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Abstract We evaluate a decadal ozone profile record derived from the Suomi National Polar-orbiting
Partnership (SNPP) Ozone Mapping and Profiler Suite (OMPS) Limb Profiler (LP) satellite instrument. In 2023,
the OMPS LP data were re-processed with the new version 2.6 retrieval algorithm that combines measurements
from the ultraviolet (UV) and visible (VIS) parts of the spectra. It employs the second order Tikhonov
regularization to retrieve a single vertical ozone profile between 12.5 km (or cloud tops) and 57.5 km with a
vertical resolution of about 1.9-2.5 km between 20 and 55 km. The algorithm uses radiances measured at six UV
ozone-sensitive wavelengths (295, 302, 306, 312, 317, and 322 nm) paired with 353 nm, and one VIS
wavelength at 606 nm combined with 510 and 675 nm to form a triplet. Each wavelength pair or triplet is used
over a limited range of tangent altitudes where the sensitivity to ozone change is strongest. A new aerosol
correction scheme was implemented based on a gamma-function particle size distribution. In addition,
numerous calibration changes that affected ozone retrievals were applied to measured LP radiances, including
updates in altitude registration, radiometric calibration, stray light, and spectral registration. The key version 2.6
enhancement is the improved stability of the LP ozone record confirmed by the reduction in relative drifts
between LP ozone and correlative measurements, linked previously to a drift in the version 2.5 LP altitude
registration.

Plain Language Summary The Montreal Protocol protects the Earth's ozone layer by regulating the
production and usage of ozone-depleting substances. As a result of this international treaty, we expect
stratospheric ozone to increase over time. A series of OMPS Limb Profilers (LP) was designed to ensure
continuous spaceborne capabilities for detecting changes in the stratospheric ozone distribution over several
decades. The ozone record from the first OMPS LP on board the Suomi NPP mission spans more than 12 years,
from April 2012 to the present. A statistically significant positive drift in the previous version 2.5 of LP ozone
data, linked to a drift in the LP altitude registration, has compromised its fitness to accurately detect ozone
trends. In this paper, we introduce the new version 2.6 OMPS LP ozone data set with improved stability. We
found a substantial reduction in relative drifts between LP ozone and correlative measurements. Therefore, the
version 2.6 LP ozone can be used with higher confidence for monitoring and quantifying stratospheric ozone
recovery.

1. Introduction

NASA has pioneered space-borne observations of the ozone layer by developing the Backscattered Ultraviolet
(BUV) technique in the 1960s to measure total column ozone and ozone profile. The first BUV instrument, on
NASA's Nimbus-4 platform, was launched more than 50 years ago in 1970. Ozone profile observations were
continued with the improved Solar Backscattered Ultraviolet (SBUV) sensor on board of Nimbus-7, and then by
the series of the SBUV/2 instruments flown on seven NOAA polar orbiting missions between 1984 and the 2010s.

The discovery of the Antarctic ozone hole in 1985 (e.g., Farman et al., 1985; Stolarski at el., 1986) triggered
public concerns world-wide. Since that time the development of ozone measurement techniques has been guided
by international agreements and public policies aimed to preserve the Earth's ozone layer. The US Clean Air Act
specifically mandates NASA and NOAA to monitor the ozone layer, and the international community depends
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upon these measurements for periodic assessments of the integrity of the ozone layer required under the Montreal
Protocol (WMO, 2022).

Given the limited profiling capability of the SBUV/2 sensor, NOAA developed a suite of OMPS sensors for the
NOAA/NASA joint National Polar-orbiting Operational Environmental Satellite System (NPOESS). In addition
to a nadir mapping sensor (OMPS-NM) based on NASA's Total Ozone Mapping Spectrometer (TOMS) in-
strument, and a nadir profiler sensor (OMPS-NP) based on the SBUV/2 instrument, OMPS also has a limb
scattering sensor (OMPS LP). OMPS LP is based on technologies developed by NASA in the 1980s and 1990s for
the Shuttle Ozone Limb Sounding Experiment flown on STS-87 and STS-107 (Flittner et al., 2000; McPeters
et al., 2000). Though OMPS does not measure a large suite of trace gasses that influence ozone photochemistry, it
fully satisfies the public policy need to monitor the ozone layer (NASA, 2023). Space-borne observations with
operational OMPS suites will extend into the next two decades.

Owing to the regulations imposed by the Montreal Protocol, the levels of anthropogenically produced chlorine
and bromine compounds that destroy the ozone layer have been gradually declining since the early 2000s. Sci-
entists found unambiguous increases of ~1.0%—2.2% per decade in upper-stratospheric ozone over the 2000-2020
period (WMO, 2022), driven by declines in ozone-depleting substances and increases in greenhouse gasses
(GHGs). Observations of the vertical ozone distribution derived from OMPS are used to evaluate the health of the
ozone layer.

In this study we present and evaluate the OMPS LP version 2.6 ozone data product. Section 2 describes version
2.6 processing and documents changes in Level 1 (calibrated radiances) and Level 2 (ozone profile retrievals)
algorithms. Section 3 evaluates SNPP OMPS LP profiles over a decade by comparing with Aura MLS. A
summary is provided in Section 4. This study will be complemented by an upcoming comprehensive validation
paper where OMPS LP will be compared with an extended set of correlative satellite and ground-based
observations.

2. Ozone Mapping and Profiler Suite
2.1. OMPS Limb Profiler

OMPS was designed to provide profile and total ozone measurements (Flynn et al., 2006). SNPP OMPS, launched
in October 2011, comprises three complementary ozone sensors—Limb Profiler (LP), Nadir Profiler (NP) and
Nadir Mapper (NM)—that sample the same region of the atmosphere from Earth's surface to the mesosphere
within minutes to measure the global ozone distribution at high spatial and vertical resolution (Kramarova
etal., 2014). NOAA-20 (formerly JPSS-1) OMPS, launched in October 2017, includes only the two nadir sensors,
but NOAA-21 (JPSS-2), launched in November 2022, has the Limb Profiler as well. Two more OMPS will be
launched in the next decade including all three sensors on board of JPSS-3 and JPSS-4 missions. In this paper we
focus on the ozone profile record derived from the SNPP OMPS LP. The operational observations with SNPP
OMPS LP started in April 2012, and the record now exceeds 12 years.

The OMPS LP sensor measures solar irradiances scattered from the atmospheric limb in the ultraviolet (UV),
visible (VIS), and near infrared (NIR) spectral ranges (between 290 and 1,000 nm) with variable spectral reso-
lution that increases from about 1 nm at 290 to 30 nm at longer wavelengths near 1,000 nm. The instrument is
mounted at the back of the spacecraft and collects measurements by viewing the atmospheric limb along the
satellite track. The LP has a 1.85° vertical field of view (FOV) and covers 100 km, but because of spacecraft
pointing variations it reliably measures scattered light between the ground and ~80 km throughout the orbit.
Scattered light is projected to a 2-dimensional Charge Coupled Device (CCD) detector. The vertical sampling of
LP measurements, determined by the CCD pixel sampling, is ~1 km, but the actual instantaneous FOV of each
pixel is about 1.2 km. To avoid saturation of the CCD pixels and to capture measurements over the entire spectral
and vertical range, the OMPS LP splits each vertical profile into two images: low altitude (bright) signals are
measured with the small aperture, whereas the high altitude (low intensity) signals are measured with the large
aperture. The full spectra from both apertures are produced every 19 s. Due to bandwidth limitations, data from all
CCD pixels can not be downloaded from the instrument to the ground during the normal operations, and only a
relatively small subset of pixels (the Sample Table) becomes available for the retrieval process. The downloaded
pixels from the two spectra are then stitched together and mapped onto the regular spectral and vertical grids
(Level 1G). The instrument has three slits separated horizontally by 4.25° (about 250 km) to increase the cross-
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track coverage, but in this study, we focus only on measurements obtained from the center slit aligned with the
satellite ground track.

2.2. Version 2.6 Processing

The first version of ozone profiles derived from the SNPP OMPS LP was released soon after the beginning of
operational observations in April 2012 (Rault & Loughman, 2013). In July 2014 version 2 of the LP ozone profile
data set was released which included corrections for the sensor pointing and simplification in the retrieval al-
gorithm (Xu et al., 2014). Version 2.5 was released in July 2017 (Kramarova et al., 2018). Both version 2 and
version 2.5 data sets have been produced using a modified version of the OMPS LP retrieval algorithm (Rault &
Loughman, 2013), and their detailed descriptions and validation results are summarized by Kramarova
et al. (2018). Here we present a new version 2.6 of the LP ozone profiles, released in March 2023. In this section
we describe the key changes implemented in the Level 1 (Section 2.2.1) and Level 2 (Section 2.2.2) algorithms for
the processing of version 2.6 data.

LP ozone retrievals are reported in daily files that contain ozone number density retrievals from the center slit only
along with geolocation information and quality flags (Kramarova & DeLand, 2023). For users' convenience, with
each ozone measurement we also report atmospheric pressure and temperature profiles that are derived from the
Goddard Earth Observing System (GEOS) Forward Processing for Instrument Teams (FP-IT) product provided
by the NASA Global Modeling Assimilation Office (GMAO) (Gelaro et al., 2017; Lucchesi, 2013). These
meteorological fields are also used in the forward model calculations.

2.2.1. SNPP OMPS LP Calibration

In this section we describe instrumental calibrations applied to LP radiances in Level 1 processing. Radiometric
errors and errors in sensor pointing (primarily those related to altitude registration errors) are the two main sources
of errors in the limb scattering technique affecting the accuracy of retrieved ozone profiles (e.g., Flittner
et al., 2000).

Two-dimensional (spectral-spatial) CCD detectors are susceptible to internally scattered stray light, that is,
photons from bright parts of a scene can scatter to the CCD regions with a weaker signal. Jaross et al. (2014)
describe the stray light (SL) corrections based on the pre-launch point-spread-function (PSF) measurements.
Since the pre-launch corrections alone proved inadequate, empirical SL corrections were applied in addition to the
PSF-based corrections starting with version 2. Descriptions of the empirical technique are provided in Taha
et al. (2008) and Rault (2005).

In an attempt to place the version 2.6 SL corrections on a more sound physical footing the version 2.5 empirical
corrections were removed and replaced with PSF adjustments. We increased the tails of the PSFs for both UV and
VIS/NIR by about 12% to account for the apparent underestimation of high altitude stray light photons. A
contribution for in-band scattering by the primary telescope mirror has also been added to the PSFs. Telescope
scattering was characterized during pre-launch testing but seems to have increased as a result of subsequent
particulate contamination on the mirror surface. The pre-launch characterization was scaled by factors of 1.5 and
3 for the LP center and right (west) slits, respectively, at VIS/NIR wavelengths. The correction was not altered for
the left slit or UV measurements from all three slits. Finally, a correction for out-of-band stray light originating
longward of 1,000 nm was also introduced. Comparisons between measured and modeled radiances suggest that
the changes were most effective at VIS wavelengths at tangent heights above 40 km.

The LP static radiometric calibration has been revised in the version 2.6 processing to use two-dimensionally
(spectral x spatial) smoothed pre-launch albedo coefficients (radiance/irradiance). The “Day 17 calibrations
are now based on solar measurements from orbit number 1864 on 7 March 2012. The “Day 1" wavelength scale
assignment has also been updated based on measurements from this orbit. The solar irradiance measurements
taken on “Day 17 are used to calculate sun-normalized radiances. This normalization is not updated over the
mission lifetime though solar measurements occur every week. Instead, starting in version 2.6, solar measure-
ments following “Day 17 are used to update Earth radiance calibrations. Corrections, derived by applying 5-pixel
spectral smoothing of the solar data, do not exceed 3% for the mission lifetime at any wavelength (290-1,000 nm),
nor at any spatial location. There is no indication these radiometric adjustments had a significant effect on the
profile ozone time dependence because the adjusted calibration is mostly independent of altitude.
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Version 2.6 utilizes these same weekly solar measurements to derive seasonal and long-term changes in wave-
length registration. A seasonal spectral shift of amplitude 0.25 pixels was previously assigned to the data in a
static pattern every year. A 1-pixel shift corresponds to approximately 0.75 nm band center shifts at 300 nm and
17 nm shifts at 1,000 nm due to the non-linear dispersion of the LP instrument. Dynamic use of the solar
measurements now allows year-to-year variations in the seasonal pattern, and can account for long-term drifts in
pixel band center wavelengths. The mean change in wavelength registration over the first 10 years of the SNPP
mission is approximately 0.1 pixels. Changes in pixel band center wavelengths through each orbit, a result of
thermally induced changes in spectrometer optics pointing, are registered the same as in previous versions (Jaross
et al., 2014). As with the radiometric calibrations described in the preceding paragraph, spectral shifts are largely
independent of altitude and thus have little effect on the altitude-normalized measurements used for ozone
retrievals.

Accurate and stable altitude registration of limb scattering measurements is very important for retrieving high-
quality ozone profiles suitable for climate studies, since an error of just 100 m in altitude can result in as
much as a 3% error in ozone at altitudes above 35 km. The primary source of knowledge for the sensor pointing
comes from the SNPP spacecraft attitude determination system consisting of two star-tracking devices. Despite
that, a significant offset (~1.4 km, adjusted in version 2) in the LP pointing was discovered shortly after launch,
some of it apparently the result of a misalignment of the attitude control frame and the spacecraft body frame. The
SNPP VIIRS instrument team also observed a shift. To complicate this matter, thermally induced distortions in
the LP optics resulted in as much as a 1 km (depending on the slit) change in pointing from the ground to orbit.
These same distortions result in measurable changes in wavelength and pointing during every orbit. Our baseline
approach to LP altitude registration is to assume that the spacecraft attitude information is accurate but that
additional adjustments are needed to account for distortions originating within OMPS. This assumption has one
notable exception that we describe below.

Two scene-based methods have been developed (Moy et al., 2017) to assess altitude registration independent of
the spacecraft attitude information. One method called Rayleigh scattering attitude sensing (RSAS), determines
absolute altitude errors using a ratio of radiances at 350 nm between 20 and 30 km and external knowledge of the
atmospheric pressure profile (Janz et al., 1996). The RSAS method is susceptible to inhomogeneity in the un-
derlying Earth scene and aerosol interference, which limits its application to longer time scales and to regions and
time periods with minimal aerosol contamination. Under these conditions it has an accuracy of =200 m (Moy
et al., 2017). The second method, called absolute radiance residual method (ARRM), looks at UV radiances
shorter than ~305 nm at altitudes between 60 and 65 km. These radiances have a sensitivity of 10%—15% per 1 km
depending on the altitude and wavelength. The ARRM method is sensitive to errors in instrument absolute
calibrations, and therefore it is used primarily to evaluate relative errors in altitude registration over short time
periods. Its relative accuracy is also approximately =200 m (Moy et al., 2017).

In the v2.5 processing we applied four types of altitude corrections: (a) static correction (1.37 km for the center
slit); (b) 0.1 km jumps on 25 April 2013 to correct for a spacecraft attitude system calibration change and on 5
September 2014 to account for observed attitude changes; (c) intra-orbital adjustments of up to 0.3 km in the
center slit to account for image motion at the focal plane; (d) additional, seasonally varying intra-orbital altitude
corrections of ~0.35 km for the center slit, with the greatest adjustments during June and July. The RSAS method
was used to derive adjustments (a) and (b) while the ARRM method was used for adjustments (b) and (d).
Adjustment (c) is derived by observing the locations of the entrance slit edges imaged on the oversized detector.

In version 2.6 we updated three of the four corrections: (a) static, (b) time-dependent, and (d) intra-orbital. For the
center slit, the static correction now is 1.58 km (~0.2 km change from version 2.5). The intra-orbital correction
(d), still based on ARRM but simplified, now changes linearly as a fraction of orbit from south to north. The
correction is the same for the three slits, and the seasonal dependence is removed. For the time-dependent
correction (b), we left a single +0.1 km adjustment on 25 April 2013 to correct for the calibration adjustment
that was acknowledged by spacecraft operators and confirmed by other instruments on the SNPP platform. The
second 0.1 km step on 5 September 2014, implemented in version 2.5, was removed. All sensor pointing ad-
justments are applied to Level 1B measured radiances in version 2.6 processing.

After processing version 2.5 data, a 0.1-km drift was detected by the RSAS method in sensor pointing (Kramarova
et al., 2018). The comparisons between LP version 2.5 and MLS ozone revealed a positive drift of ~0.5%/yr that
was more pronounced at altitudes above 35 km with the pattern consistent with a possible drift in sensor pointing
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T T ety (Kramarova et al., 2018). The drift in version 2.5 ozone was also reported in
400 Version2.6 ] other independent studies (e.g., Wargan et al., 2020) and in other indepen-
r Version2.5 4 dently processed OMPS-LP products (e.g., Arosio et al., 2024). We believe
I | the September 2014 adjustment contributed to this apparent drift.
" e i “ n l Figure 1 shows the RSAS time series for the center slit. The 0.2 km offset
% \ w " ] between the two versions is clearly seen at the beginning of the record.
S, 0 M/M\ V/”\ y - Though the figure suggests the version 2.6 static adjustment has driven RSAS
g, L | results further from zero, the observed offset is within the uncertainty of the
r i technique. The version 2.6 RSAS time series has smaller interannual vari-
_200__ ] ability due to updated aerosol corrections and simplified seasonal pointing
r 1 correction. The version 2.5 RSAS has a clear upward drift by about +0.15 km
_400; ] over 10 years, which is not present in version 2.6. The step in September
Fo s o A T 2014, now seen in version 2.6 RSAS, is no different than similar steps such as
2012 2014 201 I:?ATE yea?sms 2020 2022 in March 2019. There is no justification to suspect that these periodic steps

Figure 1. RSAS (Rayleigh Scattering Attitude Sensing) time series for

affect the long-term accuracy of the spacecraft attitude knowledge. The lack
of any significant RSAS drift in the version 2.6 data leads us to conclude we

versions 2.5 (red) and 2.6 (blue) from April 2012 through December 2021 in may continue relying on the spacecraft attitude information to derive the LP
the Southern Hemisphere (50°S-20°S). The results are illustrated as errors in altitude registration.
the instrument pointing expressed in meters. The RSAS method is sensitive

to aerosol interference, therefore we limited the region to the southern mid-
latitudes where the LP measurement sensitivity to aerosol as well as aerosol 2.2.2. Version 2.6 LP Ozone Retrieval Algorithm

contamination are minimum. The Hunga eruption in January 2022 injected
large amounts of aerosol into the stratosphere and as a result substantially

In version 2.6, we updated ozone and NO, absorption cross-sections and

affected the RSAS record (see Section 2.2.5 and Figure S9 in Supporting climatologies. In the UV spectral range (295-355 nm), Brion-Dumont-

Information S1).

Mallicet (BDM) (Brion et al., 1993) cross sections provide more accurate

ozone absorption coefficients at longer UV channels (4 > 320 nm) compared
to Bass and Paur (1985) cross-sections we used previously. BDM cross-sections are also used by the ozone
retrieval algorithms that derive ozone columns and profiles from the SNPP OMPS nadir instruments (NM and
NP). In the VIS range, Serdyuchenko-Gorshelev (SG) cross-sections (Gorshelev et al., 2014) replaced those by
Burkholder and Talukdar (1994). Nitrogen dioxide (NO,) cross-sections from Mérienne et al. (1995) were
replaced with those from Vandaele et al. (1998) in version 2.6.

The retrieval algorithm needs ozone a priori profiles, and we use an updated seasonal ozone climatology (Ziemke
etal., 2021) in version 2.6 that is based on multi-year averaged MLS ozone profiles in the stratosphere and model
simulations with the Goddard Earth Observing System (GEOS) Global Modeling Initiative (GMI) model in the
troposphere. Previously, we used McPeters and Labow (2012) climatology based on a set of MLS and sonde
measurements. The NO, climatology was constructed using the GEOS GMI model (Fisher et al., 2024). Since
stratospheric NO, concentration varies significantly during the day, the NO, climatology has an additional
dimension of local solar time (90 bins), in addition to 36 5-degree latitude bins and 12 seasonal bins. We discuss
sensitivity of the LP ozone algorithm to changes in these parameters in Section 2.2.4.

Aerosol attenuation affects ozone retrievals; therefore, we explicitly correct for this effect using aerosol extinction
profiles retrieved concurrently from the same OMPS LP measurements at 675 nm. To retrieve aerosol extinction
profiles (Loughman et al., 2018) we need to assume an aerosol particle size distribution. In version 2.6, we use the
gamma-function particle size distribution, which replaces the bimodal function used in version 2.5. Chen
et al. (2018) has shown improvements in retrieved aerosol at 675 nm after switching to the gamma-function
distribution. The radiance adjustment at ozone sensitive wavelengths is computed using the same gamma-
function particle size distribution.

Any clouds located along the LP line of sight shield the radiances scattered from lower altitudes and reflect a large
portion of the incoming radiation. The LP cloud detection algorithm (Chen et al., 2016) uses the spectral
dependence of the vertical gradient in radiance between two wavelengths in the visible and near-IR spectral bands
(674 and 868 nm) to discriminate between clouds and aerosols. Once a cloud is identified we start ozone profile
retrievals at an altitude 1 km above the cloud top height.

To simulate limb-scattered radiances in the forward model we use the Gauss-Seidel Limb Scattering (GSLS)
radiative transfer model (Herman et al., 1994; Loughman et al., 2005, 2015). Before simulating radiances, we first
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Figure 2. Left panel shows LP sensitivity kernels dY(z,A)/dIn(O3) for 6 UV pairs. Right panel shows vertical profiles of
measured radiances normalized at 60.5 km and paired with the reference 353 nm wavelength. Colors represent different UV
pairs. The vertical gray line indicates ¥ = —0.8—the threshold used to cut UV pairs in the LP algorithm. Color circles show
the lowest altitude where the given pair is used by the algorithm. Dashed lines on the left panel show that kernels below the
lowest altitude used for each pair have decreasing magnitudes.

derive the scene reflectivity from the LP measurements at 675 nm. If a cloud is detected, an effective surface
reflectivity is computed to represent a weighted average of the surface and cloud reflection, considering any
clouds as being present at the terrain height (Lambertian effective reflectivity approach).

In the ozone retrieval algorithm we use sun-normalized radiances, that is, scattered radiances normalized by their
solar irradiance counterparts, to reduce the influence of spectral and irradiance calibration errors (Jaross
etal., 2014). To further minimize the sensitivity of the ozone retrieval to absolute instrument calibration as well as
to reduce effects of the underlying scene reflectivity and errors in the forward model, measured radiances are
normalized with radiances measured at high altitudes where sensitivity to ozone for a given wavelength is
negligibly small (Flittner et al., 2000). In the version 2.6 algorithm, UV radiances are normalized at 60.5 km and
VIS radiances at 40.5 km. Ozone climatological profiles (Ziemke et al., 2021) are used to simulate radiances at
and above the normalization altitude. Climatological profiles are scaled at each iteration based on retrieved ozone
values from the previous iteration at altitudes 5 km below the normalization altitude.

A key difference between this release and previous versions is that a single merged ozone profile is retrieved using
UV and VIS measurements between 12.5 km (or cloud top) and 57.5 km. Ozone profiles in previous versions were
retrieved independently from UV and VIS measurements using wavelength pairs in the UV range and triplets in
VIS (e.g., Kramarova et al., 2018; Rault & Loughman, 2013). The version 2.6 algorithm uses radiances measured
at six UV ozone-sensitive wavelengths (295, 302, 306, 312, 317, and 322 nm) paired with 353 nm and one VIS
wavelength at 606 nm combined with 510 and 675 nm to form a triplet. The approach when ozone-sensitive
wavelengths are combined with the reference wavelength(s), which have almost no ozone absorption, to form
a pair or a triplet, minimizes the algorithm's sensitivity to the atmospheric pressure and temperature profiles used
in the forward model calculations to simulate radiances (Flittner et al., 2000). Wavelength pairs and triplets also
help to reduce the sensitivity of the retrieval algorithm to aerosols.

Each wavelength pair is used over a limited range of tangent point altitudes determined from the vertical shape of
sensitivity kernels and measured radiances (see Figure 2). Limb scattered radiances at ozone sensitive wave-
lengths first increase as they propagate to lower altitudes and then reach the knee—a saturation when the radi-
ances are no longer changing with altitude anymore (e.g., Degenstein et al., 2009). Below the knee altitude, the
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UV channel become insensitive to changes in ozone which is also reflected in the decrease of the sensitivity
kernels K (Figure 2a). We found that the tangent altitude z where the sensitivity kernels K start to degrade
(Figure 2a) corresponds to the altitude where paired and altitude normalized radiances Y,, get smaller than —0.8
(Figure 2b). The vertical range for each pair is dynamic and changes from one profile to the next, but for the same
UV pair the range varies within 2—4 km (see Table S1 in Supporting Information S1). We selected UV pairs to
maintain a near-constant sensitivity of the algorithm to changes in ozone over the entire vertical range from 12.5
to 57.5 km.

The version 2.6 algorithm uses the optimal estimation framework (Rault & Loughman, 2013; Rodgers, 2000) to
iteratively retrieve ozone profiles X:

X1 = X; +(S;" + R"R + K'S'K) '[(S;" + R"R) (X, — X;) + K"S_ (¥ — F(X)))] (1)

Where i is the index that indicates the ith iteration, X,—a priori climatological ozone profile, S,—a priori
covariance matrix constructed as a diagonal matrix with the diagonal elements equal to the square of the a priori
ozone values at that altitude S, (k, k) = Xuz (k); Se— measurement noise covariance matrix is a diagonal matrix with
the prescribed 1% noise for UV pairs. For the VIS triplet, noise is 0.5% for 27.5 km and below and gradually
increases above 27.5 km reaching 1% at 37.5 km. The measurement vector Y consists of 6 UV pairs and one VIS
triplet. The GSLS radiative transfer model is employed to simulate radiances F(X;) using a retrieved ozone profile
from a previous iteration (or ozone climatological profile X,). K = 0Y/dX is a matrix of weighting kernels (or
Jacobian), each element of which represents the partial derivative of measurement vector Y to a state vector X (see
also Figure S1 in Supporting Information S1). The weighting kernels K are calculated by the GSLS forward
model and updated after each iteration. In version 2.6, we use the second order Tikhanov's regularization (term R,
Livesey et al., 2006; Rault & Loughman, 2013) to improve stability of the ozone retrievals and to obtain a vertical
resolution of ~2.0 km for ozone retrievals X across all altitudes. The vertical resolution of LP ozone profiles is
~1.9-2.5 km between 20 and 55 km, degrading to ~3—8 km at lower and higher altitudes. We use the Levenberg-
Marquardt method to solve Equation 1 which helps finding the solution for the non-linear problem by reducing the
step between iterations. The LP daily files include only a limited number of algorithmic parameters, but many
parameters required (von Clarmann et al., 2020) for the error analysis are included in the Level 2 orbital files,
which can be provided upon request.

2.2.3. Quality Flags in Version 2.6 Processing

The accuracy of LP retrieved ozone profiles depends on the combination of many individual factors. We report a
set of quality flags to data users for filtering OMPS LP ozone retrievals. The algorithm runs a convergence test to
determine when the iterations can be stopped using the following equation (Rodgers, 2000):

a-1
d} = X; = X;i)'S (X — Xiy) 2
where d?; is a convergence criterion after the ith iteration and S is the solution covariance matrix defined as:
§$=(S;'+R"R+K"S;'K)™ 3)

The iterations are stopped when the convergence criterion reduces with iteration (4% < d*_,) and gets smaller
than 10 (dzl- < 10). If after seven iterations these conditions are not met, we assume that the retrieval did not
converge and was not successful. Fewer than 1% of profiles have convergence values d* > 10 after seven iter-
ations. Typical number of iterations varies between 2 and 7. Users are thus recommended to use only profiles with
the number of iterations (variable O3Status) ranging from 2 to 7 (inclusive) and the convergence less than 10
(variable O3Convergence).

The estimated precision for each profile retrieval is calculated using the square roots of diagonal elements of the
solution covariance matrix S (from Equation 3 above). Precision values range between 3% and 4% at altitudes
between 20 and 52 km (Figure 3). Larger precision values occur in the tropical upper troposphere and lower
stratosphere (UT/LS) and in the mesosphere above 50 km.
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50l i and 2.0 nm in VIS from the nominal wavelength. The retrieved profile will
be flagged (ozone quality flag) if the algorithm cannot find measurements
within the defined range. Users are recommended to use only profiles with the
quality flag set to zero (i.e., O3quality = 0). Approximately 1% of retrieved

profiles are flagged in this manner.
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Polar Mesospheric Clouds (PMCs) form at altitudes of around 80-85 km over
polar latitudes (>50°) in the summer months. PMCs can affect limb measured

w
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radiances at tangent altitudes as low as 50 km if the clouds are in the line of
20 sight (LOS) of the LP instrument. PMCs increase scattering, and the
magnitude of the excess signal produced by PMCs is greater in the NH

because PMC particles have an increased phase function in forward-
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Precision [%)] by PMCs can lead to an underestimation of ozone concentration, which we

typically see in the upper portion of ozone profiles (above 35 km). We

scattering geometry (DeLand & Gorkavyi, 2020). This excessive scattering

Figure 3. Retrieval precision of OMPS LP ozone profiles in % for version 2.5 identify PMC events by analyzing limb radiances at altitudes above 60 km
(red lines) and version 2.6 (black line) in the tropics (a) and mid-latitudes and flag them in the output files. This flag more often occurs in the Northern

(b) on 1 March 2015, orbit 17,307, events 110 [15.9°N, 110.6°E] and 136
[44.2°N, 102.6°E], respectively. In version 2.5 precision was systematically

larger indicating lower confidence.

Hemisphere (see Figure 4a). We recommend users to not use profiles affected
by PMCs (i.e., only use profiles with ASI_PMC flag = 0). The PMC flag
eliminates about 4%-4.5% of data during summer months in both hemi-
spheres (see also Figure S2 in Supporting Information S1).

The retrieval algorithm aims to minimize the differences between measured and simulated radiances. After the
algorithm converges, we simulate radiances again using the retrieved ozone profile. If the differences between
simulated and measured radiances are still larger than the assumed measurement noise (Kramarova &
DeLand, 2023), we flag those retrievals using the quality measurement vector (QMV) flag. The QMV flag
eliminates about 2%-2.5% profiles, including cases when the measurements are affected by charged particles. We
therefore recommend removing any profile where the QMV flag is not equal to zero. Contamination of LP
radiance measurements by charged particles happens regularly when the satellite flies over the South Atlantic
Anomaly (SAA) region (see Figure 4b), but occasionally, it also happens outside that region. Any pixel on the LP
CCD detector can be affected by charged particles, meaning that measurements at any wavelength and at any
tangent altitude can be compromised. The frequency of the QMYV flag does not vary seasonally or over the time of
the SNPP mission (see also Figures S3 and S4 in Supporting Information S1), which is consistent with the
majority of radiance anomalies having resulted from SAA transients.

For scientific applications, we highly recommend using all these flags to filter out ozone retrievals with lower
quality. Accept profiles with the following parameters:

¢ The convergence criterion d* less than 10 (O3Convergence < 10);

¢ The number of iterations ranging between 2 and 7 inclusively (2 < O3Status < 7);
e No PMC contamination (ASI_PMCflag = 0);

e Final residuals are smaller than assumed measurement noise (QMV = 0);

o Measurements at all required wavelengths are available (O3Quality = 0).

2.2.4. Analysis of Algorithmic Characteristics

In this section we discuss the version 2.6 algorithm performance. Averaging kernels are important components of
the retrieval algorithm that characterize its sensitivity to true ozone changes. Version 2.6 averaging kernels are
more consistent throughout the entire stratosphere (see Figures 5S¢ and 5d), while version 2.5 kernels (Figures Sa
and 5b) sharply decrease at altitudes where the algorithm switches wavelengths. The combination of additional
wavelengths and regularization applied in the version 2.6 algorithm improved consistency of the averaging
kernels in terms of peak magnitude and width. The version 2.6 algorithm is able to maintain a uniform sensitivity
throughout the entire vertical range. Using averaging kernels, we estimate that the degrees of freedom for the
signal in version 2.6 is around 18-20. The vertical resolution of retrieved ozone profiles can also be estimated as

RIGHTS

8 of 21

25L80 SUOWILIOD SAIIEB.D 3|ed1 e 3L A PUIRAOB 32 SR O 88N J0 SB[ JOJ AIRIGIT BUIIUO AB] IV LO (SUOIIPUOD-PL-SLLLIBYLIOD' A3 ARG [BUIUO// SCHIL) SUORIPLIOD PUB UL | 8U) 305 *[1202/0T/62] UO AReicji aUIIUO A3{1M 14611 80edS pIeppos eseN Ad £0/£00VrZ02/620T OT/10pL00 A3 1 Aeiqjputiuo'sqndnBe//:sdiy o1 papeojumoq ‘6 *v20Z ‘¥B0SEEEE


https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024EA003707&mode=

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth and Space Science 10.1029/2024EA003707

PMC Flag, 2015
0 45

Longitude

0
Latitude

QMV Flag, 2015
5 0 45

Longitude
0

Latitude

Figure 4. Spatial distribution of the PMC (a) and QMYV (b) flags in 2015. The data are shown for 5° by 2° spatial bins
(longitude®x°latitudes) and expressed as the total number of profiles illuminated by the PMC (a) or QMYV (b) flag in 2015.
Increased flagging occurs south of the geographic location of the SAA because the tangent points are 3,000 km distant from
the satellite itself.

the inverse of the diagonal elements of the averaging kernel matrix (Rodgers, 2000). The vertical resolution
(Figure 5 and also Figure S5 in Supporting Information S1) in version 2.6 ranges between 1.9 and 2.5 km, and is
slightly degraded compared to the 1.7-2.0 km vertical resolution in version 2.5 (Kramarova et al., 2018). In the
tropics the algorithm sensitivity below the ozone peak (below ~20 km) drops sharply (Figures 5a and 5c) leading
to the vertical resolution of only 4-10 km in the lowermost tropical stratosphere and upper troposphere (12—
20 km) for cloud-free scenes.

The algorithm sensitivity to the a priori can be also estimated using the averaging kernels (Rodgers, 2000). The LP
ozone retrieval algorithm is very insensitive to a priori (see Figure S6 in Supporting Information S1) between 17
and 52 km in mid-latitudes and about 22—-52 km in the tropics (Arosio et al., 2022). Sensitivity to a priori increases
at the upper (above 52 km) and lower portion (below 17 km in mid-latitudes and 22 km in the tropics) of the
profile where sensitivity of the LP measurements to ozone sharply declines.

To estimate the algorithm sensitivity to changes in algorithmic parameters, such as the replacement of ozone and
nitrogen dioxide absorption coefficients, updates in ozone and nitrogen dioxide climatologies, and changes in
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Figure 5. Typical LP averaging kernels and vertical resolution in the tropics (a and ¢) and in mid-latitudes (b and d). Panels
(a) and (b) show version 2.5 kernels for UV (red) and VIS (blue) retrievals, and the vertical resolution is shown in green with
additional X-axis scale. Total degrees of freedom for the signal, calculated as the sum of diagonal elements, are shown on the
labels. Panels (c) and (d) show kernels and vertical resolution for the same events from version 2.6 (15 March 2016, orbit
22,696, events 91 and 136, respectively).

aerosol particle size distribution, we ran a series of tests in which we replaced one parameter at a time and
retrieved ozone for a day. We calculated responses in ozone retrievals as differences between standard version 2.6
and the test with the perturbed parameters. It is important to note that the aim of these tests was not to explain
differences between versions 2.5 and 2.6, but rather to evaluate sensitivity of the version 2.6 algorithm to changes
in these parameters. We found that replacement of nitrogen dioxide (NO,) cross sections from Mérienne
et al. (1995) to Vandaele et al. (1998) resulted in about 0.5%—1% decrease in retrieved ozone in the altitude range
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between ~32 and 36 km. This is due to increasing NO, absorption at longer UV wavelengths (322 nm pair), which
are used by the LP algorithm in this altitude range, and increasing NO, concentration which peaks around 30 km
(see Figure S7 in Supporting Information S1). In the second test, we estimated how the replacement of the NO,
climatology from the PRATMO (PRather ATmospheric Model) photochemical box model (Brohede et al., 2007;
Prather & Jaffe, 1990) to GEOS GMI (Nielsen et al., 2017; Orbe et al., 2017) affected retrieved ozone. This switch
in NO, climatology produced almost no change in retrieved ozone above 30 km (<0.2%), but produced a small
negative bias of ~—0.5% below 30 km, particularly in mid-latitudes in both hemispheres (see Figure S7 in
Supporting Information S1).

The replacement of ozone cross-sections from Bass and Paur (1985) in the UV and Burkholder and Taluk-
dar (1994) in the VIS to Brion-Dumont-Mallicet (BDM) (Brion et al., 1993) and Serdyuchenko-Gorshelev (SG)
(e.g., Gorshelev et al., 2014), respectively, produced systematic differences in ozone retrievals, particularly above
30 km. Retrievals that use BDM cross-sections yielded 1%—2% larger ozone concentrations between 30 and
48 km, and reduced ozone above 50 km by ~—0.5%. Below 30 km ozone slightly increased by ~0.5-0.8% (see
Figure S7 in Supporting Information S1).

The switch in ozone climatology used as a priori produced almost no changes in retrieved ozone profiles between
22 and 52 km in the tropics and between 17 and 52 km outside the tropics. This is because the LP algorithm is not
sensitive to a priori. However, we found small oscillations of +£0.2-2% in the ozone differences when we changed
ozone climatologies, but these oscillations have a narrow 1-km width (see Figure S7 in Supporting Informa-
tion S1). The retrieval algorithm behaves as a low-frequency filter, and any fine scale structures either in the
measurements or a priori that are finer than the vertical resolution can not be retrieved. Therefore, it is very
important to have smooth a priori profiles without any sharp vertical gradients. We found that the ozone
climatology used in version 2.5 had sharp vertical gradients and was responsible for vertical oscillations in the test
results (see Figure S8 in Supporting Information S1). Overall, updates in these four algorithmic parameters
produced very small (less than +1-2%) but systematic changes in ozone retrievals.

We observed much larger changes in ozone retrievals (Figure 6) after switching the assumed aerosol particle size
distribution from bimodal (Loughman et al., 2018) to gamma-function (Chen et al., 2018). The ozone retrievals
are corrected for aerosols using the aerosol extinction coefficient profile derived from concurrent aerosol ob-
servations at 675 nm retrieved from the same LP measurements. The radiance adjustment at ozone sensitive
wavelengths is computed using the assumed particle size distribution. The largest negative changes in ozone
retrievals occur in the tropical lower stratosphere and upper troposphere (below ~22 km), where changes can
reach up to 35% in the 12.5-15.5 km range (Figure 6). The sensitivity of the LP measurements to aerosols is very
weak in the Southern Hemisphere, due to the aerosol phase function being much smaller in the back-scattering
direction that LP measures. Therefore, changes are very small in the southern mid- and high latitudes (less
than +1%). In the northern subtropics, mid- and high-latitudes, sensitivity to aerosol is much stronger, resulting in
larger differences in the retrieved ozone due to the change in assumed aerosol particle size distribution (Figure 6).
We see negative changes (up to —5%) in the northern subtropics and mid-latitudes (EQ55°N) between 20 and
32 km, and positive changes (up to 3%—8%) at high latitudes (60°N—82°N). The changes are very small above
32 km where the algorithm uses UV measurements, and the concentrations of background stratospheric aerosols
are typically very low.

2.2.5. Effect of the Hunga Volcanic Aerosols on LP Ozone Retrievals

The explosive eruption of the Hunga volcano on 15 January 2022 injected aerosols and water vapor into the
stratosphere and substantially increased stratospheric aerosol optical depth (Taha et al., 2022). Volcanic material
was detected at altitudes as high as 58 km shortly after the eruption which had never been observed during the
satellite era. For several months immediately after the eruption, the aerosol concentration was very high,
exceeding 1.5 x 107> km™" at altitudes up to 27 km near the ozone density peak (Figure 7a). The total optical
depth at 675 nm, integrated along the line of sight, was greater than 8 for one orbit the day after the eruption
(Figure 7b). The volcanic aerosol increased scattering, leading to sharp increases in LP radiances. The increased
aerosol burden compromised the RSAS technique which we use to monitor the instrument pointing (Figure S9 in
Supporting Information S1). For several months, the LOS optical depth was greater than 1 at tangent altitudes near
the ozone peak (23-26 km), making ozone retrievals impossible below 20-25 km. To eliminate profiles affected
by volcanic aerosol we use retrieved aerosol extinction profiles at 675 nm. If the retrieved extinction at 675 nm is
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Figure 6. Sensitivity of the LP algorithm to a change in the aerosol particle size distribution from bimodal to gamma-function,
which is equivalent to the change in aerosol models between versions 2.5 and 2.6. The upper panel (a) shows daily zonal
mean differences in percent (note that the color scale is non-linear) as a function of latitude and altitude. The lower panel
(b) shows daily zonal mean differences as a function of latitude for five levels in the lower stratosphere between 12.5 and
25.5 km.

greater than 1.5 X 10~ km™ at any altitude above 18.5 km, we cut ozone retrievals at and below that altitude
(retrieved ozone values are set to a fill value). As a result of this filtering, there are gaps in the LP ozone record in
the lower stratosphere (below 25 km) mostly in the tropics and SH mid-latitudes, for 12—18 months after the
eruption (see Figure S10 in Supporting Information S1).

As seen in Figure 7a, the volcanic aerosol slowly descended in the second half of 2022 (e.g., Schoeberl
etal., 2023; Taha et al., 2022) and spread into mid- and high- latitudes in both hemispheres. As the aerosol optical
depth declines, the number of successful ozone retrievals in the lower stratosphere increases.

3. Evaluation of OMPS LP Ozone Profiles

Ozone profile retrievals from OMPS LP were evaluated previously (Kramarova et al., 2018) by comparing with
independent satellite profile measurements obtained from the Aura Microwave Limb Sounder (MLS), Atmo-
spheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) and Odin Optical Spectrograph and
InfraRed Imaging System (OSIRIS). The study found that the mean differences between LP version 2.5 and
correlative measurements are well within £10% between 18 and 42 km meeting the instrument requirements
(Flynn et al., 2006) and in many places are within +5%. A positive drift of ~0.5%/yr was detected in the LP ozone
record against MLS and OSIRIS with the pattern consistent with a possible 100 m drift in the LP sensor pointing.

In this paper we evaluate the version 2.6 ozone profile data set over 10+ years and we limit our evaluation to
comparisons with Aura MLS. The goal is to document mean differences and long-term drifts between the two
OMPS LP versions (version 2.5 and 2.6) using MLS as a reference. A complementary study will follow, and it
will provide a comprehensive evaluation of version 2.6 against a larger set of correlative satellite and ground-
based observations.
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Figure 7. Upper panel shows daily zonal mean values of aerosol extinction in SH subtropics (15°-20°S) over the SNPP
mission. Typical background aerosol extinction is <<10™> km™", particularly above 15 km, but extinction increases after
volcanic eruptions (e.g., Calbuco eruption in 2015) or mega wildfires (2019-2020 New Year Australian fires). The Hunga
eruption injected aerosol to an unprecedented height and increased zonally averaged aerosol extinction in the stratosphere to
levels >1.5 x 107 km™". Lower panel shows LOS optical depth at 675 nm for one orbit (52,958) on 16 January 2022. The
LOS optical depth was well above 1 in the region near the eruption (with the maximum estimated LOS depth ~8). Ozone
retrievals are not possible in conditions when the LOS optical depth exceeds 1.

3.1. Correlative Measurements

The Aura MLS record started in August 2004, and overlaps for more than 12 years with SNPP OMPS LP. The
equatorial crossing time of SNPP and Aura are very similar, and on some days (about once a month) the two orbits
are perfectly co-located. The vertical resolution of the MLS ozone retrievals in the stratosphere is 3 km and
decreases to 5.5 km in the mesosphere. We use the latest version 5 of MLS data (Livesey et al., 2022). For
validation with the limb scattering OMPS LP, we limited MLS data to daytime observations (solar zenith angle
<89°); and we filtered MLS data using criteria recommended by the MLS Team.

3.2. Comparison Technique

In this study, for comparisons between OMPS LP and MLS, our spatial and temporal collocation criteria are the
following: profiles should be within +2° latitude from each other with the distance between them less than
1,000 km and the time difference within £5 hr. We analyze ozone profiles on the LP native coordinate system
(number density on altitude grid), which requires unit conversion for MLS retrievals. MLS volume mixing ratio
profiles were first interpolated on the LP regular altitude scale using GEOS FPIT (Lucchesi, 2013) pressure
profiles reported with OMPS LP data. Then, these interpolated mixing ratio profiles were converted into number
densities using the GEOS FPIT ancillary pressure and temperature profiles. Since the LP algorithm does not
retrieve ozone below the cloud top, we cut matching MLS ozone profiles at the cloud top altitude as well to avoid
biases due to different sampling in cloudy and cloud-free conditions. In this study, we do not account for small
differences in the vertical resolution of the instruments. We further binned matched LP and MLS profiles into 5-
degree latitude bins. We adopted the same methodology described in Kramarova et al. (2018) to calculate biases
and drifts.
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Figure 8. Mean biases between OMPS LP and MLS version 5 over 10 years between April 2012-December 2021. Panel
(a) shows mean biases in percent (%) for version 2.6 of OMPS LP data as a function of altitude between 12.5 and 57.5 km and
latitude (5-degree grid). The black solid line shows the mean tropopause height. Panel (b) is the same as panel (a) but for
version 2.5. Panel (c) shows changes (%) in absolute biases against MLS between versions 2.5 and 2.6, essentially differences
between absolute values shown in panels (b) and (a). Panels (d-h) show biases between versions 2.6 (black lines) and 2.5 (red
lines) against MLS in 5 wide latitude bins. Horizontal lines represent 1 standard deviation for mean differences. The standard
error of the mean is typically smaller than the width of the lines.
3.3. Results and Discussions
Since version 2.5 data had not been screened for the Hunga anomalies, we limit the time period for comparisons to
April 2012 through December 2021. In version 2.5, UV and VIS retrievals are done independently, so we use VIS
retrievals between 12.5 and 30.5 km and UV retrievals above 30.5 km.
The differences between the two LP versions are not large in the upper part of the profiles above ~32 km (see
Figure 8). The biases between LP version 2.6 and MLS are mostly within +5% between 20.5 and 45.5 km. Both
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Figure 9. (panel a): LP and MLS time series of ozone number density at 45.5 km, where LP retrievals are most sensitive to the instrument pointing. (panel b): time series
of differences (%) between LP and MLS for versions 2.5 (red) and 2.6 (black). Dashed/dotted color lines show linear fits to differences.

versions exhibit positive biases relative to MLS on the order of 3%—6% between 32 and 40 km, and negative
biases above reaching —9% at ~ 48 km. In version 2.6, biases with MLS decrease with increasing altitude above
48 km. The addition of three UV pairs and increased normalization altitude (from 55.5 to 60.5 km) in version 2.6
have resulted in the extension of the upper limit of LP retrievals to 57.5 km. The increased number of wavelengths
and dynamic range, where each UV pair is used by the algorithm, have also helped to reduce the oscillations seen
in version 2.5 (Kramarova et al., 2018) at altitudes around 37.5 and 43.5 km, where the version 2.5 algorithm
transitions between three pairs, and which are more evident in the Southern Hemisphere.

The differences between the two LP versions are larger in the lower part of the ozone profiles below 31 km, where
LP retrievals primarily rely on the VIS triplet (see Figure 8). There are many factors that contribute to this,
including changes in the ozone-sensitive wavelength in the VIS triplet (from 600 to 606 nm), aerosol particle size
distributions, altitude registration and the stray light correction. UV and VIS measurements are blended in the
version 2.6 algorithm to provide a smoother transition between 28 and 32 km. This effect is more pronounced in
the North Hemisphere, where version 2.5 shows strong negative biases between 25 and 30 km, as noted in the
previous study (Kramarova et al., 2018). These negative biases are still present in version 2.6 but with a smaller
magnitude of about —3 to —6%. Around 20 km there is a vertical band with strong positive biases of about 5%—
20% in version 2.6 that extends from the southern midlatitudes (~40°S) to the northern polar latitudes that is not
present in version 2.5. We found no changes in magnitude or structure of the mean biases as we extended the time
record up to the end of 2023 (see Figure S11 in Supporting Information S1).

Another way to compare the two LP versions is to evaluate changes in absolute biases against MLS between LP
versions 2.5 and 2.6 (Figure 8c): |05"° — OY15|—|05"*® — OY5| Positive biases (reddish colors) in Figure 8c
represent places where LP version 2.5 has larger absolute biases against MLS compared to version 2.6, and
therefore these are the places where the absolute biases decreased in LP version 2.6. Noticeable improvements
(>~5%), as we noted before, can be seen in the Northern Hemisphere between 25 and 30 km, in the lowermost
stratosphere and above 50 km. But absolute biases increased in version 2.6 by more than 5% at 20 km from 40°S to

70°N, between 25 and 20 km in the southern mid-latitudes 50°S—70°S and in the equatorial upper troposphere.

To investigate the stability of the LP record, we analyzed the MLS and LP ozone time series at each latitude and
altitude grid (Figures 9 and 10). Previously, in version 2.5, we found a significant upward drift at altitudes above
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Figure 10. Panel (a) relative drift between OMPS LP version 2.6 and MLS version 5 over almost 10 years from April 2012 through December 2021 as a function of
altitude and latitude (5° latitude grid). Solid black line shows the mean tropopause height. Panel (b) is the same as panel (a) but for OMPS LP v2.5. Panels (c—g) show
vertical structures of the relative drift in 5 wide latitude bins for versions 2.5 (red lines) and 2.6 (black lines). Horizontal error bars show 1o errors for the linear fit.
Numbers on the bottom indicate the number of months in each of the five bins.

35 km, where ozone retrievals are very sensitive to the accuracy and stability of the instrument pointing. We found
that the version 2.6 LP record is more stable, and compares better with MLS. Differences between MLS and
version 2.6 are smaller in 2012 by ~2% compared to differences with version 2.5. The relative drift against MLS
has reduced from 5% per decade (+0.4% per decade) in version 2.5 to 2.1% per decade (£0.4% per decade) in
version 2.6. There is a small upward drift between LP version 2.6 and MLS in early years between 2012 and 2018
(Figure 9), but after that there is no obvious drift. We believe that the removal of the second 0.1-km step in altitude
registration in September 2014, and the time-dependent spectral shift corrections are responsible for the observed
improvements (see Section 2.2.1). The mean negative offset is also smaller between version 2.6 and MLS, mostly
due to the changes in the earlier part of the record (Figure 9b).

We estimated the relative drift between LP and MLS by simply fitting a linear trend to the monthly zonal mean
differences (Figures 9b and 10). In version 2.5, the vertical pattern in the relative drift (Figure 10b) was consistent
with a possible drift in altitude registration: the drift is predominantly positive above the ozone peak and negative
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Figure 11. Time series of monthly zonal mean stratospheric ozone columns in DU derived from MLS version 5 (a) and
OMPS LP version 2.6 (b) shown as a function of latitude and time. Stratospheric columns are integrated between 12.5 km or
cloud top and 57.5 km. Panel (c) shows differences in % between LP and MLS.

below. We found that the pattern is very different in version 2.6 (Figure 10a). Overall, we see a substantial
reduction in the magnitude of the drift, making the version 2.6 record more suitable for the ozone trend studies.
While the drift between LP version 2.6 and MLS is still predominantly positive in the upper stratosphere, the
magnitude has reduced to about 0.2% per year (or 2% per decade) or less. We found that the relative drift decreases
in the upper stratosphere if we extend the considered time period by two more years to the end of 2023 (see Figure
S12 in Supporting Information S1). In the middle stratosphere between 25 and 35 km the drift is slightly negative.
We also see a strong negative relative drift in the upper equatorial troposphere up to —10% per decade while it was
positive in version 2.5. Though the record extension reduces the drift in the upper stratosphere, the drift in the
southern subtropics (20°S—40°S) between 15 and 21 km (see Figure S12 in Supporting Information S1) sharply
increases suggesting that LP retrievals overestimate ozone concentrations after the Hunga eruption in that region.

Finally, we consider the time series of stratospheric ozone columns (SOC) between 12.5 and 57.5 km (Figure 11).
If LP ozone profiles were truncated because of the presence of clouds, we cut the matching MLS profile as well
and integrate profiles down to the lowest available level. However, we require the minimum number of levels in
the profile to be equal to 40 (corresponds to 18.5-57.5 km). After the Hunga eruption we filtered LP profiles
leading to a gap in the SOC record in the equatorial latitudes. Both LP and MLS show similar latitudinal and
seasonal patterns in the SOC distribution suggesting that LP ozone can be used to extend MLS record into the
future for many applications. The differences range mostly to within 2% but there are clear latitudinal and
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seasonal patterns. The largest seasonal variations are observed over the southern polar latitudes, with a strong
positive bias observed during austral spring. It is outside of the scope of this study to analyze seasonal differences,
but this topic will be considered in the upcoming comprehensive validation paper where OMPS LP will be
compared with an extended set of correlative satellite and ground-based observations. The differences in SOC
increase in the last 2 years and become predominantly positive in the tropics and mid-latitudes. The increases in
mean differences in 2022-2023 are more apparent at altitudes near the ozone peak between 22 and 26 km (see
Figure S13 in Supporting Information S1). The Hunga eruption increased concentration of water vapor in the
stratosphere globally (e.g., Millan et al., 2022), but the LP wavelengths used by the retrieval algorithm are not
sensitive to water vapor absorption. Further investigation is needed to understand these changes and any potential
links to the Hunga eruption.

4. Conclusions

In this study we described the new version (version 2.6) of the OMPS LP ozone profile data set. This data set
includes incremental improvements in calibration, retrieval algorithm, and data quality compared to the previous
version 2.5. OMPS LP provides ozone profiles with a high vertical resolution and dense spatial sampling, offering
an adequate alternative for extending the MLS ozone record into the future for many applications. We described
changes in calibration applied to measured limb-scattered radiances and modifications implemented in the
retrieval algorithm.

Calibration updates that affected ozone retrievals include improvements in the stray light model, radiometric
calibration, the wavelength shift correction and altitude registration. As a result of updates in altitude registration,
the RSAS technique, applied to the time period between April 2012 and December 2021, demonstrated im-
provements in the stability of the version 2.6 record with no apparent trends.

The LP retrieval algorithm was also modified in version 2.6. Following recommendations provided in the sci-
entific literature, we replaced outdated algorithmic parameters such as the ozone and nitrogen dioxide absorption
cross-sections and climatologies. Though these updates yield very small systematic (less than +£1-2%) changes in
ozone retrievals, it is important to use the best available parameters. In addition, we replaced the particle size
distribution model for stratospheric aerosols. We now use the gamma-function model to retrieve aerosol
extinction from the same limb measurements at 675 nm which are then used to correct for the aerosol contam-
ination in the ozone retrieval algorithm. We estimated the sensitivity of the algorithm to changes in the assumed
particle size distribution and show that the largest changes, up to 30%—35%, are seen in the tropical (20°S—20°N)
upper troposphere (12.5-15.5 km), where the aerosol concentration is typically higher and the LP sensitivity to
ozone is low. In the middle stratosphere (18.5-30.5 km), the ozone algorithm is more sensitive to changes in the
aerosol model in the Northern Hemisphere because of the forward scattering geometry of the LP observations.
The changes in the aerosol model there can produce up to +2-7% error in retrieved ozone.

The largest algorithmic change in version 2.6 is that we combine UV and VIS measurements and retrieve a single
merged ozone profile between 12.5 and 57.5 km. We also increased the number of UV pairs to 6, increased the
normalization altitude for UV radiances to 60.5 km, limited the vertical range where each UV pair contributes
based on sensitivity to ozone, and employed Tikhanov's regularization. We found that the averaging kernels are
more consistent throughout the entire profile in terms of the peak magnitude and the width. This means that the
version 2.6 algorithm is better optimized for keeping a uniform sensitivity throughout the entire vertical range
with the resolution of ~1.9-2.5 km. The vertical resolution quickly degrades in the tropics below the ozone peak
and decreases to 4-10 km between 12.5 and 17.5 km in the tropical upper troposphere. The retrieval precision,
reported with each profile, has reduced by a factor of two compared to version 2.5 and ranges between 3% and 4%
in the middle stratosphere. The accuracy of LP retrieved ozone profiles depends on many factors, and we report a
set of quality flags to help users identify and exclude lower quality data. In this study, we introduced each flag and
analyzed their spatial and temporal distribution.

We compared the OMPS LP record with Aura MLS and found incremental improvements in version 2.6. The
algorithm modifications helped to reduce vertical oscillations seen in the previous version, particularly near
altitudes where the algorithm switches wavelengths. Negative biases above 45 km have been reduced in version
2.6. Because UV and VIS radiances are merged in the middle stratosphere, version 2.6 enables a smoother
transition in the altitude range between 28 and 33 km. Mean biases with MLS are within +10% above 20 km and
in many places are less than +5%.
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The most notable improvement in version 2.6 is the reduction in relative drifts between LP and MLS. Particularly,
in the upper stratosphere above 35 km—the region most sensitive to error in altitude registration—the relative
drift between LP version 2.6 and MLS is around or less than 2% per decade (vs. 5%—10% per decade for LP 2.5
—MLYS).

We introduced a filter based on retrieved aerosol extinction to remove ozone profiles affected by the Hunga
eruption in the lower stratosphere (below 24.5 km). As a result of the filtering, there are gaps in OMPS LP
observations in the lower stratosphere between 12.5 and 22.5 km in the southern midlatitudes and tropics (45°S—
20°N) that last for several months following the eruption. We see an increase in differences between LP and MLS
in 2022-2023 compared to the previous 10 years. Further investigation is needed to determine if the 2022-2023
increase is related to the elevated stratospheric aerosol load due to the Hunga eruption.

Overall, the findings of this study demonstrate the importance of continuous improvements in instrument cali-
bration and retrieval algorithms to ensure high accuracy and stability of satellite ozone measurements. Periodic
evaluation of the LP ozone data sets, and comparisons with independent measurements, are critical for deter-
mining the reliability and fitness of the LP data for various scientific applications.

Data Availability Statement

Suomi OMPS LP version 2.6 (Kramarova, 2023) and Aura MLS version 5 (Schwartz et al., 2021) ozone data are
publically available at the Goddard Earth Sciences Data and Information Services Center (GES DISC).
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