA OMPS S-NPP and N20 are pretty small. There
are some noticeable cross-track-related features along or-
bits. Those differences in retrieved ozone are likely associ-
ated with the cross-track deviation pattern and the half-orbit
shift between the two platforms. The large differences on the
coast of Africa are in a region of high aerosol loading. Some
timing-related deviation associated with movement of smoke
plumes, which causes some sort of noise in retrieved ozone,
can be seen with weak signals. As expected, the map com-
parison of retrieved ozone between NOAA OMPS S-NPP
and NASA OMPS S-NPP shows that the differences in the
retrievals are usually less than +1 %. The high agreement
between those two products is also illustrated in the scatter
density plot in Fig. 13, with values close to 1 for both R?
and slope for the correlation of the ozone grids over 70° N
and 70° S for the 3d (10-12 September 2020) statistics in
Table 3. The averaged ozone retrievals for those two prod-
ucts are very close to each other with only 0.13 DU in differ-
ence. However, the departure SD, which shows the standard
deviation of the grid differences between NOAA OMPS S-
NPP retrievals and NASA retrievals, indicates that those two

Atmos. Meas. Tech., 16, 2919-2941, 2023

products still have discernable inconsistency with 1.67 DU
standard deviation. By closely looking at the plot of map
comparison, we can see some kind of cross-track- and cloud-
related features, which seem to be the main contributors to
this standard deviation. As mentioned before, the slight dif-
ferences in pixel geolocation, wavelength registration, and
soft-calibration adjustment might be the main reasons for
those deviations.

Unlike total column ozone retrievals from OMPS S-NPP
and N20, which exhibit high-level global similarity and con-
sistency, retrievals from other satellites with different algo-
rithms appear to show quite significant deviations compared
to the retrievals from OMPS V8TOZ. The map compari-
son between TROPOMI and OMPS S-NPP (Fig. 12) ex-
hibits an apparent positive deviation of retrieved ozone for
TROPOMI, with an averaged value of 1.94DU from Ta-
ble 3. However, the tendency of conducting slightly larger
ozone retrievals from TROPOMI is not systematic, with
about 3 % to 4 % positive deviation occurring over cloud ar-
eas and around 2 % positive deviation over the equatorial and
middle-latitude Southern Hemisphere. In contrast to cloudy
regions, ozone retrievals over mass loading regions appear
to be slightly smaller than those from OMPS S-NPP, imply-
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S-NPP (a), NOAA OMPS S-NPP vs. TROPOMI (b), NOAA OMPS S-NPP vs. EPIC (¢), and EPIC vs. TROPOMI (d) from 3 d retrievals

(10-12 September 2020)

Table 3. Statistics of ozone for the scatter density plots in Fig. 13.

Two products NASA-NPP/ TROPOMI/ EPIC/ TROPOMI/

NOAA-NPP NOAA-NPP NOAA-NPP EPIC
R? 0.998 0.989 0.980 0.976
Slope 1.004 1.017 1.002 1.000
Departure mean 0.130 1.940 —1.360 3.316
Departure SD 1.670 4.100 5.350 5.809

ing that there are differences in ozone corrections regarding
impaction from clouds and aerosol index between those two
algorithms. The scatter density plot (Fig. 13) of TROPOMI
versus OMPS S-NPP shows no apparent discontinuity in
ozone retrievals of those two products, with high correlation
of 0.989 R? and slope close to 1 (Table 3). The relatively
large standard deviation (4.1 DU) for those grid differences
in ozone retrievals may partially come from the inconsistency
in bias correction for clouds and aerosol index as mentioned
above, as well as from differences in measuring time.

In contrast to comparison with TROPOMI, the map differ-
ences between EPIC and OMPS S-NPP (Fig. 12) show ap-
parent negative deviation of retrieved ozone for EPIC, with
an averaged value of —1.36 DU from Table 3. Those neg-
ative deviations of EPIC retrievals appear to be pretty sta-
ble over equatorial areas with about 1 %—2 % in most grids.
However, the deviation of ozone retrievals between EPIC and
OMPS S-NPP exhibits quite inconsistent features over high-
latitude regions for both hemispheres. While the timing dif-
ferences might be one of the reasons for those deviations,
the scanning difference between those two satellites, which
have big satellite viewing angles over high latitudes for EPIC
measurements, could also contribute to those inconsistencies.
One notable deviation between EPIC and OMPS S-NPP in
retrieval is the apparent positive bias over significant aerosol
loading regions, which indicates about 3 % to 4 % gain of
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retrieved total column ozone. This particular bias suggests
differences in correcting total column ozone retrieval by the
impact of aerosol loading between EPIC and S-NPP. Those
deviations over aerosol loading areas and in the high-latitude
regions for both hemispheres appear to be responsible for the
inconsistency in the scatter density plot in Fig. 13, with stan-
dard deviation for the differences between those two products
reaching as high as 5.35 DU. In spite of those apparent incon-
sistencies, the high correlation of R? equal to 0.98 with slope
close to 1 in retrieved ozone between them still indicates that
those are highly comparable products.

Since retrievals of total column ozone from EPIC appear to
exhibit negative bias while retrievals from TROPOMI show
positive bias compared to those from OMPS S-NPP, the large
differences between EPIC and TROPOMI are expected as
shown in Fig. 12. TROPOMI is likely to produce 3 % to 4 %
larger ozone retrievals than those retrieved from EPIC over
equatorial areas, with this deviation getting smaller over mid-
dle latitudes but becoming less stable over high-latitude re-
gions. The opposite differences in retrievals also appear in
the aerosol loading regions, with EPIC being likely to gener-
ate as high as 5 % larger ozone retrievals compared to those
from TROPOMI. Although the overall correlation indicates
that EPIC and TROPOMI are quite comparable products in
ozone retrievals with R? equal to 0.976 and slope close to
1, those obvious discrepancies in retrievals could still be

Atmos. Meas. Tech., 16, 2919-2941, 2023
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seen in the scatter density plot with a big difference in mean
(3.316 DU) and high standard deviation (5.809 DU) for the
grid differences in ozone retrievals.

In order to explore more details of the differences for the
retrieved ozone between those products, we made two more
plots in Fig. 14 based on 3 d statistics, which show 10° zonal
mean differences from 60° S to 60° N latitude for ozone re-
trievals as well as standard deviations of retrieved ozone
compared to those from NOAA OMPS S-NPP. Since soft-
calibration corrections conducted on the NOAA OMPS S-
NPP and N20 aim at making retrievals consistent, it is ex-
pected that ozone retrievals from NOAA OMPS products are
in good agreement with very little discrepancy globally. It
is interesting to see that NASA-processed OMPS S-NPP re-
trievals are likely to be slightly larger than those from NOAA
OMPS S-NPP over Southern Hemisphere middle-latitude re-
gions, while showing opposite biased retrievals in the North-
ern Hemisphere. In conducting soft-calibrations for NOAA
OMPS V8TOZ, we forced monthly mean Al and best-guess
ozone to be flattened along cross-tracks. However, the aver-
aged Al (Fig. 4b) and best ozone (Fig.4d) for NASA S-NPP
V8TOZ still show some sort of positive and negative trends
along cross-tracks, respectively. Those differences in soft-
calibrated retrievals and other sources of difference such as
the slight inconsistency in geolocation may explain the dis-
crepancies between NOAA S-NPP and NASA S-NPP. Like
map comparison, ozone retrievals from TROPOMI appear
to produce larger ozone than those processed from NOAA
OMPS, with around 1 % high in the Southern Hemisphere.
There is up to 2 % bias in retrieved ozone around 10° N be-
tween TROPOMI and NOAA OMPS, which is more likely
due to algorithm differences such as below-cloud ozone cor-
rections or adjustments for aerosols. In contrast to retrievals
from TROPOMI, EPIC is likely to estimate smaller total
ozone than that retrieved from NOAA OMPS, with about
0.5 % low globally and around 1 % low over the equatorial
region.

The variations of standard deviation of retrieved TCO
along latitude for different products are pretty consistent,
which show higher variability of the ozone pattern over high-
latitude regions, especially for the Southern Hemisphere, and
the most stable ozone exists over the region from 0 to 20° N.
Those are typical ozone variability patterns for September.
It is expected that if a similar algorithm is applied in ozone
retrieval for different instruments, a similar magnitude of re-
trieved ozone will be estimated, with less variability repre-
senting more homogeneous retrievals. We saw that in gen-
eral NASA-retrieved ozone appears to have slightly more
variability than that from NOAA-processed retrievals. It is
likely that using a broadband spectrum for ozone and re-
flectivity channels would reduce noise for the total column
ozone retrieval. There are some differences in zonal mean
standard deviation among NOAA OMPS, TROPOMI, and
EPIC. Since they used different algorithms in retrieval, it is
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difficult to tell if the differences in the variability come from
the algorithm or from level-1 solar data.

6 Summary and conclusions

The V8TOZ algorithm with narrowband spectra has been
employed for NOAA satellites in total column ozone and
aerosol index retrievals for previous years, but a switch to
using broadband spectra for the ozone and reflectivity chan-
nels has been implemented in the NOAA operational system
for conducting ozone and Al retrievals. This study mainly
focused on addressing stability and improvement when us-
ing a broadband approach, establishing soft-calibration ad-
justments for both OMPS S-NPP and N20, analyzing error
biases, and comparing total column ozone and aerosol index
retrievals from NOAA OMPS with products from other satel-
lite instruments.

An apparent advantage of using broadband channels in re-
trievals is that it improves signal-to-noise ratios and reduces
sensitivity to ring effects, stray light, and wavelength scale
shifts. The comparison of along-orbit homogeneity deviation
for the retrieved total column ozone indicates that retrievals
with the broadband approach appear to conduct more stable
and consistent retrievals for both OMPS S-NPP and N20, and
those improvements seem to be more apparent in low-slant-
column-density regions. It is likely that using broader band
passes would be able to reduce retrieval biases as well as
making comparable products from different sensors.

N-value sensitivities to the change in total column ozone
and reflectivity were used to build soft-calibration adjust-
ments for both OMPS S-NPP and N20. To ensure the cal-
culated N-value adjustments are consistent for global appli-
cation, two particular regions were chosen for deriving the
soft-calibration. (1) The equatorial Pacific region was cho-
sen for making reflectivity adjustment. We forced the aver-
aged st percentile reflectivity over that area for both OMPS
S-NPP and N20 to be the same as those from NASA OMPS
S-NPP retrievals. Cross-track-related features, such as sun-
glint hump and viewing angle effects from haze, aerosol,
and fair-weather cumulus clouds, have been carefully consid-
ered in correcting reflectivity at various cross-track positions.
(2) The land areas between 25° S and 25° N were chosen for
generating soft-calibration parameters for the other channels.
We forced the averaged total column ozone, aerosol index,
and initial residuals of shorter wavelengths to be the same
as those from NASA OMPS S-NPP and made them flatten
along 35 cross-tracks for the month March 2020. Indepen-
dent verification experiments with V8TOZ retrievals from
both OMPS S-NPP and N20 for the month September 2020
indicate that the soft-calibrations we built based on the de-
scribed process are robust and capable of providing stable
and consistent retrievals for total column ozone and aerosol
index.
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Figure 14. Panel (a) represents 10° moving zonal mean differences between NOAA OMPS S-NPP and those from soft-calibrated NOAA
OMPS N20 (red), NASA OMPS S-NPP (dark blue), TROPOMI (light blue), and EPIC (green). Panel (b) has the same conventions but for

the standard deviations of retrieved total column ozone.

Although the soft-calibration adjustments have forced the
retrievals to be in agreement for the mean state between
OMPS S-NPP and N20, we found there are still apparent
cross-track-related biases along-orbit, especially over high-
latitude regions, for both total column ozone and aerosol in-
dex retrievals. Those biases appear to exhibit strong associ-
ation with both solar zenith angle and satellite viewing an-
gle with minor seasonal change for both OMPS S-NPP and
N20. Because intra-cross-track biases and scale differences
for both OMPS S-NPP and N20 have been mostly removed
by soft-calibrations over equatorial regions, those remaining
biases are likely associated with either inconsistent biases of
sensor measurements along an orbit or biases from the al-
gorithm itself. For instance, the true ozone profile shape dif-
ferences from the standard profiles interacting with the layer
ozone retrieval efficiency factors will lead to small but com-
plex cross-track retrieval errors. The aerosol index will be af-
fected by errors in the simple wavelength-independent effec-
tive reflectivity model as a function of SZA and SVA, lead-
ing to cross-track biases, which further lead to ozone errors
in Step-3 ozone, especially for retrievals with higher SZA
and SVA. Those are systematic-like errors existing in both
OMPS S-NPP and N20 retrievals, which could be removed
or at least alleviated by applying further bias corrections in
the products.

We also conducted a detailed comparison of NOAA
OMPS retrievals based on the broadband approach with other
well-calibrated products. We found that the retrieval algo-
rithms, channel wavelengths used to derive retrievals, and
differences in measuring time could potentially contribute to
the deviations in the products between different satellites. In
general, TROPOMI-derived total column ozone values ap-
pear to be slightly larger than those retrievals from OMPS
V8TOZ, while EPIC is likely to generate somewhat lower
ozone retrieval than OMPS. For the retrievals of aerosol in-
dex, TROPOMI appears to have a scale shift in magnitude
compared to that from OMPS and EPIC, and both EPIC and
TROPOMI Al estimates have a nonlinear relationship with

https://doi.org/10.5194/amt-16-2919-2023

OMPS Al traceable to the specific wavelength pairs used
in each product. Nevertheless, the overall retrievals between
those products are quite similar and consistent, even though
the retrievals we chose for comparison were impacted by ex-
treme wildfires.

Code and data availability. The V8TOZ algorithm code, SDR
data, and ozone retrievals are available from the authors on re-
quest. The reprocessed S-NPP OMPS NM SDR data are now avail-
able from the NOAA CLASS Archive: https://www.avl.class.noaa.
gov/saa/products/search?datatype_family=RPOMPSSDR (NOAA,
2023). The reprocessed S-NPP V8TOz will join them at CLASS
in the near future. The V8TOz algorithm is part of the operational
NOAA JPSS processing system. It will be added to the Commu-
nity Satellite Processing Package (CSSP, https://cimss.ssec.wisc.
edu/cspp/, last access: 9 June 2023) in the near future.
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