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Abstract. The Limb Profiler (LP) is a part of the Ozone Map-
ping and Profiler Suite launched on board of the Suomi NPP
satellite in October 2011. The LP measures solar radiation
scattered from the atmospheric limb in ultraviolet and visible
spectral ranges between the surface and 80 km. These mea-
surements of scattered solar radiances allow for the retrieval
of ozone profiles from cloud tops up to 55 km. The LP started
operational observations in April 2012. In this study we eval-
uate more than 5.5 years of ozone profile measurements from
the OMPS LP processed with the new NASA GSFC ver-
sion 2.5 retrieval algorithm. We provide a brief description
of the key changes that had been implemented in this new
algorithm, including a pointing correction, new cloud height
detection, explicit aerosol correction and a reduction of the
number of wavelengths used in the retrievals. The OMPS LP
ozone retrievals have been compared with independent satel-
lite profile measurements obtained from the Aura Microwave
Limb Sounder (MLS), Atmospheric Chemistry Experiment
Fourier Transform Spectrometer (ACE-FTS) and Odin Op-
tical Spectrograph and InfraRed Imaging System (OSIRIS).
We document observed biases and seasonal differences and
evaluate the stability of the version 2.5 ozone record over
5.5 years. Our analysis indicates that the mean differences
between LP and correlative measurements are well within
required ±10 % between 18 and 42 km. In the upper strato-
sphere and lower mesosphere (> 43 km) LP tends to have a

negative bias. We find larger biases in the lower stratosphere
and upper troposphere, but LP ozone retrievals have signifi-
cantly improved in version 2.5 compared to version 2 due to
the implemented aerosol correction. In the northern high lat-
itudes we observe larger biases between 20 and 32 km due to
the remaining thermal sensitivity issue. Our analysis shows
that LP ozone retrievals agree well with the correlative satel-
lite observations in characterizing vertical, spatial and tem-
poral ozone distribution associated with natural processes,
like the seasonal cycle and quasi-biennial oscillations. We
found a small positive drift ∼ 0.5 % yr−1 in the LP ozone
record against MLS and OSIRIS that is more pronounced at
altitudes above 35 km. This pattern in the relative drift is con-
sistent with a possible 100 m drift in the LP sensor pointing
detected by one of our altitude-resolving methods.

1 Introduction

Since late 1980s the production of the human-made halo-
gen compounds that destroy the stratospheric ozone layer has
been strictly regulated. Observations show that the concen-
tration of ozone-destroying gases in the atmosphere is de-
clining (WMO, 2014), and stratospheric ozone is expected
to recover to the 1980 level over the next several decades.
However, the detection of the stratospheric ozone recovery is
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complicated by a competing effect from increasing concen-
tration of greenhouse gases (that also lead to rises in strato-
spheric ozone due to stratospheric cooling) and large uncer-
tainties in the measurements (e.g., Harris et al., 2015). Un-
expected variations in the atmospheric circulation, not cap-
tured by models, such as the recent disruption of the quasi-
biennial oscillation (QBO) (Newman et al., 2016; Tweedy
et al., 2017), contribute to additional noise in the trend es-
timates and emphasize the continued importance of high-
quality ozone measurements.

The Ozone Mapping and Profiler Suite (OMPS) represents
a new generation of US ozone monitoring sensors (Flynn
et al., 2006). Suomi NPP OMPS serves as a bridge mission
connecting Backscatter Ultraviolet (BUV) global ozone mea-
surements pioneered in the 1970s with the next-generation of
NASA/NOAA sensors on board the Joint Polar Satellite Sys-
tem (JPSS). OMPS was designed to provide profile and total
ozone measurements to extend the long-term historical ozone
record into the future to monitor the atmospheric ozone re-
covery.

The OMPS consists of three ozone-acquiring sensors. All
three sensors measure scattered solar radiances in overlap-
ping spectral ranges and scan the same air masses within
10 min. The nadir module of the OMPS combines two sen-
sors that share some optical elements: the Total Column
Nadir Mapper (TC-NM) for measuring total column ozone
and the Nadir Profiler (NP) for ozone vertical profiles. The
Limb Profiler (LP) module is designed to measure vertical
ozone profiles with high vertical resolution (∼ 2–3 km) from
the upper troposphere to the mesosphere.

The nadir OMPS sensors are based on heritage designs
of Total Ozone Mapping Spectrometer (TOMS) and Ozone
Mapping Instrument (OMI) for OMPS TC-NM and Solar
Backscatter Ultraviolet (SBUV/2) for OMPS NP. OMPS LP
sensor development became possible after technological in-
vestments NASA made in the 1990s by flying the Shuttle
Ozone Limb Sounding Experiment on two space shuttle mis-
sions, STS-87 and STS-107 (Flittner et al., 2000; McPeters
et al., 2000), to demonstrate the viability of the limb scat-
tering technique to produce a high vertical resolution ozone
profile record comparable in quality to more expensive limb-
viewing thermal infrared and microwave sensors. The next
LP is scheduled for a launch in 2022 on board of the JPSS-2
satellite. The OMPS LP is aimed to continue the high verti-
cal resolution ozone observations from NASA’s solar occul-
tation (Stratospheric Aerosol and Gas Experiment (SAGE),
Halogen Occultation Experiment (HALOE)) and limb emis-
sion missions (Microwave Limb Sounder, MLS). The limb
scattering technique, employed in the OMPS LP, has been al-
ready successfully used for retrieving atmospheric ozone and
aerosol profiles in several satellite missions, such as SAGE
III (Rault, 2005; Rault and Taha, 2007), Odin Optical Spec-
trograph and InfraRed Imaging System (OSIRIS) (Llewellyn
at al., 2004), Scanning Imaging Absorption Spectrometer for
Atmospheric Cartography (SCIAMACHY) (Bovensmann et

al., 1999) and Global Ozone Monitoring by Occultation of
Stars (GOMOS) (Tukiainen et al., 2011; Taha et al., 2008).

In summer 2017 all OMPS LP measurements starting from
April 2012 were processed with the new version 2.5 algo-
rithm. This study documents the changes implemented into
the OMPS LP ozone retrieval algorithm and thoroughly eval-
uates the new version 2.5 ozone profile dataset. The assess-
ment of the stability and systematic uncertainties of the new
OMPS LP product and estimation of effects of calibration
updates and algorithmic changes on the ozone product are
crucial. The goals of this validation are (a) to isolate errors in
ozone related to instrument or algorithmic effects from real
geophysical signals and (b) to estimate a total error budget.
To evaluate the performance of the new version 2.5 ozone
profile dataset we compare this dataset with the previous ver-
sion 2 processing and with independent satellite profile mea-
surements from three satellite instruments: Aura MLS, ACE-
FTS and Odin OSIRIS.

In Sect. 2 we describe the algorithmic and instrument
calibration changes that had been implemented for the ver-
sion 2.5 processing. Correlative satellite ozone datasets and
validation methods are described in Sect. 3. In Sect. 4 we de-
scribe results of the validation that include internal analysis
of measured radiances and examination of the OMPS LP sys-
tematic errors, as well as comparisons with independent mea-
surements. Conclusions are presented in Sect. 5. The Supple-
ment provides additional supporting information.

2 Version 2.5 ozone retrieval algorithm
for the OMPS LP

The first version of LP ozone retrievals was released soon af-
ter the beginning of operational observations in April 2012.
The original ozone retrieval algorithm for the OMPS LP is
fully described by Rault and Loughman (2013). In July 2014
version 2 of the LP ozone profile dataset was released. Here
we present a new version 2.5 of the LP ozone data that
have been publically released in July 2017 (Kramarova et
al., 2017). Both datasets (version 2 and version 2.5) have
been produced using a modified version of the OMPS LP
retrieval algorithm. LP ozone retrievals are reported daily
in HDF files. These files contain ozone number density re-
trievals from the center slit only (see Sect. 4.1) along with
geolocation information and quality flags (DeLand, 2017).
For users’ convenience, for each ozone measurement we also
report atmospheric pressure and temperature profiles that are
derived from the MERRA-2 reanalysis system. Specifically,
we use the Forward Processing for Instrument Teams (FP-IT)
product produced by the NASA Global Modeling Assimila-
tion Office (GMAO) (Gelaro et al., 2017).

In this section we provide a brief description of key
changes implemented in the retrieval algorithm for process-
ing version 2 and version 2.5 datasets. Table 1 gives a sum-
mary of the algorithm modifications.
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Table 1. Summary of key changes implemented in versions 2 and 2.5 relative to the base algorithm described in Rault and Loughman (2013).

Key changes Version 2 Version 2.5

Cloud height detection Rault (2005) New algorithm to better discriminate between
clouds and aerosol (Chen et al., 2016)

Altitude registration Static corrections of 0.58, 1.18 and 1.75 km for
the left, center and right slits, respectively

Static corrections of 1.12, 1.37 and 1.52 km for
the left, center and right slits, respectively;
+0.1 km adjustments for all three slits on
25 April 2013 and on 5 September 2014;
Intra-orbital and seasonal TH adjustments of
∼ 0.3–0.4 km (Moy et al., 2017)

Stray light corrections Prelaunch SL corrections;
Corrections for unexpected thermal sensitivity in
NH (Jaross et al., 2014)

Empirical corrections for VIS (similar to those
described in Taha et al., 2008)

Wavelengths selection UV: 289–325 nm paired with 353 nm (about
43 UV pairs)
VIS: 549–633 nm combined with the refer-
ence wavelengths at 510 and 673 nm to form
∼ 17 VIS triplets

UV: 302, 312 and 322 nm paired with 353 nm
(three UV pairs);
VIS: 600 nm combined with 510 and 675 nm to
form a single VIS triplet

Radiance normalization
altitude

UV: 65 km
VIS: 45 km

UV: 55 km
VIS: 40 km

Aerosol correction No explicit aerosol correction Use aerosol extinction coefficient profiles re-
trieved from LP measurements for same event
(Loughman et al., 2017)

Vertical smoothing Second-order Twomey–Tikhonov regularization
term

Define a priori covariance matrices Sa assum-
ing 25 % ozone variability above 20 km, 50 %
ozone variability below 16 and 5 km inter-level
correlation

Measurement error UV: 1 %
VIS: 1 %

UV: 1 %
VIS: 0.5 %

2.1 OMPS LP

The OMPS LP sensor measures solar radiances scattered
from the atmospheric limb in the ultraviolet (UV) and visi-
ble (VIS) spectral ranges. The UV measurements are used to
retrieve ozone concentration in the upper and middle strato-
sphere, and visible measurements are used to retrieve ozone
in the lower stratosphere (McPeters et al., 2000). To expand
the sensor cross-track coverage the LP has three slits sepa-
rated horizontally by 4.25◦ (about 250 km). With 14 orbits
per day and roughly about 160–180 measurements per orbit
(∼ 1◦ latitude sampling), the LP provides full global cover-
age every 3–4 days (Kramarova et al., 2014).

Each LP slit has a 1.85◦ vertical field of view (FOV) that
corresponds to 112 km vertical extent at the tangent point.
This allows LP to cover an altitude range from 0 to 60 km
plus an offset allowance. The charge coupled device (CCD)
detector used in the LP can simultaneously collect scattered
solar radiances from all altitudes in the spectral range be-
tween 290 and 1000 nm. The spectral resolution of the LP
measurements varies from about 1.5 nm around 290 to 40 nm

for longer wavelengths near 1000 nm. In order to cover the
entire spectral and vertical range the OMPS LP splits each
vertical profile into two images: low-altitude (bright) sig-
nals are measured with the small aperture, whereas the high-
altitude (low intensity) signals are measured with the large
aperture. Measurements at short and long integration times
are interleaved over the nominal 19 s measurement duration
(Jaross et al., 2014). All six spectra (three slits and two aper-
tures) are captured onto a single focal plane, and three ozone
profiles (one for each slit) are produced every 19 s. Due to
bandwidth limitations data from all CCD pixels cannot be
downloaded from the instrument to the ground during the
normal operations, and only a relatively small subset of pix-
els, called the sample table, becomes available for the re-
trieval process. Data from downloaded pixels go through an
intermediate step, in which the raw measured radiances get
remapped onto regular (spectral and vertical) grids. The ver-
tical sampling of LP measurements is ∼ 1 km, but the actual
instrumental field of view (IFOV) is about 1.3–1.7 km.
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2.2 OMPS LP ozone retrieval algorithm adjustments

The OMPS LP retrieval algorithm employs the optimal es-
timation method to retrieve ozone profiles (Rodgers, 2000;
Rault and Loughman, 2013). The Gauss–Seidel limb scat-
tering (GSLS) radiative transfer model is used (Herman et
al., 1995; Loughman et al., 2005, 2015) to simulate limb-
scattered radiances. The Bass and Paur (Bass and Paur, 1985)
ozone cross sections are used in the LP algorithm. The a pri-
ori ozone profiles are based on the seasonal ozone climatol-
ogy derived from Aura MLS and ozone sonde observations
(McPeters and Labow, 2012). The scene reflectivity is de-
rived from the LP measurements at 675 nm.

The LP retrieval algorithm is designed to independently
retrieve ozone profiles from UV and VIS measurements us-
ing wavelengths pairs in UV range and triplets in VIS (Flit-
tner et al., 2000; Rault, 2005; Roth et al., 2007). To mini-
mize the sensitivity to the underlying scene reflectance and
absolute instrument calibration, measured radiances are first
normalized with radiances measured at high altitudes. In the
version 1 algorithm, UV radiances were normalized at 68.5
km and VIS radiances at 45.5 km. In version 2, the UV nor-
malization altitude was lowered to 65.5 km. In version 2.5 the
normalization altitudes were shifted even lower to 55.5 and
40.5 km for UV and VIS radiances, respectively, to reduce
contamination effects from stray light (SL) and polar meso-
spheric cloud (PMC) contaminations. The ozone climatolog-
ical profiles are used to simulate radiances at the normaliza-
tion altitudes. From the beginning of the OMPS mission and
until June 2017, the climatological profiles were scaled at
each iteration based on the ozone values retrieved at the pre-
vious step at the level 5 km below the normalization altitude.
Since July 2017 for the forward processing, we do not ap-
ply scaling and use the original climatological values to sim-
ulate radiances. Our analysis revealed very little difference
(∼ 1–2 %) in the ozone retrievals at levels 5–7 km below the
normalization altitude due to the climatology scaling.

Another key feature of the OMPS LP retrieval algorithm
is the use of wavelength pairs in UV and triplets in VIS to
minimize the effect of aerosol scattering. In the UV spectral
range, shorter wavelengths with strong ozone absorption are
paired together with a weak absorbing wavelength around
353–355 nm. In the Chappuis band, wavelength triplets are
used with one stronger absorbing wavelength close to the
band peak balanced by two weaker absorbing wavelengths
on either side of the peak around 500–510 and 673–675 nm.

Ozone profiles are retrieved independently from UV and
VIS spectral ranges, so that the measurement vector y con-
sists of UV pairs or VIS triplets. In version 1, all avail-
able UV wavelengths between 280 and 325 nm paired with
355 nm have been used to acquire ozone profiles in the mid-
dle and upper stratosphere with typically 36–50 UV pairs
being used depending on the sample table. In version 2,
wavelengths shorter than 289 nm and wavelengths in the OH
band (306.5–311 nm) were excluded to avoid errors associ-

ated with SL and OH contamination, respectively. We de-
creased the number of wavelength pairs to 3 in version 2.5.
The three selected UV wavelengths (302, 312 and 322 nm)
are sufficient to cover an altitude range between 28.5 and
50.5 km. The algorithm uses radiances from all three UV
wavelengths at 50.5 km, then cuts the 302 nm radiance be-
low 43.5 km and 312 nm radiance below 37.5 km. The main
rationale behind the decision of using fewer wavelengths was
to simplify the inversion algorithm in order to help calibrate
LP measured radiances (LP Level 1 product) and isolate er-
rors associated with height registration, SL contamination or
radiometric calibrations (see discussion in Sect. 4.1).

In version 1, the retrieval algorithm for the VIS range used
all wavelengths between 520 and 655 nm with ∼ 35 triplets
typically being used. In version 2, the spectral range was re-
duced to 549–633 nm leaving ∼ 17 triplets. In the current
version 2.5 algorithm, we use only one VIS triplet with the
central wavelength at 600 nm to retrieve ozone profiles in the
altitude range between 12.5 km or the cloud top (whichever is
lower) up to 35.5 km. If a cloud is detected (see Sect. 2.3 be-
low), an effective surface reflection is computed using mea-
surements at 675 nm to represent a weighting average of the
surface and cloud reflection, considering any clouds as being
present at the terrain height.

The optimal estimation method requires defining the a
priori covariance Sa and measurement error covariance Sε
matrices. In the original LP retrieval algorithm the a priori
covariance matrix was defined as the diagonal matrix with
100 % variability. To improve stability of the ozone retrievals
a Tikhonov’s regularization term was added into the optimal
estimation solution (see Eq. 1 in Rault and Loughman, 2013).

In version 2.5, the Tikhonov’s regularization term was re-
moved, but instead the a priori covariance matrices Sa have
been set assuming 25 % ozone variability above 20 km, 50 %
ozone variability below 16 and 5 km inter-level correlation:

Sa(ik)= w(i) · xa(i) ·w(k) · xa(k) · e
−|z(i)−z(k)|

L , (1)

where i and k are indices for altitude levels, xa is the a pri-
ori ozone profile which varies with season (12 months) and
latitude (18 100 latitude bins), L= 5.0 km is the characteris-
tic correlation length, z is the LP vertical grid (0.5, 1.5 . . .
50.5) and w is a set of weighting coefficients set to 0.25
(or 25 %) above 20 km and 0.5 (or 50 %) below 16 km with
a linear transition in between. These weighting coefficients
provide a first-order estimate for the vertical pattern of the
natural ozone variability based on analysis of McPeters and
Labow (2012) climatology.

The measurement noise covariance matrix Sε in version 1
was set as a diagonal matrix with each diagonal element be-
ing associated with the signal-to-noise ratio (SNR) for the
corresponding wavelength at a given altitude. The SNR is re-
ported for every single measurement, and it varies from 320
for 290 nm at 60 km to 1200 for 600 nm at 15 km. The SNR
is a calculated quantity that is aimed to accurately charac-
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terize the sensor’s detector noise. The analysis of the ran-
dom errors in LP measurements showed that the SNR signif-
icantly underestimates the actual measurement noise (Jaross
et al., 2014) that varies in a range between 0.5 and 1 %.
It is important to clearly distinguish a difference between
the SNR and the measurement uncertainty, which is intro-
duced in the inverse model for the purpose of constraining
ozone retrievals. For version 2, the measurement noise was
assumed to be ∼ 1 % for both UV and VIS retrievals. In the
current version 2.5, the measurement noise is prescribed to
be 1 % in UV spectral range and 0.5 % in VIS. According to
Rodgers (2000), both Sa and Sε covariance matrices can be
considered as the “tuning parameters” for the retrieval algo-
rithm to obtain reasonable retrievals. The main objective for
our selection of these tuning parameters was to obtain a verti-
cal resolution for ozone retrievals of ∼ 1.7–2.0 km across all
altitudes, which corresponds to the actual IFOV for the LP
sensor.

2.3 Cloud detection and aerosol retrievals

Clouds that are present along the line of sight of the LP sen-
sor shield the radiances scattered from lower altitudes and re-
flect a large portion of the incoming radiation, which makes
it extremely difficult to simulate limb-scattered radiances and
retrieve ozone values. For this reason the original OMPS LP
algorithm was designed to identify a cloud and start ozone re-
trievals from 1 km above the cloud top height (Rault, 2005).
A new approach for detecting cloud height was recently de-
veloped (Chen et al., 2016) and implemented in version 2.5.
This approach uses the spectral dependence of the vertical
gradient in radiance between two wavelengths in the visi-
ble and near-IR spectral bands to better discriminate between
clouds and aerosols compared to earlier results when the ra-
diance gradient from a single wavelength was used. Good
agreement was found between LP retrieved cloud heights and
coincident measurements by the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO) sensor
with the differences mostly range between −1 and +4 km
and the median difference ∼ 1.8 km (Chen et al., 2016).

The aerosol attenuation affects ozone retrievals even
though the use of wavelengths triplets aimed to reduce those
effects. However, in cases where the aerosol concentration
in the stratosphere is high enough (after volcanic eruptions)
or/and the ozone concentration is very low (e.g., tropical
UTLS), an explicit aerosol correction is required for accurate
ozone retrievals. The original OMPS LP retrieval algorithm
had an aerosol correction module built into it. The aerosol
profiles were retrieved first and then those profiles were used
in the ozone retrievals (Rault and Loughman, 2013). How-
ever, analyses revealed a problem with the aerosol correction
module that produced artificial structures in the ozone pro-
files. In version 2 the aerosol correction module was com-
pletely turned off. The analysis of version 2 ozone retrievals
demonstrated that the aerosol effects were largest in the

tropical UTLS, causing significant, consistent biases against
independent ozone observations. Recently the new aerosol
retrieval algorithm for the OMPS LP has been developed
(Loughman et al., 2017), and version 1 of the LP aerosol
dataset was released in February 2017. The LP v1 aerosol
extinction profiles had been compared with independent ob-
servations from OSIRIS and CALIPSO, and on average LP
aerosol extinction agrees within 20–25 % (Loughman et al.,
2017). These LP aerosol profiles are now used to explicitly
correct for aerosol contamination in the version 2.5 ozone
retrieval algorithm.

2.4 OMPS LP altitude registration

Accurate altitude registration is a key component of the
ozone uncertainty budget because an error of just 100 m in
tangent height (TH) can result in as much as 3 % error in
ozone at altitudes above 35 km. Shortly after the mission be-
gan, the OMPS team discovered that the pointing information
provided by the spacecraft star tracker system had a signif-
icant offset (∼ 1.4 km, later confirmed by other SNPP sen-
sors, e.g., VIIRS), most likely due to a shift in the relative
position of LP and the star tracker system during launch. To
complicate this matter, the star tracker system is not mounted
close to OMPS, leading to additional latitude and seasonally
dependent errors in sensor pointing at the OMPS location
due to thermal flexure of the spacecraft bus. In addition, an
unexpected thermal sensitivity of the instrument itself was
discovered, causing vertical and spectral shifts in the data in
the Northern Hemisphere (Jaross et al., 2014). Our analy-
sis has indicated ∼ 500 m shifts in vertical registration in the
Northern Hemisphere due to heating of the instrument, which
causes it to warp and changes the optical path inside the in-
strument.

A large fraction of our effort in the past 5 years has been
invested in development and implementation of two meth-
ods based on analysis of LP measured radiances (Moy et
al., 2017) to resolve altitude registration independent of the
star tracker. These methods are the Rayleigh scattering atti-
tude sensing (RSAS) and absolute radiance residual method
(ARRM). The RSAS method determines absolute altitude
errors using a ratio of radiances at 350 nm between 20 and
30 km, but, because the method is susceptible to aerosol in-
terference, it is limited to latitudes and time periods with
minimal aerosol contamination. The ARRM looks at vertical
gradients of short UV radiances at∼ 295 nm for altitudes be-
tween 40 and 65 km and is suitable to monitor relative change
in the altitude registration. The ARRM can also detect abso-
lute errors, but it is used here only to evaluate relative errors
due to its sensitivity to instrument SL and dependence on the
quality of pressure data at altitudes above 60 km. The com-
bined accuracy of our two altitude registration methods is
about ±200 m.

The RSAS results confirm a 1–1.5 km spacecraft initial
pointing error, which is confirmed by another instrument on
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Figure 1. Intra-orbital and seasonally varying corrections in the OMPS LP altitude registration derived from the ARRM (see text for the
details) for each LP slit. The corrections are expressed in meters and shown as functions of event number along the orbit (x axis) and day of
the year (y axis). Event number along the orbit does not directly correspond to a specific latitude, because OMPS LP acquires solar-scattered
measurements and the latitude where LP makes its first measurement on orbit varies seasonally with the solar zenith angle. Our analysis
of measured radiances strongly suggests that the altitude registration error depends on the event number (or the time that the instrument is
exposed to solar light) rather than the geographic latitude.

board the Suomi NPP satellite. In version 2 the static altitude
corrections of 0.58, 1.18 and 1.75 km for the left, center and
right slit, respectively, had been implemented.

In the v2.5 processing, the static altitude corrections have
been refined to 1.12, 1.37 and 1.52 km (which is ∼ 190 m
change for the center slit relative to version 2). Analysis of
ARRM results revealed two distinct 100 m jumps in the LP
pointing altitude, one from a known spacecraft pitch adjust-
ment on 25 April 2013 and another caused by spacecraft in-
clination adjustment maneuvers near 5 September 2014. A
+100 m adjustment was therefore applied in version 2.5 on
each of these two dates. The ARRM results were also used to
create a slit-based, intra-orbital, seasonally varying altitude
corrections, shown on Fig. 1, which have been employed in
v2.5 as well. The intra-orbital correction varies by slit with
the greatest intra-orbital change of ∼ 400 m for the left slit,
∼ 350 m for the center and ∼ 300 m for the right. For all
slits the greatest intra-orbital correction occurs between June
and July. In the beginning of orbit corrections are positive

∼+200 m and with close to 0 m corrections in the southern
tropics. At the end of the orbit, in the Northern Hemisphere,
corrections tend to be ∼−100 m.

2.5 Stray light correction

Jaross et al. (2014) provide a full description of the SL cor-
rections that had been implemented in the version 2 produc-
tion. The SL corrections in both UV and VIS were based on
the pre-launch point-spread-function (PSF) measurements.
Jaross et al. (2014) also describe the thermal adjustments in-
troduced to address an unexpected thermal sensitivity of the
instrument.

Further analysis revealed that the PSF-based corrections
are insufficient. In version 2.5, empirical corrections were
employed for VIS measurements only to quantify the resid-
ual SL error. This empirical technique had been previously
used to calibrate limb scattering measurements from GO-
MOS (Taha et al., 2008) and SAGE III (Rault, 2005). The
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Figure 2. Systematic and random errors for satellite ozone retrievals in the midlatitudes (a) and tropics (b). Different colors correspond to
various satellite instruments. Dashed lines show random measurement errors (retrieval precisions) for all considered satellite instruments.
Solid lines show known, reported systematic errors for OMPS LP version 2.5 and MLS version 4 ozone retrievals in percent from the mean.

technique derives an empirical scale factor (∼ 1.2) that is
used to multiply the existing PSF-based correction. The
scaled PSF corrections have been applied to the VIS mea-
surements to reduce the residual SL. The SL corrections in
UV are the same as in version 2.0 because this technique
could not be applied in the UV.

3 Correlative satellite ozone datasets and
validation methods

3.1 Aura MLS

The MLS instrument on board the Aura satellite was
launched on 15 July 2004 (Livesey et al., 2006). MLS mea-
sures thermal microwave emission from the Earth’s atmo-
spheric limb to retrieve vertical profiles of atmospheric tem-
perature and trace gases from the upper troposphere up to the
mesosphere. The ozone profiles are derived from 240 GHz
measurements and reported as volume mixing ratios on a
fixed pressure scale. The MLS retrieval algorithm employs
the standard optimal estimation technique (Rodgers, 2000).
To account for the inhomogeneity along the line of sight,
the MLS retrieval algorithm simultaneously retrieves several
vertical profiles along the orbital track. The vertical resolu-
tion of the MLS ozone retrievals in the stratosphere is∼ 3 km
and increases to 5.5 km in the mesosphere.

In this study we use the newest version 4.2x of MLS data,
and we filtered the data using recommendations provided by
Livesey et al. (2015). Typical retrieval precisions and sys-
tematic errors for MLS ozone profiles are shown in Fig. 2.
For validation purposes we limited MLS data to daytime ob-
servations at 13:30 local time and accepted data with so-

lar zenith angles smaller than 89◦. The previous version 3.3
of MLS ozone data was thoroughly characterized in the re-
cent assessment of the limb satellite measurements against
ground-based lidar and sonde observations (Hubert et al.,
2016). Biases for MLS ozone measurements are typically
about ±5 % or less in the stratosphere with larger systematic
biases in the tropical UTLS. Hubert et al. (2016) found that
the Aura MLS ozone data record is stable with no significant
drifts in the middle stratosphere.

3.2 ACE-FTS

The Atmospheric Chemistry Experiment Fourier Transform
Spectrometer (ACE-FTS) is a solar occultation limb sounder
that operates in the 750 to 4400 cm−1 spectral region. ACE-
FTS was launched in August 2003 on board the SCISAT
satellite and provides profiles of atmospheric temperature,
pressure and more than 30 trace gases. Measurements are
taken every 2 s twice per orbit, during sunset and sunrise. The
ACE-FTS covers vertical range from ∼ 5 km up to 150 km
with the vertical FOV of ∼ 3–4 km and a vertical sampling
of ∼ 2–6 km. Ozone profile retrievals are limited to altitudes
between 5 and 101 km. The retrieval algorithm employs the
nonlinear least-squares technique to fit the observed spectra
to the simulated one using the forward model calculations
(Boone et al., 2005).

We use the most recent version 3.6 of the ACE-FTS data
(Boone et al., 2013) and apply filters to remove physically
unrealistic outliers from the data (Sheese et al., 2015). Even
after the screening, we found large anomalies for several
ACE profiles in the tropical UTLS (< 18 km) that led to sig-
nificantly greater noise in the comparisons. We had to put
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additional screening removing all profiles for which ozone
values between 14.5 and 17.5 km are 5 times larger or smaller
than the ACE mean values for 20◦ S–20◦ N latitude. This
screening removed about 20 profiles, which is less than 2 %,
from all available ACE profiles in 20◦ S–20◦ N latitude bin.

Comparisons with MIPAS and MLS, presented by Sheese
et al. (2016), showed that ACE-FTS ozone retrievals typi-
cally agree within 5 % in the middle stratosphere and exhibit
positive biases of ∼ 10–20 % in the upper stratosphere and
lower mesosphere. ACE retrievals have the smallest preci-
sion in the middle stratosphere among the instruments con-
sidered in this study (see Fig. 2).

3.3 Odin OSIRIS

The OSIRIS instrument was launched in February 2001 on
board the Odin satellite (Llewellyn et al., 2004). OSIRIS
measures the limb-scattered sunlight in the range from 280 to
800 nm with 1 nm spectral resolution in a manner very simi-
lar to OMPS LP. The instrument scans the atmospheric limb
between 7 and 70 km at a rate of 0.75 km s−1 and covers the
latitude range between 82◦ S and 82◦ N with the ascending
node Equator crossing local time around 18:00. The ozone
profiles are retrieved using multiplicative algebraic recon-
struction technique (Degenstein et al., 2009) between 10 km
or cloud top and 60 km. The retrieval algorithm simultane-
ously uses and merges information from UV and VIS radi-
ances. Retrieval precisions for OSIRIS are shown in Fig. 2.

As a limb scattering instrument, the OSIRIS is very sen-
sitive to the accuracy of the sensor pointing altitude. Hubert
et al. (2016) found a significant drift in OSIRIS ozone time
series with increases versus altitude. Detailed analysis per-
formed by Bourassa et al. (2018) showed that this drift in
ozone time series is due to a systematic error in the sensor
pointing altitude. The pointing drift has a seasonal compo-
nent and increases in magnitude since 2010. The drift in the
OSIRIS altitude registration is also responsible for the larger
positive trends derived from the merged SAGE II–OSIRIS
dataset (e.g., Harris et al., 2015). In this study, we use the
newest version 5.10 of OSIRIS ozone data with the corrected
drift in the sensor pointing altitude (Bourassa et al., 2018).
To validate OMPS LP ozone retrievals, we use OSIRIS data
between April 2012 and June 2017.

3.4 Methodology

In order to compare ozone measurements derived from dif-
ferent instruments, it is important to consider the spatial and
temporal coverage of the different instruments and properly
set collocation criteria. Our spatial collocation criteria are the
following: profiles should be within ±2◦ latitude from each
other with the distance between them less than 1000 km. We
require that observations have been made within ±12 h for
ACE–OMPS and OSIRIS–OMPS pairs. For instance, both
MLS and OMPS LP instruments are on board polar-orbiting

satellites with the Equator crossing time around 13:30. Both
instruments have a dense spatial and temporal sampling. For
MLS–OMPS pairs the temporal criteria is limited to ±5 h.

Figure S1 in the Supplement shows ozone differences be-
tween OMPS LP and ACE-FTS as a function of the distance
between the measurements. We found stronger dependence
on distance in the lower stratosphere and also in the vicinity
of polar vortices, where an increase in distance might lead
to sampling of different air masses with significantly differ-
ent ozone morphology. Stricter coincidence criteria in these
cases lead to a smaller spread for the differences (Fig. S1 in
the Supplement). However, our goal is to study global pat-
terns in ozone fields, and a larger number of matching pro-
files gives more robust and statistically significant results.
The collocation criteria chosen here provide a reasonable bal-
ance between the size of the statistical pool and the physical
ozone variability.

In this study, we analyze ozone profiles on the LP native
coordinate system (number density on altitude grid), which
requires units conversion for MLS and ACE retrievals. MLS
volume mixing ratios were first interpolated on the LP ver-
tical altitude scale using MERRA-2 FP pressure profiles re-
ported with OMPS LP data. These mixing ratios were con-
verted into number densities using the MERRA-2 FP an-
cillary pressure and temperature profiles. We did not use
MLS geopotential height profiles because of their known
drift (Livesey et al., 2015; Hubert et al., 2016). ACE vol-
ume mixing ratios were converted to number densities using
retrieved ACE pressure values. Since ACE data are reported
on the altitude scale, no interpolation was required. No unit
conversion or vertical scale interpolation is needed for the
OSIRIS data that are retrieved as number densities on the
same altitude grid as OMPS LP.

If a cloud is detected, the LP algorithm does not retrieve
ozone below the cloud top. We cut matching correlative
ozone profiles at the cloud top altitude as well to avoid bi-
ases due to different sampling in cloudy and cloud-free con-
ditions. In this study, we do not account for small differences
in the vertical resolution of the instruments, thus assuming
that the vertical resolution is similar among considered in-
struments.

Using sets of matching profiles, we compute mean biases
and the corresponding standard deviations to assess the ac-
curacy and precision of the OMPS LP ozone profiles. The
biases b are calculated as an average difference between LP
X̂OMPS and reference X̂ref instrument retrievals. The relative
biases are calculated by dividing an average difference by the
mean values of the reference instrument:

b (z)=

N∑
n=1

(
X̂(z)OMPS− X̂(z)ref

)
N

, (2)

where N is a number of matching profiles for each pair of
instruments and z is altitude.
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The standard deviations for the biases are computed as

σ(z)2 =

N∑
n=1

(
X̂(z)OMPS− X̂(z)ref− b(z)

)2

N
. (3)

To investigate latitudinal patterns of the relative differences
between pairs of instruments we calculated biases against all
three correlative instruments in five wide (30 or 40◦) latitude
bins using all matching profiles that fall in each latitude bin
(90–60◦ S, 60–20◦ S, 20◦ S–20◦ N, 20–60◦ N and 60–90◦ N).
Since we have many matches between LP–MLS and LP–
OSIRIS we further binned data in the 5 and 10◦ latitude bins,
respectively. We computed correlation coefficients between
pairs of instruments in a similar manner for wide and/or 5 or
10◦ latitude bins.

For dense samplers like MLS and OSIRIS there are hun-
dreds of matching profiles per day. To examine the stabil-
ity of the LP ozone record and to study the ozone temporal
evolution and global distribution, we constructed daily zonal
mean (dzm) time series by binning matching profiles for each
day in 5 or 10◦ latitude bins for LP–MLS and LP–OSIRIS,
respectively. From these dzm time series we further created
monthly zonal mean (mzm) time series. Since we have more
than 5 years of observations, we derived seasonal ozone cy-
cles by averaging all mzm values for a specific month.

To assess the stability of the LP ozone record we first
remove seasonal cycle independently from individual mzm
time series and compute differences between deseasonalized
anomalies. Then a linear regression is fitted to the differ-
ences between deseasonalized anomalies. We deseasonalize
anomalies to reduce persistence in the time series of residu-
als. This way we can assume that the residuals are random
and normally distributed. Linear regression provides a sim-
ple way to estimate a linear drift. The standard error for the
slope of the linear regression is estimated using

σslope (z)=

√
d2(z)
N−2√

N∑
i=1
(pi −p)2

, (4)

where d2 (z)=
N∑
i=1
(1i(z)− a− bpi)

2 is the sum of the

squared deviations between the seasonal anomaly differences
1 and linear regression fits (a+ bp) at altitude z, N is the
number of months, p is time and a and b are regression co-
efficients. Assuming a normal distribution, the 95 % confi-
dence level of the slope is estimated as 2 times the standard
error (Wilks, 2006).

4 Results

This section presents the evaluation of OMPS LP ozone re-
trievals in version 2.5. The section is divided into several sub-

sections. In Sect. 4.1 we show results of the internal analy-
sis and summarize our theoretically estimated systematic er-
ror for OMPS LP. Section 4.2 presents comparisons between
the new version 2.5 and the previous version 2. Section 4.3
shows mean differences between OMPS LP version 2.5 and
correlative satellite measurements. Section 4.4 is dedicated to
analyses of global ozone patterns. Section 4.5 evaluates the
stability of the version 2.5 OMPS LP record, and Sect. 4.6
reviews the quality of the ancillary data.

4.1 Internal analysis of OMPS LP measurements

Limb scatter retrievals typically suffer from altitude registra-
tion and SL errors. OMPS LP is no exception. In a first of its
kind design, the LP CCD detector simultaneously measures
solar radiances scattered from the atmospheric limb between
0 and 80 km and wavelengths from 290 to 1000 nm, signifi-
cantly reducing the cost and improving the reliability of the
instrument. This approach has its drawbacks related to in-
ternally scattered SL and false vertical structures caused by
radiometric errors (Jaross et al., 2014).

The altitude registration methods and altitude adjustments
applied to version 2.5 processing are described above in
Sect. 2.4. The combined accuracy of the two altitude reg-
istration methods is about ±200 m. For LP a 200 m uncer-
tainty in TH leads to 4–6 % error in ozone at altitudes above
35 km (see Fig. S2 in the Supplement), and currently it is
the largest source of known systematic errors in LP measure-
ments (see Table 2). It is also important to ensure that there
is no drift over time in the sensor pointing. Any drift in al-
titude registration will inevitably translate into an artificial
trend in the LP ozone dataset. This is why after version 2.5
processing was completed, our team checked the measured
radiances and residuals using our altitude-resolving methods.
One of the methods (RSAS) detected a 100 m drift in sensor
pointing over 5.2 years that is clearly seen in radiances from
all three slits (see Fig. S3 in the Supplement). The drift in
altitude registration seems to occur after mid 2016. Results
from the ARRM cannot undeniably confirm this drift. Our
LP team is working to resolve differences between the two
methods and attribute the observed drift. The total error bud-
get, summarized in Table 2, accounts for these uncertainties
in accuracy and stability of the sensor pointing.

Radiometric errors also contribute to the systematic error
in LP ozone retrievals. The OMPS LP ozone algorithm uses
altitude normalized radiances such that any radiometric er-
rors that are independent of altitude will cancel. Thus our
main concern is radiometric errors that vary with altitude.
These include SL errors, small spectral shifts that change
with altitude and small changes in the CCD detector effi-
ciency in both vertical and spectral dimensions.

The initial analysis of LP ozone retrievals has revealed per-
sistent artificial structures in LP ozone retrievals (∼±3 %).
The downward propagating patterns observed in compar-
isons with MLS are also found in comparisons with other
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Table 2. Known systematic errors in OMPS LP ozone retrievals.

Altitude Error in O3 (%) Drift in O3 (% yr−1) Errors in O3 (%)
(km) due to ±200 m error in due to drift in altitude due to systematic errors

altitude registration registration (∼ 100 m/5.2 yr) the measured radiances

< 15 km ∼±5–10 ∼ 0.5–1.0 ±3
20 km ∼±10 ∼ 1.0 ±3
25 km ∼±0 ∼ 0 ±3
30 km ∼±2 ∼ 0.2 ±3
35 km ∼±5 ∼ 0.5 ±3
40 km ∼±5 ∼ 0.5 ±3
45 km ∼±5 ∼ 0.5 ±3
50 km ∼±5 ∼ 0.5 ±3
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Figure 3. Panels (a–b) show mean differences (%) between LP and MLS ozone profiles on 23 October 2015 and 2 weeks later on 5 Novem-
ber 2015. The grey arrows show one of the artificial structures found in LP ozone retrievals that repeat from orbit to orbit with remarkable
precision. Panels (c–d) show results of the internal analysis of measured (c) and calculated (d) radiances at 312 nm on 23 October 2015. The
subtle structures in measured radiances (not seen in calculated radiances) mimic structures observed in LP ozone retrievals.

independent instruments (see Fig. 3a–b). These structures re-
peat from orbit to orbit with remarkable precision. There is
also evidence that these structures have changed over 5 years
of instrument operation, possibly as a result of altitude or
spectral registration drifts (see Sect. 4.5 for details).

To map these ozone anomalies to a specific instrument
problem we analyzed the Level 1 radiance measurements
(Fig. 3c). Because the original OMPS LP ozone retrieval
algorithm has been simplified in the version 2.5 process-
ing by reducing the number of wavelengths, the retrieved
ozone now is more sensitive to Level 1 measurement errors

at specific wavelengths and altitudes. Our analysis revealed
subtle systematic errors (∼±1–3 %) in measured radiances
(Fig. 3c) not seen in calculated radiances (Fig. 3d), which
were computed with the GSLS radiative transfer model us-
ing the OMPS LP retrieved ozone profiles. These errors are
most likely due to small variations in CCD pixel-to-pixel cal-
ibration in both the vertical and spectral dimensions. The ge-
ometry of LP observations changes over the orbit such that
the same CCD pixel sees different altitudes along the orbit;
this effect is more prominent in the Southern Hemisphere.
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Figure 4. Mean biases in the UV ozone retrievals (29.5–53.5 km) between the two OMPS LP versions: version 2.5 and version 2. Panel (a)
shows the bias as a function of latitude and height (on 5◦ latitude grid). Panels (b–f) show vertical profiles of the differences in five wide
latitude bins.

This systematic error leads to artificial latitudinal structures
in the LP ozone data.

Attributing and removing these instrumental artifacts is a
high priority for the NASA OMPS LP Team. We are cur-
rently working on resolving these errors through calibra-
tion updates. Alternatively, if this issue cannot be resolved
through calibration updates, we will search for an algorith-
mic solution to minimize the sensitivity of the LP retrievals
to these subtle structures. But for now, we include these sys-
tematic errors in the total error budget (Table 2).

The goal of this study is to evaluate the OMPS LP ozone
dataset, check our estimates of the systematic errors (de-
scribed above) and isolate and characterize observed errors
that cannot be fully explained by the known systematic er-
rors. The attribution of observed ozone errors to a specific
cause is a challenging process. The underlying instrument
errors tend to produce complex patterns in ozone retrievals
that vary with latitude and season.

Observed biases between the three LP slits demonstrate
the complexity of the problem (see Fig. S4). Some fraction
of these biases are due to remaining altitude registration off-
sets between the slits. The systematic radiometric errors dif-
fer from slit to slit creating artificial latitudinal structures in
the ozone biases between the slits. The analysis of measured
radiances also confirmed that SL errors are much greater in
the left and right slits compared to the center slit. For this rea-
son, it was decided we would not release data from the left

and right slits at this time. Only data from the center slit have
been publically released in this new version 2.5 processing
and we focus below on analyses of LP data from the center
slit only.

4.2 Comparisons between OMPS LP version 2 and
version 2.5

All LP data starting from April 2012 have been processed
with version 2.5, which now has more than 5 years of over-
lap with the previous version 2. In this section we provide
comparisons between the two versions over the time period
from 1 April 2012 up to 1 May 2017. Mean differences be-
tween the two versions as a function of latitude for UV and
VIS ozone LP retrievals are shown in Figs. 4 and 5, respec-
tively. Differences in the UV range have a clear latitudinal
pattern with somewhat positive differences over the Southern
Hemisphere and negative differences in the Northern Hemi-
sphere, and a transition region over the southern subtropics.
These differences are mostly driven by the intra-orbital, sea-
sonally varying corrections in the sensor altitude registration
implemented in version 2.5 (see Fig. 1). The intra-orbital cor-
rections for the center slit vary by about 400 m between the
south and north poles, with a positive adjustments of ∼ 200–
300 m in the beginning of the orbit and negative correction
−100 m at the end of the orbit. These altitude corrections
lead to consistent, latitude-dependent biases between the two
versions at all altitudes above ∼ 30 km (see the top panel in
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Mean bias VIS OMPS-LP v2.5 - LP v2, (%),center slit
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Figure 5. Same as Fig. 5 but for the VIS ozone retrievals in the vertical range between 12.5 and 35.5 km.

Fig. S5 in the Supplement). The static altitude correction and
two 100 m steps also contribute to the overall differences be-
tween the versions.

Since the new version uses only three UV pairs, the alti-
tudes where the algorithm transitions from one wavelength
pair to another (37.5 and 43.5 km) are now clearly seen in
the differences. In addition, the increased sensitivity of the
version 2.5 algorithm to the systematic errors in the measure-
ments means that vertical oscillations and artificial latitudinal
structures becomes more pronounced in the ozone retrievals.
In general, the differences between the two versions in the
UV range are smaller than 10 % (and mostly within ±5 %)
and fully agree with our expectations based on the changes
implemented in version 2.5 processing.

The largest changes from version 2 to version 2.5 are ob-
served for the VIS retrievals with up to 60 % differences in
the lowermost stratosphere (see Figs. 5 and S5 in the Supple-
ment). The aerosol correction module implemented in ver-
sion 2.5 is responsible for smaller ozone values in the low-
ermost stratosphere and upper troposphere in the new ver-
sion. Stratospheric aerosols attenuate solar light at the tan-
gent point, and, if not properly accounted for, this effect leads
to overestimation of ozone in the satellite retrievals. Ver-
sion 2 retrievals tended to systematically overestimate ozone
in the lowermost stratosphere, because the aerosol correc-
tion module was turned off. The reduction of ozone in ver-
sion 2.5 is expected to significantly improve the OMPS LP
ozone product in the UTLS region compared to version 2 (see
Fig. S6 in the Supplement). We observe an ozone increase

in the middle stratosphere between 20 and 25 km, which is
more pronounced in the tropics and northern midlatitudes.
This increase is most likely related to the combined effects
from altitude registration corrections (that decreases ozone
above the peak and increases it below), aerosol and SL cor-
rections. The effect of the altitude correction is larger in the
tropics (see Fig. S2 in the Supplement) and smaller in middle
and high latitudes; thus it seems like a plausible explanation
of the ozone changes in the tropics.

Two 100 m altitude corrections in April 2013 and Septem-
ber 2014 are mostly responsible for the relative drift between
the two versions (see Fig. 6). The intra-orbital and static cor-
rection also contribute slightly to the relative drift, modifying
the amplitude at different latitudes. A 200 m change in alti-
tude registration will create about 4–6 % drift over 5 years
in ozone above∼ 35 km. The observed relative drift between
the two versions is about 1 % yr−1 or 5 % over 5 years, which
is in agreement with the implemented corrections. However,
above 43 km the drift is somewhat stronger, close to 2 % yr−1

which might point to a possible drift in shorter UV channels
or time-dependent changes in the SL either at those altitudes
or at the normalization altitude (55 km).

4.3 Comparisons with independent satellite datasets

OMPS LP started operational measurements in April 2012,
and currently LP has more than 5 years of overlap with sev-
eral satellite missions: Aura MLS, Odin OSIRIS and ACE-
FTS. We compared OMPS LP with MLS up to Septem-
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Figure 6. Relative drift between OMPS LP version 2.5 and OMPS LP version 2. Panel (a) shows the drift as a function of latitude and height
(on 5◦ latitude grid). Panels (b–f) show vertical structures of the drift in five wide latitude bins. Horizontal error bars show 1σ errors for the
linear fit. Red lines indicate drifts for the UV ozone retrievals and blue lines for VIS.

ber 2017, with ACE-FTS up to August 2017 and with
OSIRIS up to June 2017. The total numbers of matching pro-
files between pairs of instruments in each wide latitude bin
are shown in Fig. 7. Individual ozone retrievals for OMPS LP
and ACE-FTS are illustrated in Fig. S7 in the Supplement
along with the reported precisions. In many cases LP and
ACE agree within the reported precisions, but in some cases
the differences between two instruments are larger than re-
ported random error bars. This is true for all considered pairs
of instruments.

The mean biases for UV LP ozone retrievals between
29.5 and 53.5 km against correlative measurements are pre-
sented in Fig. 8. The upper panel of Fig. 8 shows mean bi-
ases between LP and MLS as functions of latitude and al-
titude (5◦ latitude bins), and the middle panel demonstrates
biases relative to OSIRIS (10◦ latitude bins). Lower panels
in Fig. 8 show mean biases against all three instruments as
functions of altitude in five wide latitude bins. The standard
errors of the mean are smaller than the width of the lines. In
the UV range biases are well within ±10 % (in many cases
within ±5 %) between 30 and 45 km, which satisfy the ini-
tial requirements for the LP retrievals (Rault and Loughman,
2013). Between 29 and 41 km LP tends to show larger val-
ues than OSIRIS and the relative LP bias is on the order of
4–10 %, while biases versus MLS and ACE-FTS in this alti-
tude range are <±5 % and tend to oscillate around 0 %. The
standard deviations of differences, shown in Fig. S8 in the
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Figure 7. Total number of matching profiles for each pair of instru-
ments in five wide latitude bins. Red bars show number of matching
profiles between Aura MLS and LP, blue bars for Odin OSIRIS and
LP and green bars for ACE-FTS and LP. Please note that the y axis
shows number of measurements in logarithmic scale.

Supplement, are∼ 5–10 % and do not vary significantly with
altitude up to 47 km. Above 47 km standard deviations tend
to increase up to 10–12 %.
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Figure 8. Mean biases for the UV ozone retrievals from OMPS LP version 2.5 against correlative satellite measurements. Panel (a) shows
the bias with Aura MLS version 4 as a function of latitude (on 5◦ latitude grid) and height. Panel (b) shows the bias with Odin OSIRIS
version 5.10 (on 10◦ latitude grid). Panels (c–g) illustrate vertical structures of the mean biases against Aura MLS (red), Odin OSIRIS (blue)
and ACE-FTS (green) in five wide latitude bins. The standard error of the mean is smaller than the width of the lines.

Above 43 km we observe consistent negative biases
against all considered instruments. The estimated systematic
error for LP retrievals above 40 km is 7–9 and ∼ 5–7 % for
MLS. The observed differences between LP and MLS are
within the combined systematic error bars for these instru-
ments. A systematic positive bias for ACE-FTS retrievals
of ∼ 10–20 % in the upper stratosphere and mesosphere has
been reported by Sheese et al. (2016). Our study also shows
that ACE-FTS overestimates ozone in the upper stratosphere
compared to LP, but biases between LP and ACE-FTS ex-
ceed −20 % above 50 km. In this region, the biases between
OSIRIS and LP range between −8 and −15 %. There is a
common feature across all comparisons: biases are very close
to 0 % at 41 km and start to rapidly increase above.

The diurnal cycle (e.g., Parrish et al., 2014) can explain
a small fraction of the observed differences among instru-
ments in the upper stratosphere and mesosphere, where
ozone rapidly decreases at the sunrise and relaxes back af-
ter the sunset driven by photochemistry. This effect becomes
prominent at altitudes above ∼ 45 km, and day to night dif-
ferences could reach up to 10 % at 52 km. Because ACE-FTS
is a solar occultation instrument and makes measurements
during sunrise and sunset, and OSIRIS makes measurements
at ∼ 18:00 local time, they are expected to measure larger
ozone concentration than the instruments that observe ozone
during the daytime (Parrish et al., 2014). However, the diur-
nal cycle cannot fully explain the differences we found in our
analysis.
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Figure 9. Same as Fig. 8 but for the VIS OMPS LP retrievals.

Other apparent features in the spatial patterns of differ-
ences are persistent structures caused by the systematic er-
rors in LP measurements. These artificial structures in OMPS
LP data produce systematic errors in the LP measurements
that become apparent when LP data are compared with other
measurements. These errors are responsible for vertical oscil-
lations in the LP retrievals and produce a pronounced pattern
as a function of latitude (see discussion in Sect. 4.1).

It is important to note here that the observed patterns in dif-
ferences for UV retrievals are not consistent with the patterns
that would be expected if there is an offset in altitude regis-
tration. The shift in the altitude registration would produce
an error in ozone that has the same sign and magnitude at all
altitudes above ∼ 30–35 km (see Fig. S2 in the Supplement).
Our comparisons do not reveal such patterns, which allows us
to conclude that the LP altitude registration is within the re-
ported±200 m. The observed biases do not vary with latitude

above 30 km (see Fig. S9 in the Supplement), confirming our
implemented intra-orbital corrections.

The biases for the VIS LP retrievals are shown in Fig. 9.
Biases are well within the required 10 % above 18 km with
the exception of the northern midlatitudes (north of 45◦ N)
between 21 and 30 km, where we observe systematic nega-
tive biases on the order of 10–15 %. These negative biases
are caused by the unexpected thermal sensitivity of the in-
strument, which affects both pointing knowledge and wave-
length registration. In addition to the thermal problem, sun-
light comes closest to entering the sensor aperture as the in-
strument approaches the northern terminator. The first-order
corrections for the thermal effect had been implemented in
both versions – version 2 and version 2.5 – but the residual
effects are still seen in the ozone data.

In the tropical UTLS, the biases get larger. We observe
large positive biases∼ 30 % in the tropical lower stratosphere
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Figure 10. Mean biases between the UV and VIS OMPS LP ozone retrievals in version 2.5 as functions of latitude. Panel (a) shows differ-
ences at 30.5, 31.5 and 32.5 km, while panel (b) presents differences at 33.5, 34.5 and 35.5 km. Error bars indicate 1σ standard deviations of
the differences.

(17–20 km) against OSIRIS measurements. We also see pos-
itive biases against MLS but much smaller in magnitude (up
to 6–12 %). In the tropical upper troposphere LP has a nega-
tive bias of ∼ 20–30 % against all instruments.

In the midlatitude lower stratosphere, LP tends to have
a negative bias against all instruments with smaller biases
against OSIRIS. Differences are typically smaller than 10 %,
except for the southern midlatitudes (40–60◦ S) below 19 km,
where we see large negative biases up to 15 % relative to
MLS and ACE-FTS. However, in version 2.5, the biases get
smaller in the lower stratosphere than we observed in ver-
sion 2 (see Fig. S6 in the Supplement) because of the explicit
aerosol correction implemented in the new version.

We also computed differences for partial ozone columns
in UV range between 31.5 and 52.5 km and VIS range be-
tween 12.5 and 30.5 km against MLS and OSIRIS, shown in
Fig. S10 in the Supplement. For UV partial columns we see
agreement with MLS within 1 %, but a positive bias of 2–
3 % against OSIRIS. For VIS partial columns we see good
agreement with MLS in the tropics with biases close to 0 and
positive biases of ∼ 5 % with OSIRIS. In the subtropics we
see negative biases against both MLS and OSIRIS on the or-
der of 3–7 %.

In the altitude range between 29.5 and 35.5 km VIS and
UV retrievals from OMPS LP overlap. Our analysis show
that there is a consistent bias between UV and VIS retrievals.
Figure 10 shows mean differences between UV and VIS re-
trievals for several altitudes between 30 and 35 km. The dif-
ferences range from −5 to 15 % with overall positive bias,
meaning that UV retrievals tend to overestimate ozone com-

pared to VIS. Smaller differences are observed over the trop-
ics, where they are mostly not significant within 1σ standard
deviation. In the northern middle and high latitudes there is
a systematic bias of 5–15 %, which is due to observed neg-
ative biases in VIS retrievals caused by the thermal effect.
There is also a positive bias of ∼ 15 % in the high southern
latitudes ∼ 60◦ S. The main reason for the observed differ-
ences between UV and VIS retrievals is the inconsistency in
calibrations between UV and VIS measured radiances. De-
spite large efforts invested in radiance calibrations, the re-
maining uncertainties in the radiometric calibration and al-
titude and wavelength registration produce these offsets be-
tween UV and VIS ozone retrievals. We recommend using
VIS retrievals up to 31 km. In the rest of this paper, profiles
with an altitude range from 12 to 53 km are a combination
of UV and VIS OMPS LP retrievals, with UV only retrievals
used between 31.5 and 52.5 km and VIS only between 12.5
and 30.5 km (no averaging or weighting).

We also computed correlation coefficients between match-
ing OMPS LP ozone profiles and correlative measurements
(see Fig. 11). We see strong correlation (> 0.75) for the entire
altitude range in the subtropics. The correlation with MLS
seems to be stronger than with other instruments, probably
due to greater number of matches and typically smaller tem-
poral and spatial differences between OMPS and MLS mea-
surements. It is interesting to note that the correlation drops
in the northern and southern midlatitudes around 25 km,
which corresponds to altitude just above the peak in ozone
number density. The correlation is smaller in the tropics,
ranging from 0.4 to 0.8 above 18 km and gets weaker in
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Figure 11. Correlation coefficients between OMPS LP version 2.5 ozone profiles and correlative satellite measurements. Panel (a) shows the
correlation between OMPS LP v2.5 and Aura MLS as a function of latitude and altitude (on 5◦ latitude grid). Panel (b) shows the correlation
between LP and OSIRIS (on 10◦ latitude grid). Panels (c–g) show vertical structures of the correlation in five wide latitude bins.

the tropical upper troposphere. The weaker correlation in the
tropical stratosphere could be due to smaller natural ozone
variability in this latitudinal zone. There is also a drop in cor-
relation in the tropics around 27 km.

4.4 Global ozone variability

It is important to check how well OMPS LP can measure
ozone variability and characterize vertical ozone distribution
in different atmospheric regions most sensitive to changes
in the stratospheric composition and dynamics. Figure 12
shows the mean ozone profiles and ozone variability rela-
tive to the mean as a function of latitude for OMPS LP, MLS
and OSIRIS. These metrics were calculated at a 5◦ latitude

grid for OMPS LP and MLS and at a 10◦ grid for OSIRIS.
Overall, good agreement can be seen between the three in-
struments in defining the global pattern of the ozone vertical
distribution. The altitude of the maximum ozone concentra-
tion, vertical gradients and latitudinal patterns are very simi-
lar across the instruments. There is a discontinuity in OMPS
LP data around 31 km due to differences between UV and
VIS retrievals (described in the previous section). The pat-
terns of the ozone variability indicate that in the tropical mid-
dle and upper stratosphere ozone does not change much, and
the typical variability there is less than 10 %. The variabil-
ity increases in the middle and high latitudes, where it also
strongly depends on the season (see Fig. S11 in the Supple-
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Figure 12. Mean ozone values (left column) in cm−3 and ozone variability (right column) in % as functions of latitude and altitude for three
satellite instruments: OMPS LP (a–b), Aura MLS (c–d) and OSIRIS (e–f). Data for OMPS LP and MLS are shown on 5◦ latitude grid,
while OSIRIS values are shown on 10◦ latitude grid. The ozone variability is calculated as 1σ standard deviations from all individual ozone
retrievals relative to the instrument means (shown in the left column).

ment). The greatest variability is observed in the lower strato-
sphere, where this quantity represents a combination of the
real ozone variability and measurement noise. The percent
variability differs the most from instrument to instrument in
the tropical upper troposphere, indicating that instrumental
effects play a dominant role in this part of the atmosphere,
although the fact that ozone abundances are smaller in this
region plays a role as well.

To further check how well OMPS LP captures ozone vari-
ability, we derived seasonal cycles from dense sampling in-
struments: OMPS LP, Aura MLS and OSIRIS. Seasonal cy-
cles were derived from mzm time series, which were con-
strained from the matching ozone profiles. Figure 13 shows
ozone seasonal cycles for four different altitude levels and
three latitude bins. We narrowed the midlatitude bins to 60–
40◦ S and 40–60◦ N, respectively, because ozone seasonal
patterns change a lot across the 40◦ bins that we used to
derive mean biases. For OMPS LP we show two ozone cli-
matologies: one is sub-sampled to match with MLS mea-
surements (grey lines in Fig. 13) and another with OSIRIS
(black lines in Fig. 13). Calculation of seasonal patterns from
OSIRIS data is complicated by the pattern of OSIRIS mea-
surements, which leave us with several months of missing
data. It was noted by Toohey et al. (2013) that the ozone sea-
sonal values, derived from different satellite measurements,
could have significant biases (> 10 %) due to differences in

the sampling of observations. The leading cause of these
differences is related to a nonuniform temporal sampling,
but a nonuniform latitudinal–longitudinal sampling also con-
tributes, especially at high latitudes (Toohey et al., 2013).
Our results for OMPS LP also demonstrate significant dif-
ferences in the ozone climatological values caused by differ-
ent sampling. It is also important to note here that the sea-
sonal values are expressed in percent from the corresponding
overall means, and for the pair of OMPS LP and OSIRIS
the mean values are calculated only from several months of
the year due to the OSIRIS sampling, while for the pair of
OMPS LP and MLS means are computed from the entire
year. OMPS LP seasonal cycle agrees remarkably well with
the values derived from MLS and OSIRIS in terms of ampli-
tude and phase with the exception of northern midlatitudes
(40–60◦ N) at 30 km, where the thermal sensitivity issue with
OMPS LP has a strong seasonal component.

Figure 14 shows seasonal patterns derived from OMPS LP
and MLS measurements independently for three latitude bins
as function of month of the year and altitude. This figure once
again demonstrates how well OMPS LP and MLS measure-
ments agree in describing the ozone seasonal cycle. However,
there are some individual layers where we see differences in
the amplitude or phase of the seasonal cycle between LP and
MLS. For instance, in midlatitudes around 45–50 km we see
that MLS shows a slightly stronger amplitude of the seasonal
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Figure 13. Seasonal ozone cycle (in % from the instrumental mean) for OMPS LP, MLS and OSIRIS in three wide latitude bins: 40–60◦ S
(left column), 20◦ S–20◦ N (center column) and 40–60◦ N (right column). The seasonal cycle is shown at several altitude levels: 20.5 km (a–
c), 30.5 km (d–f), 40.5 km (g–i) and 50.5 km (j–l). OMPS LP seasonal values are calculated from both sub-samples: from matches with MLS
(grey lines) and matches with OSIRIS (black). MLS seasonal values are shown in red and OSIRIS in blue. The standard errors of the mean
are typically smaller than the width of the lines. The error bars indicate 1σ standard deviations.

cycle than OMPS LP. In the lower stratosphere vertical and
horizontal (or temporal) gradients in the seasonal ozone cy-
cle are very strong, which can lead to a shift in the phase
of the seasonal cycle between instruments. These differences
in seasonal cycle in the lower stratosphere could be due to
differences in vertical resolution between the instruments.
The instruments have very similar vertical resolutions, but
due to the large ozone variability in the lower stratosphere
even small differences in the resolution can lead to signifi-

cant biases. Additional analysis is required to quantify and
understand the remaining differences in the seasonal cycles,
and this task is outside of the scope of this paper.

The residual seasonal biases between the instruments (re-
maining biases after removing the mean bias) are shown in
Figs. S12 and S13 in the Supplement. The remaining sea-
sonal biases typically do not exceed 5 % and mostly are
not statistically significant within 1σ standard deviation. The
larger seasonal biases, which are also consistent between
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Figure 14. Seasonal ozone cycles derived from OMPS LP (upper row) and Aura MLS (lower row) as functions of month and altitude for
three different 5◦ latitude bins: (a, d) for 50–55◦ S, (b, e) for 25–30◦ S and (c, f) for 65–70◦ N.
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Figure 15. Deseasonalized ozone anomalies over the equatorial latitudes (5◦ S–5◦ N) for OMPS LP (a) and Aura MLS (b). The quasi-
biennial oscillations (QBO) drives ozone distribution in the tropics. The anomalous disruption of equatorial zonal wind in late 2015 and 2016
led to changes in the tropical ozone distribution. These figures show that the two instruments show very similar responses in ozone to the
anomalous QBO event.

LP–MLS and LP–OSIRIS, are observed at 30 km in the
northern midlatitudes (40–60◦ N) due to the thermal sensi-
tivity issue with OMPS LP that tends to vary seasonally.

In the tropical stratosphere the QBO is the leading cause
of interannual ozone variability. In late 2015, an anomalous
upward displacement of westerly winds started to develop
at 20 hPa (Newman et al., 2016). It was accompanied by the
development of easterlies in the 30–70 hPa layer. The anoma-
lous westerlies disrupted the easterly phase downward prop-

agation at 10 hPa in late 2015 and early 2016. As a result
trace gases in the tropical stratosphere responded to this dis-
ruption. Tweedy et al. (2017) demonstrated that during the
2016 boreal summer, total ozone was lower in the extratrop-
ics than during previous QBO cycles because of the change
in the circulation caused by this disruption.

Figure 15 shows the ozone response to the disrupted QBO
as measured by OMPS LP and Aura MLS. The two instru-
ments demonstrate very similar patterns in the vertical dis-
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Figure 16. Relative drift for OMPS LP version 2.5 against Aura MLS and Odin OSIRIS. Panel (a) shows the relative drift between OMPS
LP and MLS as a function of latitude and altitude (on 5◦ latitude grid). Panel (b) illustrates relative drift between OMPS LP and OSIRIS
(on 10◦ latitude grid). Panels (c–g) show vertical structures of the drift in five wide latitude bins against MLS (red lines) and OSIRIS (blue
lines). Error bars show 1σ standard deviations for the linear fit.

tribution of tropical ozone and the temporal evolution of
anomalies driven by the equatorial QBO. These examples
provide us with confidence that the calibration and algo-
rithmic adjustments performed in version 2.5 do not affect
OMPS LP ability to accurately and precisely derive ozone
signals associated with natural variability.

4.5 Stability of the OMPS LP version 2.5 ozone record

Due to the relatively sparse pattern of ACE-FTS observa-
tions, it is very difficult to reliably estimate relative drift
against those data. Thus, we only estimated relative drifts
against MLS and OSIRIS (see details in Sect. 3.4). Results
are shown in Fig. 16. The positive drift in ozone between
OMPS LP and MLS is on the order of 0.5–1.0 % yr−1 and

is more pronounced at altitudes above 35 km. A smaller pos-
itive drift is seen against OSIRIS as well. Larger drifts are
seen in the tropical UTLS. The vertical oscillations and lat-
itudinal patterns in drift results (Fig. 16a and b) are most
likely caused by the systematic errors in measured radiances
described in Sect. 4.1. In the extratropics, drifts in the lower
stratosphere below the ozone peak are mostly negative. Such
patterns in the drift (with positive values above the ozone
peak and negative values below) are consistent with the de-
tected 100 m drift in the LP altitude registration. These ob-
served drifts in the LP ozone record are larger than the re-
quired stability for the LP sensor, which is 2 % over 7 years
(Rault and Loughman, 2013).

The time series of differences in UV ozone partial columns
(30.5–52.5 km) shown in Fig. S14 in the Supplement also in-
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Figure 17. Mean differences between MERRA-2 and ACE-FTS pressure (a–e) and temperature (f–j) profiles in five wide latitude bins.
Biases for pressure are expressed in percent, while temperature biases are shown in degrees (K). Horizontal error bars show 1σ standard
deviations of the corresponding differences.

dicate that a drift started to develop in the middle of 2016.
This is consistent with the results from the RSAS method
(Fig. S3 in the Supplement), which also shows a drift begin-
ning in the second part of 2016. The OMPS LP team is work-
ing to resolve observed drifts in the altitude registration using
a combination of two altitude-resolving methods. Our goal is
to reduce uncertainties in the altitude registration methods,
especially for estimation of the sensor stability, to provide an
independent climate quality ozone record.

4.6 Ancillary data

Use of ancillary information for converting units and scale
interpolation can potentially lead to additional sources of er-
rors. Any systematic errors in ancillary data can potentially
affect ozone comparisons. In this section we provide a brief
evaluation of ancillary data that we use in this study.

To convert MLS ozone data we used pressure and temper-
ature profiles from MERRA-2 FP reanalysis system (Gelaro
et al., 2017). ACE-FTS retrieves atmospheric temperature
and pressure along with the trace gases. Thus, we compared
MERRA-2 and ACE-FTS temperature and pressure profiles
(Fig. 17). Our results indicated that temperature biases are
within ±3 K and are not statistically significant within 1σ
standard deviation. The biases in temperature are somewhat
larger near ∼ 50 km, but these temperature biases are too

small to explain large ozone biases above 45 km. We observe
persistent biases of ∼ 2–2.8 % in pressure that are only sta-
tistically significant in the tropics and do not vary much with
altitude. Observed differences in pressure can be translated
into ∼ 150 m relative offset in the altitude registration be-
tween OMPS LP and ACE-FTS sensors, which is smaller
than ±200 m combined error for the LP altitude registration.
Boone et al. (2005) report that ACE-FTS pointing accuracy
is ±100 m.

In addition, we compared MERRA-2 temperature and
pressure profiles with those derived from ECMWF reanalysis
(Dee et al., 2011). Results for the 40.5 km altitude level are
shown in Fig. S15 in the Supplement and we found overall
good agreement in terms of accuracy, precision and stability.
These results tell us that the ancillary data that we use for
analysis do not have large systematic errors that can signifi-
cantly alter our ozone comparisons.

5 Conclusions

In summer 2017 all OMPS LP measurements starting from
April 2012 have been processed with the new version 2.5
algorithm. Key changes implemented in this new version in-
clude three types of corrections for the sensor pointing, the
new cloud detecting algorithm, SL corrections for the VIS
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radiances, explicit aerosol corrections and a reduction of the
number of wavelengths used in the retrievals.

To verify the implemented calibrations, algorithmic
changes and sensor pointing corrections, we compared the
LP version 2.5 ozone retrievals against Aura MLS, ACE-FTS
and Odin OSIRIS satellite observations. Our analysis shows
that OMPS LP retrievals accurately characterize the vertical
ozone distribution in different atmospheric regions which are
most sensitive to changes in the stratospheric composition
and dynamics. Specifically, in this study we show that LP
measurements agree well with MLS and OSIRIS in repro-
ducing ozone natural variability associated with the seasonal
cycle and QBOs in terms of amplitude, phase and vertical
structure.

Our analysis indicates that between 18 and 42 km the mean
differences between LP and correlative measurements are
well within required ±10 %, with the exception of the north-
ern high latitudes where we observe larger biases between 20
and 32 km due to a remaining thermal sensitivity issue. In the
upper stratosphere and lower mesosphere (> 43 km) OMPS
LP tends to have a negative bias against all considered instru-
ments. We also find larger biases in the lower stratosphere
and upper troposphere, especially in the tropics, where bi-
ases could be up to −30 %. However, we see significant im-
provements in version 2.5 compared to version 2 due to the
implemented aerosol correction. Larger than 10 % negative
differences against MLS and ACE-FTS are also observed in
the southern midlatitudes (20–60◦ S) below 18 km.

It is important to note that our comparisons confirm that
the absolute LP altitude registration is well within ±200 m
combined uncertainty for the LP altitude registration meth-
ods. Our results also confirm intra-orbital altitude correc-
tions, which helped to remove the latitudinal dependence in
biases that we saw in version 2. We found a small positive
drift of ∼ 0.5 % yr−1 against MLS and OSIRIS that is more
pronounced at altitudes above 35 km. Such a pattern is con-
sistent with the 100 m drift (over 5 years) in sensor pointing
detected by one of our altitude-resolving methods.

Most of the observed uncertainties in OMPS LP ozone
retrievals are related to remaining errors in instrument cal-
ibration and altitude registration. The attribution of observed
errors to a specific cause is a challenging process, as errors
in ozone produced by various causes tend to interfere and
produce complex patterns. Both external (comparisons with
independent observations) and internal (analysis of LP radi-
ances) validation results are critical for evaluating LP altitude
registration and calibrations. We expect this type of work to
continue throughout the life of the instrument.

Data availability. The OMPS LP version 2.5 ozone pro-
file dataset (https://doi.org/10.5067/X1Q9VA07QDS7; De-
Land, 2017) used in this study is publically available at
https://disc.gsfc.nasa.gov/datasets/OMPS_NPP_LP_L2_O3_
DAILY_2/summary (last access: 11 May 2018). Aura MLS

data are available at https://mls.jpl.nasa.gov (last access:
11 May 2018). Odin OSIRIS ozone profiles can be found at
http://odin-osiris.usask.ca/?q=node/280 (last access: 9 April 2018).
The ACE-FTS Level 2 data can be obtained via the ACE website
(registration required): http://www.ace.uwaterloo.ca (last access:
11 May 2018).
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online at: https://doi.org/10.5194/amt-11-2837-2018-supplement.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. Authors would like to thank Didier Rault,
who developed the original ozone retrieval algorithm for the OMPS
LP. We also would like to thank Robert Loughman for developing
and maintaining the radiative transfer code for the OMPS LP and
Ghassan Taha for developing the empirical stray light corrections
for VIS radiances. We are grateful to all members of the OMPS
Team for their work on supporting the OMPS mission. This
work was funded under the National Aeronautics and Space
Administration (NASA) project on Development of Ozone Vertical
Profiles from OMPS LP (WSB 437949). Work performed at the
Jet Propulsion Laboratory, California Institute of Technology,
was performed under contract with the National Aeronautics and
Space Administration (NASA). Authors would like to acknowledge
the Canadian Space Agency for their continued support of the
Odin OSIRIS and ACE-FTS missions. This paper contains some
materials that were published earlier this year in the short overview
article in the NOAA GSICS Quarterly Newsletters (Kramarova et
al., 2017, https://doi.org/10.7289/V5R78CFR). This paper includes
some materials that were first presented at the 9th Atmospheric
Limb Symposium (Saskatoon, Canada, June 2017) and at the
2017 STAR Annual JPSS meeting (College Park, MD, USA,
August 2017).

Edited by: Helen Worden
Reviewed by: two anonymous referees

References

Bass, A. M. and Paur, R. J.: The ultraviolet cross-sections of ozone,
I, The measurements, in: Atmospheric Ozone, edited by: Zerefos,
C. S. and Ghazi, A., D. Reidel, Norwell, Mass., 606–610, 1985.

Boone, C. D., Nassar, R., Walker, K. A., Rochon, Y., McLeod, S. D.,
Rinsland, C. P., and Bernath, P. F.: Retrievals for the Atmospheric
Chemistry Experiment Fourier-Transform Spectrometer, Appl.
Optics, 44, 7218–7231, https://doi.org/10.1364/AO.44.007218,
2005.

Boone, C. D., Walker, K. A., and Bernath, P. F.: Version 3 retrievals
for the Atmospheric Chemistry Experiment Fourier Transform
Spectrometer (ACE-FTS), the atmospheric chemistry experiment
ACE at 10: a solar occultation anthology, A. Deepak Publishing,
Hampton, Virginia, USA, 103–121, 2013.

www.atmos-meas-tech.net/11/2837/2018/ Atmos. Meas. Tech., 11, 2837–2861, 2018

https://doi.org/10.5067/X1Q9VA07QDS7
https://disc.gsfc.nasa.gov/datasets/OMPS_NPP_LP_L2_O3_DAILY_2/summary
https://disc.gsfc.nasa.gov/datasets/OMPS_NPP_LP_L2_O3_DAILY_2/summary
https://mls.jpl.nasa.gov
http://odin-osiris.usask.ca/?q=node/280
http://www.ace.uwaterloo.ca
https://doi.org/10.5194/amt-11-2837-2018-supplement
https://doi.org/10.7289/V5R78CFR
https://doi.org/10.1364/AO.44.007218


2860 N. A. Kramarova et al.: Validation of OMPS LP version 2.5 ozone retrievals

Bourassa, A. E., Roth, C. Z., Zawada, D. J., Rieger, L. A., McLin-
den, C. A., and Degenstein, D. A.: Drift-corrected Odin-OSIRIS
ozone product: algorithm and updated stratospheric ozone trends,
Atmos. Meas. Tech., 11, 489–498, https://doi.org/10.5194/amt-
11-489-2018, 2018.

Bovensmann, H., Burrows, J. P., Buchwitz, M., Frerick, J., Noel,
S., Rozanov, V. V., Chance, K. V., and Goede, A. P. H.: SCIA-
MACHY mission objectives and measurement modes, J. Atmos.
Sci., 56, 127–150, 1999.

Chen, Z., DeLand, M., and Bhartia, P. K.: A new algorithm for
detecting cloud height using OMPS/LP measurements, Atmos.
Meas. Tech., 9, 1239–1246, https://doi.org/10.5194/amt-9-1239-
2016, 2016.

Dee, D. P., Uppala, S., Simmons, A., Berrisford, P., Poli, P.,
Kobayashi, S., Andrae, U. M., Balmaseda, A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L.,
Bidlot, J.-R., Bormann, N., Delsol, C., Dragani, R., Fuentes,
M., Geer, A., Haimberger, L., Healy, S., Hersbach, H., Hólm,
E. V., Isaksen, L., Kållberg, P. W., Köhler, M., Matricardi, M.,
McNally, A., Monge-Sanz, B. M., Morcrette, J.-J., Peubey, C.,
De Rosnay, P., Tavolato, C., Thepaut, J.-J., and Vitart, F: The
ERA-Interim reanalysis: configuration and performance of the
data assimilation system, Q. J. Roy. Meteor. Soc., 137, 553–597,
https://doi.org/10.1002/qj.828, 2011.

Degenstein, D. A., Bourassa, A. E., Roth, C. Z., and Llewellyn,
E. J.: Limb scatter ozone retrieval from 10 to 60 km using a
multiplicative algebraic reconstruction technique, Atmos. Chem.
Phys., 9, 6521–6529, https://doi.org/10.5194/acp-9-6521-2009,
2009.

DeLand, M.: OMPS-NPP L2 LP Ozone (O3) Vertical Profile
swath daily 3slit V2, Greenbelt, MD, USA, Goddard Earth
Sciences Data and Information Services Center (GES DISC),
https://doi.org/10.5067/X1Q9VA07QDS7, 2017.

Flittner, D., Bhartia, P. K., and Herman, B. M.: O3 profiles retrieved
from limb scatter measurements: Theory, Geophys. Res. Lett.,
27, 2601–2604, 2000.

Flynn, L. E., Seftor, C. J., Larsen, J. C., and Xu, P.: The Ozone
Mapping and Profiler Suite, in: Earth Science Satellite Re-
mote Sensing, edited by: Qu, J. J., Gao, W., Kafatos, M., Mur-
phy, R. E., and Salomonson, V. V., Springer, Berlin, 279–296,
https://doi.org/10.1007/978-3-540-37293-6_15, 2006.

Gelaro, R., McCarty, W., Suárez, M. J., Todling, R., Molod, A.,
Takacs, L., Randles, C. A., Darmenov, A., Bosilovich, M. G., Re-
ichle, R., Wargan, K., Coy, L., Cullather, R., Draper, C., Akella,
S., Buchard, V., Conaty, A., da Silva, A. M., Gu, W., Kim, G.,
Koster, R., Lucchesi, R., Merkova, D., Nielsen, J. E., Partyka,
G., Pawson, S., Putman, W., Rienecker, M., Schubert, S. D.,
Sienkiewicz, M., and Zhao, B.: The Modern-Era Retrospective
Analysis for Research and Applications, Version 2 (MERRA-2),
J. Climate, 30, 5419–5454, https://doi.org/10.1175/JCLI-D-16-
0758.1, 2017.

Harris, N. R. P., Hassler, B., Tummon, F., Bodeker, G. E., Hubert,
D., Petropavlovskikh, I., Steinbrecht, W., Anderson, J., Bhartia,
P. K., Boone, C. D., Bourassa, A., Davis, S. M., Degenstein,
D., Delcloo, A., Frith, S. M., Froidevaux, L., Godin-Beekmann,
S., Jones, N., Kurylo, M. J., Kyrölä, E., Laine, M., Leblanc,
S. T., Lambert, J.-C., Liley, B., Mahieu, E., Maycock, A., de
Mazière, M., Parrish, A., Querel, R., Rosenlof, K. H., Roth,
C., Sioris, C., Staehelin, J., Stolarski, R. S., Stübi, R., Tammi-

nen, J., Vigouroux, C., Walker, K. A., Wang, H. J., Wild, J.,
and Zawodny, J. M.: Past changes in the vertical distribution
of ozone – Part 3: Analysis and interpretation of trends, At-
mos. Chem. Phys., 15, 9965–9982, https://doi.org/10.5194/acp-
15-9965-2015, 2015.

Herman, B. M., Caudill, T. R., Flittner, D. E., Thome, K. J., and
Ben-David, A.: Comparison of the Gauss-Seidel spherical polar-
ized radiative transfer code with other radiative transfer codes,
Appl. Optics, 34, 4563–4572, 1995.

Hubert, D., Lambert, J.-C., Verhoelst, T., Granville, J., Keppens,
A., Baray, J.-L., Bourassa, A. E., Cortesi, U., Degenstein, D. A.,
Froidevaux, L., Godin-Beekmann, S., Hoppel, K. W., Johnson,
B. J., Kyrölä, E., Leblanc, T., Lichtenberg, G., Marchand, M.,
McElroy, C. T., Murtagh, D., Nakane, H., Portafaix, T., Querel,
R., Russell III, J. M., Salvador, J., Smit, H. G. J., Stebel, K.,
Steinbrecht, W., Strawbridge, K. B., Stübi, R., Swart, D. P. J.,
Taha, G., Tarasick, D. W., Thompson, A. M., Urban, J., van Gi-
jsel, J. A. E., Van Malderen, R., von der Gathen, P., Walker, K.
A., Wolfram, E., and Zawodny, J. M.: Ground-based assessment
of the bias and long-term stability of 14 limb and occultation
ozone profile data records, Atmos. Meas. Tech., 9, 2497–2534,
https://doi.org/10.5194/amt-9-2497-2016, 2016.

Jaross, G., Bhartia, P. K., Chen, G., Kowitt, M., Haken, M., Chen,
Z., Xu, P., Warner, J., and Kelly, T.: OMPS Limb Profiler instru-
ment performance assessment, J. Geophys. Res.-Atmos., 119,
4399–4412, https://doi.org/10.1002/2013JD020482, 2014.

Kramarova, N., Bhartia, P. K., Xu, P., DeLand, M., Chen, Z., Jaross,
G., and Moy, L.: Overview of version 2.5 ozone profile prod-
uct from the Suomi NPP OMPS Limb Profiler, GSICS Quarterly
Newsletter, Vol. 11, https://doi.org/10.7289/V5R78CFR, 2017.

Kramarova, N. A., Nash, E. R., Newman, P. A., Bhartia, P. K.,
McPeters, R. D., Rault, D. F., Seftor, C. J., Xu, P. Q., and Labow,
G. J.: Measuring the Antarctic ozone hole with the new Ozone
Mapping and Profiler Suite (OMPS), Atmos. Chem. Phys., 14,
2353–2361, https://doi.org/10.5194/acp-14-2353-2014, 2014.

Livesey, N. J., Snyder, W. V., Read, W. G., and Wagner,
P. A.: Retrieval algorithms for the EOS Microwave Limb
Sounder (MLS), IEEE T. Geosci. Remote Sens., 44, 1144–1155,
https://doi.org/10.1109/TGRS.2006.872327, 2006.

Livesey, N. J., Read, W. G., Wagner, P. A., Froidevaux, L., Lam-
bert, A., Manney, G. L., Millan Valle, L. F., Pumphrey, H.
C., Santee, M. L., Schwartz, M. J., Wang, S., Fuller, R. A,
Jarnot, R. F., Knosp, B. W., and Martinez, E.: Earth Observing
System (EOS) Aura Microwave Limb Sounder (MLS) Version
4.2x Level 2 data quality and description document, Tech. Rep.
NASA JPL D-33509, NASA Jet Propul. Lab., Pasadena, Cali-
fornia, 169 pp., available at: https://mls.jpl.nasa.gov/data/v4-2_
data_quality_document.pdf (last access: 11 May 2018), 2015.

Llewellyn, E. J., Lloyd, N. D., Degenstein, D. A., Gattinger, R. L.,
Petelina, S. V., Bourassa, A. E., Wiensz, J. T., Ivanov, E. V., Mc-
Dade, I. C., Solheim, B. H., McConnell, J. C., Haley, C. S., von
Savigny, C., Sioris, C. E., McLinden, C. A., Griffioen, E., Kamin-
ski, J., Evans, W. F., Puckrin, E., Strong, K., Wehrle, V., Hum,
R. H., Kendall, D. J. W., Matsushita, J., Murtagh, D. P., Bro-
hede, S., Stegman, J., Witt, G., Barnes, G., Payne, W. F., Piche,
L., Smith, K., Warshaw, G., Deslauniers, D.-L., Marchand, P.,
Richardson, E. H., King, R. A., Wevers, I., McCreath,W., Kyrola,
E., Oikarinen, L., Leppelmeier, G. W., Auvinen, H.,Megie, G.,
Hauchecorne, A., Lefevre, F., de La Noe, J., Ricaud, P., Frisk, U.,

Atmos. Meas. Tech., 11, 2837–2861, 2018 www.atmos-meas-tech.net/11/2837/2018/

https://doi.org/10.5194/amt-11-489-2018
https://doi.org/10.5194/amt-11-489-2018
https://doi.org/10.5194/amt-9-1239-2016
https://doi.org/10.5194/amt-9-1239-2016
https://doi.org/10.1002/qj.828
https://doi.org/10.5194/acp-9-6521-2009
https://doi.org/10.5067/X1Q9VA07QDS7
https://doi.org/10.1007/978-3-540-37293-6_15
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.5194/acp-15-9965-2015
https://doi.org/10.5194/acp-15-9965-2015
https://doi.org/10.5194/amt-9-2497-2016
https://doi.org/10.1002/2013JD020482
https://doi.org/10.7289/V5R78CFR
https://doi.org/10.5194/acp-14-2353-2014
https://doi.org/10.1109/TGRS.2006.872327
https://mls.jpl.nasa.gov/data/v4-2_data_quality_document.pdf
https://mls.jpl.nasa.gov/data/v4-2_data_quality_document.pdf


N. A. Kramarova et al.: Validation of OMPS LP version 2.5 ozone retrievals 2861

Sjoberg, F., von Scheele, F., and Nordh, L.: The OSIRIS instru-
ment on the Odin spacecraft, Can. J. Phys., 82, 411–422, 2004.

Loughman, R., Flittner, D., Nyaku, E., and Bhartia, P. K.: Gauss-
Seidel limb scattering (GSLS) radiative transfer model devel-
opment in support of the Ozone Mapping and Profiler Suite
(OMPS) limb profiler mission, Atmos. Chem. Phys., 15, 3007–
3020, https://doi.org/10.5194/acp-15-3007-2015, 2015.

Loughman, R., Bhartia, P. K., Chen, Z., Xu, P., Nyaku, E., and
Taha, G.: The Ozone Mapping and Profiler Suite (OMPS)
Limb Profiler (LP) Version 1 Aerosol Extinction Retrieval
Algorithm: Theoretical Basis, Atmos. Meas. Tech. Discuss.,
https://doi.org/10.5194/amt-2017-299, in review, 2017.

Loughman, R. P., Flittner, D. E., Herman, B. M., Bhartia,
P. K., Hilsenrath, E., and McPeters, R. D.: Descrip-
tion and sensitivity analysis of a limb scattering ozone
retrieval algorithm, J. Geophys. Res., 110, D19301,
https://doi.org/10.1029/2004JD005429, 2005.

McPeters, R. D. and Labow, G. J.: Climatology 2011: an
MLS and sonde derived ozone climatology for satel-
lite retrieval algorithms, J. Geophys. Res., 117, D10303,
https://doi.org/10.1029/2011JD017006, 2012.

McPeters R. D., Janz, S. J., Hilsenrath, E., and Brown, T. L.: The
retrieval of O3 profiles from limb scatter measurements: Results
from the Shuttle Ozone Limb Sounding Experiment, Geoph. Res.
Lett., 27, 2597–2600, 2000.

Moy, L., Bhartia, P. K., Jaross, G., Loughman, R., Kramarova, N.,
Chen, Z., Taha, G., Chen, G., and Xu, P.: Altitude registration
of limb-scattered radiation, Atmos. Meas. Tech., 10, 167–178,
https://doi.org/10.5194/amt-10-167-2017, 2017.

Newman, P., Coy, L., Pawson, S., and Lait, L.: The anomalous
change in the QBO in 2015–2016, Geophys. Res. Lett., 43,
8791–8797, 2016.

Parrish, A., Boyd, I. S., Nedoluha, G. E., Bhartia, P. K., Frith, S. M.,
Kramarova, N. A., Connor, B. J., Bodeker, G. E., Froidevaux,
L., Shiotani, M., and Sakazaki, T.: Diurnal variations of strato-
spheric ozone measured by ground-based microwave remote
sensing at the Mauna Loa NDACC site: measurement validation
and GEOSCCM model comparison, Atmos. Chem. Phys., 14,
7255–7272, https://doi.org/10.5194/acp-14-7255-2014, 2014.

Rault, D. F.: Ozone profile retrieval from Stratospheric
Aerosol and Gas Experiment (SAGE III) limb scat-
ter measurements, J. Geophys. Res., 110, D09309,
https://doi.org/10.1029/2004JD004970, 2005.

Rault, D. F. and Loughman, R. P.: The OMPS Limb Profiler Envi-
ronmental Data Record Algorithm Theoretical Basis Document
and Expected Performance, IEEE T. Geosci. Remote Sens., 51,
2505–2527, https://doi.org/10.1109/TGRS.2012.2213093, 2013.

Rault, D. F. and Taha, G.: Validation of ozone profiles retrieved
from SAGE III limb scatter measurements, J. Geophys. Res.,
112, D13309, https://doi.org/10.1029/2006JD007679, 2007.

Rodgers, C. D.: Inverse methods for atmospheric sounding, The-
ory and Practice; Series on Atmospheric, Oceanic and Planetary
Physics, Vol. 2, World Scientific, 2000.

Roth, C. Z., Degenstein, D. A., Bourassa, A. E., and Llewellyn, E.
J.: The Retrieval of Vertical Profiles of the Ozone Number Den-
sity Using Chappuis Band Absorption Information and a Multi-
plicative Algebraic Reconstruction Technique, Can. J. Phys., 85,
1225–1243, 2007.

Sheese, P. E., Boone, C. D., and Walker, K. A.: Detecting physically
unrealistic outliers in ACE-FTS atmospheric measurements, At-
mos. Meas. Tech., 8, 741–750, https://doi.org/10.5194/amt-8-
741-2015, 2015.

Sheese, P. E., Walker, K. A., Boone, C. D., Bernath, P. F., Froide-
vaux, L., Funke, B., and von Clarmann, T.: ACE-FTS ozone, wa-
ter vapour, nitrous oxide, nitric acid, and carbon monoxide pro-
file comparisons with MIPAS and MLS, J. Quant. Spectrosc. Ra.,
186, 63–80, https://doi.org/10.1016/j.jqsrt.2016.06.026, 2016.

Taha, G., Jaross, G., Fussen, D., Vanhellemont, F., Kyrölä, E.,
and McPeters, R. D.: Ozone profile retrieval from GOMOS
limb scattering measurements, J. Geophys. Res., 113, D23307,
https://doi.org/10.1029/2007JD009409, 2008.

Toohey, M., Hegglin, M. I., Tegtmeier, S., Anderson, J., Añel, J.
A., Bourassa, A., Brohede, S., Degenstein, D., Froidevaux, L.,
Fuller, R., Funke, B., Gille, J., Jones, A., Kasai, Y., Krüger,
K., Kyrölä, E., Neu, J. L., Rozanov, A., Smith, L., Urban, J.,
von Clarmann, T., Walker, K. A., and Wang, R. H. J.: Char-
acterizing sampling biases in the trace gas climatologies of the
SPARC Data Initiative, J. Geophys. Res.-Atmos., 118, 11847–
11862, https://doi.org/10.1002/jgrd.50874, 2013.

Tukiainen, S., Kyrölä, E., Verronen, P. T., Fussen, D., Blanot,
L., Barrot, G., Hauchecorne, A., and Lloyd, N.: Retrieval of
ozone profiles from GOMOS limb scattered measurements, At-
mos. Meas. Tech., 4, 659–667, https://doi.org/10.5194/amt-4-
659-2011, 2011

Tweedy, O. V., Kramarova, N. A., Strahan, S. E., Newman, P. A.,
Coy, L., Randel, W. J., Park, M., Waugh, D. W., and Frith,
S. M.: Response of trace gases to the disrupted 2015–2016
quasi-biennial oscillation, Atmos. Chem. Phys., 17, 6813–6823,
https://doi.org/10.5194/acp-17-6813-2017, 2017.

WMO: Scientific Assessment of Ozone Depletion: 2014, World
Meteorological Organization Global Ozone Research and Mon-
itoring Project – Report No. 55, Geneva, Switzerland, available
at: http://ozone.unep.org/Assessment_Panels/SAP/Scientific_
Assessment_2014/Scientific_Assessment_Report_2014.pdf (last
access: 11 May 2018), 2014.

Wilks, D. S.: Statistical methods in the atmospheric science,
2nd Edn., International Geophysics Series, Vol. 91, edited by:
Dmowska, R., Hartmann, D., and Rossby, H. T., Academic Press,
Burlington, MA, USA, 610 pp., 2006.

www.atmos-meas-tech.net/11/2837/2018/ Atmos. Meas. Tech., 11, 2837–2861, 2018

https://doi.org/10.5194/acp-15-3007-2015
https://doi.org/10.5194/amt-2017-299
https://doi.org/10.1029/2004JD005429
https://doi.org/10.1029/2011JD017006
https://doi.org/10.5194/amt-10-167-2017
https://doi.org/10.5194/acp-14-7255-2014
https://doi.org/10.1029/2004JD004970
https://doi.org/10.1109/TGRS.2012.2213093
https://doi.org/10.1029/2006JD007679
https://doi.org/10.5194/amt-8-741-2015
https://doi.org/10.5194/amt-8-741-2015
https://doi.org/10.1016/j.jqsrt.2016.06.026
https://doi.org/10.1029/2007JD009409
https://doi.org/10.1002/jgrd.50874
https://doi.org/10.5194/amt-4-659-2011
https://doi.org/10.5194/amt-4-659-2011
https://doi.org/10.5194/acp-17-6813-2017
http://ozone.unep.org/Assessment_Panels/SAP/Scientific_Assessment_2014/Scientific_Assessment_Report_2014.pdf
http://ozone.unep.org/Assessment_Panels/SAP/Scientific_Assessment_2014/Scientific_Assessment_Report_2014.pdf

	Abstract
	Introduction
	Version 2.5 ozone retrieval algorithm for the OMPS LP
	OMPS LP
	OMPS LP ozone retrieval algorithm adjustments
	Cloud detection and aerosol retrievals
	OMPS LP altitude registration
	Stray light correction

	Correlative satellite ozone datasets and validation methods
	Aura MLS
	ACE-FTS
	Odin OSIRIS
	Methodology

	Results
	Internal analysis of OMPS LP measurements
	Comparisons between OMPS LP version 2 and version 2.5
	Comparisons with independent satellite datasets
	Global ozone variability
	Stability of the OMPS LP version 2.5 ozone record
	Ancillary data

	Conclusions
	Data availability
	Supplement
	Competing interests
	Acknowledgements
	References

