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Abstract Compatibility of the stratospheric ozone profile data from the Ozone Mapping and Profiler
Suite Limb Profiler (OMPS‐LP) and the Microwave Limb Sounder (MLS) is assessed in the context of a
continuity requirement for future reanalyses. A methodology for the assimilation of OMPS‐LP data into the
Goddard Earth Observing System data assimilation system with a stratospheric chemistry module is
developed. It is demonstrated that a simple homogenization technique significantly reduces the bias
between OMPS‐LP and MLS analyses. With the homogenization applied, the mean difference between the
two analyses is within 3% and the difference standard deviation within 10%, consistent with the estimated
uncertainties of the satellite ozone data. Larger differences are seen in the tropical lower stratosphere. The
MLS and OMPS‐LP assimilation experiments agree very well with independent data from ozonesondes and
the Atmospheric Chemistry Experiment Fourier Transform Spectrometer. Heterogeneous ozone depletion
during polar spring in both hemispheres as well as ozone transport during the 2016 quasi‐biennial
oscillation disruption event are realistically represented in both analyses. This work establishes a step
toward achieving continuity of the post‐2004 ozone record in future reanalyses, necessary for trend and
long‐term ozone variability studies, although further development is needed to address a drift in the
OMPS‐LP ozone data.

Plain Language Summary Following a period of decline in the second half of the twentieth
century, stratospheric ozone has begun its road to recovery owing to the successful implementation of the
Montreal Protocol and its amendments. Monitoring of the evolution of stratospheric ozone continues to be
of interest to the scientific community and the public. This paper presents a step toward a future
multidecadal analysis of stratospheric ozone using data from two types of satellite instruments: The
Microwave Limb Sounder (MLS, 2004 to present) and the Ozone Mapping and Profiler Suite Limb Profiler
(OMPS‐LP, 2012 to present with projected future missions). We show that a simple homogenization
methodology can be applied to remove the relative bias between the two data sets.We produce global records
of stratospheric ozone for the year 2016 using a data assimilation methodology, which combines the satellite
observations with an atmospheric chemistry model output. We show that MLS and OMPS‐LP assimilation
experiments are in excellent agreement with independent data and with each other, providing a strong basis
for a consistent future multidecadal ozone reanalysis, in which OMPS‐LP data will replace MLS once the
latter becomes unavailable. We also emphasize that further work is needed to reduce a long‐term spurious
drift in OMPS‐LP data.

1. Introduction

Stratospheric ozone is showing the first signs of recovery owing to the successful implementation of the
Montreal Protocol of 1987 and subsequent amendments that phased out the production of ozone depleting
substances (SPARC/IO3C/GAW, 2019; WMO, 2018). The future trajectory of ozone recovery and, in particu-
lar, the expected return date to the pre‐1980 levels as well as the vertical distribution of the trends, exhibit
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considerable sensitivity to the future concentrations of greenhouse gases via the dependence of chemical
reaction rates on temperature and the dynamical responses of the stratospheric circulation to radiative
forcing (Dhomse et al., 2018; Meul et al., 2016; WMO, 2018). Another source of uncertainty arises from
unreported emissions of chlorofluorocarbons (Fang et al., 2019; Montzka et al., 2018) and effects of
bromine‐containing very short‐lived substances (Oman et al., 2016). In addition, decadal‐scale changes in
stratospheric dynamics, whether forced or related to the internal variability of the climate system, have been
shown to influence lower stratospheric ozone trends by partially counteracting its chemical recovery (Ball
et al., 2018; Ball et al., 2019; Randel & Thompson, 2011; Wargan et al., 2018). These uncertainties merit
the continuing monitoring of the evolution of stratospheric ozone through spatially resolved data sets in
the context of the changing thermodynamics, dynamics, and chemistry of the atmosphere.

Atmospheric reanalyses provide multidecadal records of the atmospheric states at high spatial and temporal
resolutions by merging multiple observational data sets through the data assimilation methodology,
whereby the information from observations is propagated in space and time using general circulation mod-
els constrained by these observations. Error estimates of both observations and the model output are used to
obtain an optimal estimate of the state of the atmosphere at every analysis time (typically, several times a
day). Systematic differences among the diverse observations used in reanalyses during different periods pose
a challenge for studies of long‐term ozone variability and trends (Davis et al., 2017; Wargan et al., 2018).
Several approaches to bias correction for multiple total ozone column observations were recently examined
by Rochon et al., 2019, who used OMI as a reference. Wargan et al. (2018) developed a method of bias‐
correcting the ozone output from the Modern‐Era Retrospective Analysis for Research and Applications,
Version 2 (MERRA‐2: Gelaro et al., 2017, Wargan et al., 2017) using a chemistry model simulation as a trans-
fer standard to account for the discontinuity arising from the transition from nadir to limb‐based ozone
observing system in 2004. Based on that study, a future reanalysis using a single version of stratospheric
ozone profile data should be adequate for detecting long‐term ozone changes. MERRA‐2 uses ozone profile
observations from the Microwave Limb Sounder (MLS) on the Earth Observing System (EOS) Aura satellite
from October 2004 onward. As MLS observations are expected to cease in the mid‐2020s, the future strato-
spheric ozone reanalyses will utilize data from the Ozone Mapping and Profiler Suite Limb Profiler
(OMPS‐LP) instruments. The first OMPS‐LP sensor was launched on the Suomi National Polar‐orbiting
Partnership satellite in 2011. This study is an assessment of the compatibility of the two observation types,
which should extend the useful ozone reanalysis record into the next decades.

This study develops a methodology for assimilation of stratospheric ozone profiles from OMPS‐LP, which
involves a simple homogenization algorithm that significantly reduces the relative bias between OMPS‐LP
and MLS. We discuss the performance of MLS and OMPS‐LP assimilation compared to independent data
and previous studies, focusing on evaluation of the differences and similarities between assimilation experi-
ments (analyses) that use MLS as the source of ozone profile information with those that utilize OMPS‐LP.
Ensuring a good agreement between MLS and OMPS‐LP ozone analyses will be essential for the long‐term
ozone consistency in future reanalyses as the MLS record extends from late 2004 to present and the OMPS‐
LP instruments are projected to extend this record into the 2030s. Despite the need to use caution in inter-
preting trends computed from reanalyses (see Simmons et al., 2014), the post‐ 2004 ozone characteristics
in MERRA‐2 are well constrained by the MLS and OMI observations, to the extent that meaningful ozone
trends can be computed (Wargan et al., 2018).

The year 2016 was selected for the test experiments since it featured several unusual events occurring in or
affecting the stratosphere. Of particular interest are the following:

1. The boreal winter of 2015/2016 characterized by exceptionally cold and strong polar vortex and near‐
record ozone loss due to heterogeneous chemistry terminated by a relatively early final warming that
began on 6 March 2016 (Khosrawi et al., 2017; Manney & Lawrence, 2016; Matthias et al., 2016).

2. The unusual disruption of the quasi‐biennial oscillation (QBO; Osprey et al., 2016, Newman et al., 2016)
that, combined with a very strong El Niño event, had a significant impact on tracer transport in the lower
stratosphere (Diallo et al., 2018; Tweedy et al., 2017).

Section 2 describes the assimilated ozone data, independent observations, the data homogenization metho-
dology, the data assimilation system, and experiments discussed in this study. Section 3 presents the results
of comparisons of the OMPS‐LP and MLS ozone data assimilation experiments with each other and with
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independent observations and discusses the performance of the assimilated ozone with respect to springtime
polar ozone loss and transport induced by the QBO disruption in 2016. A summary of our findings is given in
section 4.

2. Methods
2.1. Assimilated Ozone Data
2.1.1. OMPS‐LP
The OMPS‐LP is one of the three OMPS instruments on the National Polar‐orbiting Partnership satellite
designed to provide long‐term measurements for monitoring of stratospheric ozone. The OMPS‐LP data
are available starting March 2012 and continue to the present. Future OMPS‐LP missions planned on the
Joint Polar Satellite System 2, 3, and 4 are expected to deliver continued near‐global ozone observations into
the 2030s. Together with MLS, OMPS‐LP will, therefore, provide an invaluable record of stratospheric ozone
data spanning a period of about three decades during an especially important era of ozone recovery and cli-
mate change. The OMPS‐LP design and long‐term goals are described in Flynn et al. (2006). The sensor mea-
sures solar radiation in ultraviolet (UV) and visible (Vis) scattered from the atmospheric limb. Ozone is
retrieved independently from UV (p < ~12 hPa) and Vis (~200–4 hPa) measurements. Retrievals from Vis
and UV are treated as two independent data sources and are assimilated separately. The original National
Aeronautics and Space Administration (NASA) retrieval algorithm for OMPS‐LP was described by Rault
and Loughman (2013). Version 2.5 of OMPS‐LP ozone data used here was released in July 2017. Although
the instrument is equipped with three slits, Version 2.5 of OMPS‐LP data retrieve ozone profiles from only
the central slit. OMPS‐LP provides between about 2,200 and 2,500 UV and Vis profiles in the sunlit portion
of the atmosphere per day. Extensive validation by Kramarova et al. (2018) found an agreement with inde-
pendent satellite observations to within 10% between 18 and 42 km. Kramarova et al. (2018) also identified a
positive drift in OMPS‐LP of approximately 0.5% per year compared to MLS and the Odin Optical
Spectrograph and InfraRed Imaging System observations. The retrieved ozone number densities on a con-
stant 1‐km altitude grid are converted to mixing ratio by volume using temperature data from the GEOS
Forward Processing for Instrument Teams analysis, a product similar to MERRA‐2. The mixing ratio at
the same vertical grid is then assimilated as it is done for MLS.

We note that another OMPS‐LP retrieved ozone product has been developed by Zawada et al. (2018). Unlike
the one used here, it is based on a tomographic (two‐dimensional) approach. Zawada et al. (2018) demon-
strated the capability of the two‐dimensional retrieval for resolving steep ozone gradients near the edge of
the polar vortex when compared to an equivalent one‐dimensional retrieval. We will discuss some implica-
tions of this in section 3.4.
2.1.2. MLS
The MLS instrument (Waters et al., 2006) onboard NASA's EOS Aura satellite (EOS Aura) measures micro-
wave thermal emissions of the atmosphere. Its limb‐viewing geometry allows retrievals of ozone mixing
ratios at a vertical resolution of approximately 3.5 km in the stratosphere. As a microwave instrument,
MLS provides measurements during both day and night. Unlike OMPS‐LP, the MLS retrieval algorithm uses
a two‐dimensional approach, which accounts for inhomogeneities along the line of sight. We assimilate ver-
sion 4.2 of MLS ozone (Livesey et al., 2018) between 215 and 0.1 hPa, as currently used inMERRA‐2 (Wargan
et al., 2018). Previous MLS ozone data versions have been evaluated by Froidevaux et al. (2008). As demon-
strated by Hubert et al. (2016) MLS ozone data exhibit stability over the entire mission, from late 2004 to pre-
sent, with no known drift. MLS generates approximately 3,500 profiles daily providing a near‐global
coverage during day and night between 82°S and 82°N. For completeness, we note that MERRA‐2 assimi-
lated version 2.2 of MLS ozone between 2004 and early 2015 and version 4.2 from that point onward.
Starting May 2016 the 261‐hPa level was dropped from assimilation in MERRA‐2 leaving the 215‐hPa level
the lowest one assimilated as in this study.
2.1.3. OMI
The Ozone Monitoring Instrument (OMI; Levelt et al., 2018, 2006), also on EOS Aura, provides measure-
ments of the total column ozone retrieved from backscattered solar ultraviolet radiation over the sunlit
atmosphere. The assimilation experiments discussed below use OMI total ozone obtained from version
8.6 retrieval algorithm evaluated by McPeters et al. (2008). The treatment of OMI data in these experiments
is identical to that in MERRA‐2 (Wargan et al., 2017). Here, we note that the OMPS Nadir Mapper (NM)
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sensors are expected to continue to provide total ozone data when OMI is
no longer available. A preliminary analysis (not discussed here) demon-
strates an overall good agreement between OMI and NM assimilation,
although some differences are seen, particularly in the southern high‐
latitude assimilated total ozone (up to 10%) and in the troposphere. The
assimilated stratospheric ozone is less affected as it is already well
constrained by limb ozone data, although some impacts of a potential
OMI‐NP transition are expected there as well. Issues of continuity
between OMI and NM‐based total ozone assimilation are subject of
ongoing research.

2.2. Validation Data

The primary source of independent validation data for lower‐ and middle‐
stratospheric ozone in this study are ozonesonde profiles from the World
Ozone and Ultraviolet Radiation Data Centre database (WOUDC: WMO‐
GAW/WOUDC, 2017). Table 1 summarizes the ozonesonde locations and
numbers of profiles. The majority of the WOUDC sondes are located out-
side of the tropics. Our analysis is supplemented with measurements from
two tropical ozonesondes from Southern Hemisphere Additional
Ozonesondes (SHADOZ) database. A recent reprocessing of these data
removed artifacts due to varying operating procedures and changes in
the instrumentation. Details of the reprocessing methodology are given
in Witte et al. (2017, 2018) and Thompson et al. (2017). The two
SHADOZ locations used are Pago Pago, American Samoa (170.71°W,

14.33°S, 33 profiles) and Natal, Brazil (35.26°W, 5.49°S, 42 profiles). Note that we use two versions of
Natal data: from WOUDC and from SHADOZ.

Evaluation of assimilated stratospheric ozone is also done against the Atmospheric Chemistry Experiment
Fourier Transform Spectrometer (ACE‐FTS; Bernath et al., 2005). ACE‐FTS provides solar occultation mea-
surements, from which profiles of temperature, pressure, and concentrations of over 30 trace gases are
retrieved. Version 3.5 ACE‐FTS ozone was validated by Sheese et al. (2017) and found to be within 5% of
observations by MLS and the Michelson Interferometer for Passive Atmospheric Sounding in the middle
stratosphere and to exhibit a positive bias of 10% to 20% in the upper stratosphere and lower mesosphere.
ACE‐FTS is well‐suited for evaluation of stratospheric ozone because of its high accuracy, high vertical reso-
lution, and stability. These data were recently used by Errera et al. (2019) for a comprehensive evaluation of
their chemical reanalysis of the stratosphere.

2.3. Data Assimilation System and Experiments

In data assimilation, information from (ozone) observations is combined with a background field from a
short (6‐hourly) model forecast, taking into account estimated uncertainties in the background and in the
observations (Cohn, 1997). The resultant analysis state serves as an initial condition for the next assimilation
time step. Analyses performed at NASA's Global Modeling and Assimilation Office (GMAO) use the
Goddard Earth Observing System (GEOS) general circulationmodel (Molod et al., 2015) to provide the back-
ground states, and the Gridpoint Statistical Interpolation module to blend the background state with obser-
vations (Purser et al., 2003; Wu et al., 2002). The GEOS global circulation model together with the Gridpoint
Statistical Interpolation module are referred to as the GEOS data assimilation system (GEOS‐DAS).

The configuration of the system used in this study differs from that utilized in previous Global Modeling and
Assimilation Office analyses (Wargan et al., 2015, 2017) in several important respects delineated below.

Rather than assimilating meteorological and radiance data that typically constrain the dynamics, the GEOS‐
DAS is run in a replay mode (Orbe et al., 2017). In this configuration the temperature and wind MERRA‐2
fields are used to calculate forcing terms that constrain the GEOS general circulation model through the
incremental analysis update methodology (Bloom et al., 1996), thus replicating the meteorological analyses
and transport of chemical constituents fromMERRA‐2, in order to provide a controlled environment for the
ozone assimilation. This configuration implicitly precludes feedbacks of the ozone assimilation on the

Table 1
Locations and the Numbers of Soundings of the WOUDC and SHADOZ
Ozonesondes Used in This Study.

Station name Longitude Latitude
Number of
soundings

WOUDC
Legionowo 20.96°E 52.41°N 27
Praha 14.44°E 50.00°N 51
Hohenpeissenberg 11°E 47.80°N 129
Payerne 6.57°E 46.49°N 146
Sapporo 141.33°E 43.06°N 47
Wallops Island 75.47°W 37.93°N 26
Tsukuba 140.13°E 36.06°N 47
Naha 127.69°E 26.21°N 44
Hong Kong Observatory 114.17°E 22.31°N 40
Maxaranguape (Natal) 35.26°W 5.49°S 30
Broadmeadows 144.95°E 37.69°S 46
Macquarie Island 158.94°E 54.50°S 48
Ushuaia 68.31°W 54.85°S 11
Marambio 56.62°W 64.23°S 28
Davis 77.97°E 68.58°S 22
Syowa 39.58°E 69.01°S 44
SHADOZ
Pago Pago 170.71°W 14.33°S 33
Natal 35.26°W 5.49°S 42

10.1029/2019JD031892Journal of Geophysical Research: Atmospheres

WARGAN ET AL. 4 of 21



meteorological analyses, which would otherwise arise through the radiative forcing in the GEOS GCM and
the use of infrared radiances in the meteorological assimilation.

GEOS ozone analyses, such as that in MERRA‐2, have used a simple chemistry parameterization. The sys-
tem used in our study employs a full stratospheric chemistry model, StratChem. This model, initially devel-
oped in the 1990s (Douglass et al., 1997; Kawa et al., 1995) has undergone substantial validation (Pawson
et al., 2008) and further development (Nielsen et al., 2017). StratChem uses a family‐based approach with
51 transported and 17 derived species. It includes a Nitric Acid Trihydrate polar stratospheric cloud scheme
developed in Considine et al. (2000, 2003). In its present configuration, it simulates 125 thermal and 39
photolytic reactions, along with a representation of heterogeneous chemistry on polar stratospheric clouds.
In particular, the scheme includes reactions involving very short‐lived brominated species shown to be
important for lower‐stratospheric ozone, especially in the polar regions (Oman et al., 2016).

Two ozone assimilation experiments were performed with this system: (1) MLS analysis: assimilates ozone
profiles fromMLS; (2) OMPS‐LP analysis: uses OMPS‐LP data instead of MLS. In addition, both experiments
assimilate total column ozone from OMI. Experiment (2) uses adjusted OMPS‐LP data as described below.
The experiments were run in a replay mode constrained by the MERRA‐2 meteorological fields for the 13‐
month period from December 2015 to December 2016.

2.4. Modeling of Observation Error and Quality Control

The OMPS‐LP ozone retrievals include a measure of precision. Experimentation showed that using these
estimates as observation errors led to a weak fit to the data in the assimilation system. The results presented
here use an observation error in which the provided precision estimate is multiplied by a factor of 0.75,
which produces a better agreement with independent data. We note that the reported precisions in version
2.5 OMPS‐LP retrievals (Kramarova et al., 2018) are larger than those in the previous versions and are likely
to be overestimated. It is common in data assimilation to tune the observation errors to best fit the assimi-
lated as well as independent data. Strict data screening was used for quality: The only retrievals used had
quality flag set to 1 and a “SwathLevelQualityFlags” of zero (see DeLand et al., 2017). In particular, this
excluded OMPS‐LP observations affected by the South Atlantic Anomaly, the Moon, solar eclipses, or other
planets in the field of view. In addition, in the layer where UV and Vis overlap (approximately between 12
and 4 hPa) all data for which the difference between the UV and Vis retrievals exceeded the reported preci-
sion were excluded. Overall, this amounts to about 50% of all observations being rejected, more in the north-
ern high latitudes than elsewhere. This highly selective quality control of the OMPS‐LP data does lead to a
substantial reduction in number of profiles assimilated, but the results discussed below indicate that the
remaining data are sufficient to constrain the analysis ozone in the middle stratosphere. It is possible that
some of these criteria can be relaxed in the future, as the data and their possible errors become
better understood.

2.5. Adjustment of OMPS‐LP Ozone Data

Figures 1a and 1b show the zonal mean difference between OMPS‐LP ozone and MLS observations of the
sunlit atmosphere averaged over the period 2013–2017 for the UV and Vis products separately as a function
of latitude (in 5° bins) and pressure. The bias is calculated on a monthly basis within a given latitude bin and
if there are at least 200 MLS and OMPS‐LP observations in that bin and month. The Vis bias is mostly nega-
tive (Vis ozone is lower thanMLS) with the exception of positive values in the tropical middle stratosphere, a
layer between 80 and 20 hPa in the tropics and northern middle latitudes, and a region of small positive
values between 70°S and 60°S, 50 to 10 hPa. This layered structure appears to “bend” upward with latitudes
decreasing toward the South Pole. The bias in UV is mainly positive between 8 and ~2 hPa and negative
above. The spatial structure of the bias is different between UV and Vis, providing a strong argument for
treating these two retrievals as separate data sources in assimilation. The relative bias is larger in the upper
troposphere‐lower stratosphere (UTLS) where ozone mixing ratios are smaller. These differences between
the OMPS‐LP and MLS ozone retrievals are consistent with those in Kramarova et al. (2018) (their
Figures 8 and 9).

The following adjustment procedure was applied to the OMPS‐LP data. It was performed separately for the
Vis and UV data. The zonal mean OMPS‐LP minus MLS differences were calculated on the MLS pressure
levels for each month, then averaged between 2013 and 2017. The MLS measurements of only the sunlit
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portion of the atmosphere were used. This produced 12 lookup tables containing biases as functions of
latitude and pressure. These biases were then interpolated to the OMPS‐LP observation locations and
subtracted from every OMPS‐LP profile. The normalization of the OMPS‐LP ozone data sets to MLS does
not imply an assumption that the latter are more correct than OMPS‐LP. Rather, the purpose of this
procedure was to eliminate discontinuities that would otherwise arise when merging the two data records
by assimilation. The adjustment procedure described above does not guarantee that there will be no mean
difference between MLS and OMPS‐LP at any given month, year or location; it simply removes the zonal,
temporal (2013–2017) mean difference, thus significantly reducing the discontinuity between the two
data sets.

The substantial impacts of applying this adjustment to OMPS‐LP Vis in 2016 are evident by contrasting the
original differences (Figure 1c) with the adjusted values (Figure 1d). In much of the stratosphere the differ-
ences between adjusted OMPS‐LP and MLS are within 1%. As an example, at pressures greater than 70 hPa,
the extratropical ozone is 20–40% lower in OMPS‐LP than in MLS, and the adjustment reduces this
difference to less than 10% except at the lowest extent of the retrievals. In the Tropics, Figure 1c shows an
alternating pattern of negative and positive differences, consistent with spurious oscillations in the lower‐
stratospheric MLS ozone, which are smaller in Version 4.2 than prior versions (Livesey et al., 2018); these
are reduced in magnitude, but not completely eliminated, by the adjustment (Figure 1d). There are two rea-
sons for this: first, the alternating positive and negative OMPS‐LP/MLS differences change from year to year;
second, the limited vertical resolution of both data sets, combined with their different vertical grids, means
there is not enough information in the mean profiles to completely suppress these oscillations.

While in most of the stratosphere the relative bias between the two satellite data sets is small compared to
climatological ozone mixing ratios, there are regions where it is significant and could introduce spurious

Figure 1. (top row) zonal mean OMPS‐LP bias with respect to MLS averaged 2013–2017 and shown in parts per million by volume. (a) Visible retrievals; (b) UV
retrievals. (bottom row) 2016 averaged Vis minus MLS difference relative to the MLS mean (c); 2016 averaged difference between adjusted Vis and MLS relative to
MLS mean. Regions with no data are shown in gray. In (c) and (d), the white areas represent differences within 1%.
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discontinuities in the assimilated ozone if OMPS‐LP were to replace MLS or if the two data sets were to be
assimilated jointly. Figure 2 illustrates a particularly severe case. At 150 hPa between 40°S and 30°S OMPS‐
LP Vis ozone is lower than MLS by about 30% (Figures 2a and 2b). In addition, the seasonal amplitude of
OMPS‐LP ozone is less than that of MLS (Figure 2a), indicating a seasonal dependence of the bias. The
results of the OMPS‐LP adjustment are illustrated in Figures 2a and 2b in magenta. The adjusted OMPS‐
LP data overlap with MLS and the already high correlation between the two data sets improves slightly
from 0.97 to 0.99. Figure 2c shows the deseasonalized MLS and OMPS‐LP anomalies obtained by
removing the monthly climatology calculated from each data set separately. Here again, an overall good
agreement is evident despite some small differences in 2012 and 2015. Also shown is a time series of
OMPS‐LP anomalies offset by the monthly OMPS‐LP minus MLS differences (the yellow line). It is clear
that the offset in this region as well as the differences in the seasonal amplitudes between the two data
sets are quite large compared to interannual variability. If assimilated without homogenization these
differences would pose a serious problem for studies of long‐term variability and trends.

3. Results
3.1. Overall Performance of the Experiments

The fit of MLS and (adjusted) OMPS‐LP analyses to the observations assimilated by each experiment is
examined. For each observed ozone value, the GEOS‐DAS outputs an observation minus background
(O‐B) residual, which measures the discrepancy between that observation and the model‐generated ozone
state interpolated to the observation location before assimilation. Analogously, an observation minus
analysis (O‐A) residual is the difference between that observation and the analysis ozone after the current
assimilation step. It is expected that O‐As are closer to zero than O‐Bs on average. Figure 3 shows the

Figure 2. (a) Time series of monthlyMLS ozone at 150 hPa averaged between 40oS and 30oS (black). The corresponding OMPS‐LP (Vis) time series before and after
adjustment are shown in yellow and magenta, respectively. (b) Scatterplot of OMPS‐LP unadjusted and adjusted data as in panel (a). (c) Deseasonalized MLS data
(black), deseasonalized OMPS‐LP data (magenta) and the latter minus the monthly adjustment (yellow).
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probability density functions (PDFs) of the O‐Bs and O‐As for OMPS‐LP
and MLS calculated for the entire year 2016 (two 6‐hourly time windows
per day are used: 21–3 UTC and 9–15 UTC). For both experiments the
mode and the mean of the O‐B PDFs are already close to zero and further
reduced in the O‐As. The O‐As are a factor of 1.75 smaller than the O‐Bs
for MLS and 2.01 smaller for OMPS‐LP. For both data sets the O‐B PDFs
are fat‐tailed toward larger positive values. This is especially evident in
the OMPS‐LP O‐Bs where the relatively large frequencies between 0.1
and 0.8 ppmv result from a large number of high UV ozone values close
to the peak of the mixing ratio around 10 hPa in the tropics. We note that
the adjustment applied to OMPS‐LP only shifts the data distribution mean
leaving the higher moments unaffected. The skewness is greatly reduced
by assimilation. These results provide ameasure of the impact that assimi-
lated ozone profile observations have on an analysis but they cannot be
used to assess the quality of the assimilated product. The latter is accom-
plished through comparisons with independent (nonassimilated) data
presented in sections 3.2 and 3.3.

Figure 4 shows the 2016 zonal mean difference and difference standard
deviation between the MLS and OMPS‐LP analyses, expressed relative
to the MLS experiment. Also shown is the zonal mean 2016 ozone mixing
ratio from the MLS experiment. The 0.1 ppmv MLS contour can be taken
to approximate the tropopause. As expected, at pressures between 200 and
10 hPa the differences between the two analyses exhibit a similar structure
to those between adjusted OMPS‐LP Vis and MLS (Figure 1d). In most of
the stratosphere the differences are close to zero, except in the tropics
where some of the oscillating pattern discussed above is evident, although
weaker than in Figure 1d, reflecting a mitigating impact of the model
dynamics and chemistry on the assimilation. In the upper stratosphere

(constrained by UV in the OMPS‐LP experiment) the largest differences are within 3–4%. As there are almost
no OMPS‐LP observations to constrain the analysis at pressures higher than 200 hPa, the differences
between the two analyses are much larger there, reaching up to about 40%.

The agreement between the two experiments in terms of their difference standard deviations is very close,
indicative of a similar temporal ozone variability driven, in both cases, by the same MERRA‐2 meteorology.
The difference standard deviations are less than 10% (relative to the MLS analysis average) in most of the
stratosphere and within 3% between 60oS and 60oN at pressures less than 50 hPa. Larger standard deviations
are seen in the tropical UTLS (at pressures greater than 50 hPa) and around the extratropical tropopause
where OMPS‐LP observations are not assimilated.

In the lower stratosphere the differences exhibit some longitudinal structure. Figure 5a shows the difference
between the OMPS‐LP and MLS analyses at 100 hPa averaged between March and May 2016 and expressed
as a percentage of the average ozone from the MLS experiment. The differences maximize over the central
Pacific between the equator and 30°S where the OMPS‐LP experiment produces values up to 28% higher
than theMLS analysis. Standard deviations of the differences between the two analyses at 100 hPa are shown
in Figure 5b. Themaximum difference standard deviations are seen, again, in the tropical Pacific. They reach
up to 36% in the same region where the mean difference attains a maximum. Outside of the tropics the dif-
ference standard deviations are within 20%, typically less. Ozone retrievals from OMPS‐LP in the upper tro-
posphere and lower stratosphere can be affected by aerosols, water vapor, and clouds. While the retrieval
algorithm attempts to remove the observations affected by clouds (Chen et al., 2016) some thin clouds
may go undetected. Furthermore, clouds can still affect the retrieval even if they are not directly at the
instrumental line of sight. An analysis of Vis and MLS observations at 100 hPa in the first months of each
year between 2014 and 2017 (not shown) reveals that the maximum positive differences are located over
the maritime continent in the non‐El Niño years and shifted toward the Central Pacific in 2016 raising a pos-
sibility that these differences are related to deep convection. Furthermore, at the beginning of 2016 OMPS‐
LP measurements indicated elevated aerosol amounts over this region, which could contaminate the ozone

Figure 3. Probability density functions (PDFs) of global observation minus
background (O‐B, yellow) and observation minus analysis (O‐A, magenta)
differences for (adjusted) OMPS‐LP (a) and MLS (b). All 0 and 12 UTC data
in 2016 are used. The horizontal lines near the top of each panel show the
mean (filled circles) ±1 standard deviation of each PDF.
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signals: this issue is currently being investigated. Outside of that region the discrepancy between the
experiments is much smaller and mainly negative.

3.2. Lower and Middle Stratosphere: Comparisons With Ozonesondes

In this section, the performance of the MLS and OMPS‐LP analyses in the lower and middle stratosphere is
evaluated using the independent data from WOUDC ozonesondes. The results are presented in the form of
joint PDFs (ozonesonde‐analysis) using all available data from 2016. In addition, the first and second
moment statistics and ozonesonde‐analysis correlations were computed. The comparisons were done as fol-
lows. First, both analyses were interpolated in the horizontal to ozonesonde locations and times, then all
data were mapped onto the tropopause‐relative vertical grid. Here, the tropopause was defined as the 2‐
PVU (potential vorticity unit) surface or the 380‐K isentrope, whichever was located at a lower altitude.
The use of the tropopause‐relative vertical coordinate amounts to the removal of the portion of the tracer
variability that arises solely from local, geographical and climatological variations in the tropopause height.
Similar approach was used, for example, by Sofieva et al. (2014) to construct an ozone climatology from ozo-
nesondes and satellite data, and by Wargan et al. (2015, 2017) to separate tropospheric and stratospheric air
masses for evaluation of assimilated ozone.

Figure 6 shows the joint PDFs of the ozonesonde and analysis ozone at six levels: 0, 1, 3, 5, 10, and 15 km
above the tropopause. About 700 ozonesonde soundings were used. Overall, the agreement between the
assimilation experiments and ozonesondes improves with the distance from the tropopause. At the lowest
two levels the difference standard deviations are within 0.06 ppmv. Specifically, at the tropopause the stan-
dard deviations are up to 39% of the sonde mean of 0.1 ppmv for both MLS and OMPS‐LP analyses. At 1 km
above, the standard deviations are 27% and 30% of 0.2 ppmv for MLS and OMPS‐LP, respectively. The aver-
age sonde ‐ analysis difference is up to 0.01 ppmv at the tropopause and at 1 km above (2–3%). Importantly
for this study, the PDFs are very similar between the two experiments, with the OMPS‐LP analysis showing
only slightly worse agreement with the sondes in terms of the scatter and correlation coefficient. The

Figure 4. Zonally averaged difference between theMLS analysis and the OMPS‐LP analysis ozone calculated for 2016 and
expressed as percentage of the MLS analysis mean (a). Difference standard deviation between the two experiments in 2016
relative to the MLS analysis (b).
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analysis‐ozonesonde correlations at the tropopause are 0.74 and 0.71 for the MLS and OMPS‐LP analyses,
respectively. At 3 km, the agreement between both experiments and ozonesondes is very good, with a bias
within 3%, difference standard deviations of 23% for both experiments, and correlations above 0.9. Again,
the PDFs and the statistics are very similar between the two analyses. At 5, 10, and 15 km above the
tropopause both experiments exhibit an excellent agreement with the ozonesondes. The average
differences do not exceed 0.07 ppmv and the difference standard deviations are all within 0.4 ppmv. All
the analysis‐ozonesonde correlations at these levels are close to unity. These high correlations indicate a
strong covariability, part of which arises from climatological latitudinal and seasonal patterns being well
captured by the analyses. In order to test the ability of the assimilation to reproduce also short‐term
dynamically driven variability we repeated these calculations for ozonesondes within 40–60°N and 10°W
to 25°E and during a single season, March to May. There were 107 ozonesondes matching these criteria.
In this case the correlations at the selected levels from the tropopause up are 0.35, 0.8, 0.87, 0.88, 0.97,
and 0.96 for the MLS analysis and 0.42, 0.82, 0.87, 0.91, 0.97, and 0.95 for the OMPS‐LP experiment,

Figure 5. Percent difference (a) and difference standard deviation (b) between ozone from the OMPS‐LP andMLS experi-
ments at 100 hPa calculated over the period from march to may 2016 and shown relative to the MLS analysis.
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indicating an excellent ability of both analyses to represent the dynamical and chemical variability of ozone
throughout the lower and middle stratosphere.

We will now examine the differences between the OMPS‐LP andMLS experiments in the tropical lower stra-
tosphere over the Central Pacific and the west Atlantic where the differences are particularly large
(Figure 5). Daily time series of ozone mixing ratio at two tropical locations: Pago Pago, American Samoa
(170.71°W, 14.33°S), and Natal, Brazil (35.21°W, 5.84°S) at 100 and 70 hPa are shown in Figure 7 along with
available observations from the SHADOZ ozonesondes. Overall, the analyses follow each other closely. At
Natal there is a pronounced seasonal cycle at 70 hPa with a minimum in May and maximum around
October. At 100 hPa at the same location there are two maxima: one in January and one in July. At Pago
Pago in June, a sudden increase in ozone mixing ratios is evident at 70 hPa and a slower increase is seen
at 100 hPa. All those characteristics are seen in both analyses and are supported by the ozonesonde observa-
tions. The largest discrepancies between the analyses are seen at Pago Pago at 100 hPa between January and
April (corresponding to the maximum difference seen in Figure 5) and at Natal at 70 hPa between June and
August. In both cases the OMPS‐LP analysis produces higher values. At Pago Pago the ozonesondes agree
with MLS better, while at Natal at 70 hPa it is OMPS‐LP that is in a closer agreement with the sondes.

Figure 6. Joint probability distribution functions of ozone (ppmv) from ozonesondes and MLS analysis (left panels) and ozonesondes and OMPS‐LP analysis
(right panels) at the tropopause (a) and selected levels above the tropopause: 1 km (b), 3 km (c), 5 km (d), 10 km (e), and 15 km (f). The dashed and solid
lines are diagonals and linear fits to the data, respectively. Mean differences (analysis minus sondes), standard deviations of the differences, and ozonesonde‐
analysis correlations are given in inset boxes. Note that the color scales differ among the plots.
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The above analysis is meant to illustrate the differences between the two experiments where they are the lar-
gest: in the tropical lower stratosphere. Overall, the performance of the OMPS‐LP and MLS analyses is
very similar.

3.3. Middle and Upper Stratosphere: Comparisons With ACE‐FTS

Figure 8 shows joint probability distribution functions of ACE‐FTS ozone and the two experiments at six
selected model levels between 50 and 1 hPa. All available quality‐screened ACE‐FTS data from 2016 were
used (6,229 profiles). The coverage of the instrument varies frommonth to month with a maximum number
of observations at midlatitudes and no observations north of about 80°N and south of 80°S.

The absolute values of the ACE‐FTS analysis differences and standard deviations are given in Figure 8.
Below we report the same statistics relative to the ACE‐FTS averages at each level. At 43.9, 26.05, and
8.46 hPa the differences between the experiments and ACE‐FTS range between 2.1% and 4.2% for the
MLS analysis and between 1.6% and 2% for the OMPS‐LP experiment. The difference standard deviations
are within 8% for both experiments. At 4.56 and 1.95 hPa the relative differences are within 3% for both
experiments and the difference standard deviations do not exceed 6%. Higher differences are seen at the stra-
topause: At 0.91 hPa both analyses are lower than ACE‐FTS by 0.22 ppmv (MLS) and 0.39 ppmv (OMPS‐LP)
or 9.6% and 11.6%, respectively. This is consistent with the 10–20% high bias of ACE‐FTS ozone with respect
to other satellite data sets found by Sheese et al. (2017). We note that, due to very short chemical time scales
for ozone in the upper stratosphere, the effects of data assimilation are quickly removed and the analysis
ozone near the stratopause is largely driven by the model chemistry

Both analyses exhibit very high correlations with ACE‐FTS. The PDFs maximize along the diagonals with
almost no indication of significant outliers. One exception is a number of high ozone concentrations pro-
duced by the OMPS‐LP analysis at 8.46 hPa and corresponding to about 4 ppmv in ACE‐FTS data. We have
determined that these high values result from an overestimation of ozone by the analysis at high latitudes in
May as the polar night stratosphere is not observed by OMPS‐LP.

Figure 7. Time series of daily ozone at Pago Pago (a and c, 170.71°W, 14.33°S) and Natal (b and d, 35.26°W, 5.49°S) at 70 hPa (a and b) and 100 hPa (c and d) from
the MLS analysis (blue), OMPS‐LP analysis (red), and SHADOZ sondes (black circles).
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3.4. Process‐Based Evaluation
3.4.1. Arctic Winter Ozone Depletion
Manney and Lawrence (2016) demonstrated that the maximum ozone loss due to heterogeneous chemistry
during the 2015/2016 polar winter occurred near the 490‐K potential temperature surface. Here, we discuss
the analysis results on a nearby 480‐K isentrope (about 20 km above the surface). Figure 9 shows maps of
ozone from the MLS (a) and OMPS‐LP (b) analyses separately on the 480‐K isentrope at 12 UTC on 15
December 2015, 15 January 2016, 15 February 2016, and 15 March 2016. Differences between the two ana-
lyses are shown in Figure 9c. The polar vortex edge is defined as the location of the maximum gradient of the
isentropic potential vorticity as in Nash et al. (1996), with an additional smoothing of the vortex edge PV
values by a 15‐day Fourier low‐pass filter.

On 15 December the maximum ozone mixing ratios, reaching over 3.25 ppmv, are found inside the vortex
with patches of lower values seen over Siberia. At midlatitudes ozone is 2 ppmv and lower at most locations.
In mid‐January the polar vortex is elongated and stretched between eastern Canada and northern Europe.
The concentrations within the vortex are still high and ozone begins to form a collar around the vortex edge.
The collar is fully formed by 15 February while the mixing ratios inside the vortex are now much lower,

Figure 8. Joint probability distribution functions of ozone (ppmv) from ACE‐FTS and MLS analysis (left panels), and ACE‐FTS and OMPS‐LP analysis (right
panels) at selected GEOS model levels: 43.9 (a), 26.05 (b), 8.46 (c), 4.56 (d), 2.95 (e), and 0.91 hPa (f). The dashed and solid lines are diagonals and linear fits to
the data, respectively. Mean differences (analysis minus ACE‐FTS), standard deviations of the differences and ozonesonde‐analysis correlations are given in inset
boxes. Note that the color scales differ slightly among the plots.
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between 2.25 and 2.75 ppmv, indicative of rapid chemical depletion (Khosrawi et al., 2017). We note that the
presence of a patch of higher values deep inside the vortex surrounded by lower ozone closer to the edge,
evident in Figures 9a and 9b on 15 February, is consistent with the depletion occurring in the sunlit
region of the vortex where ClOOCl molecules are photolyzed to ClOO and atomic chlorine that
subsequently catalyzes ozone destruction. As a result of a final warming that began on 5–6 March the
polar vortex became displaced off the pole and split into three offspring vortices (Manney & Lawrence,
2016). This is seen in Figures 9a and 9b on 15 March: One large vortex fragment is located over Siberia
and a smaller one travels westward south of Great Britain. The third fragment (without a well‐defined
edge) is seen over the north‐western Greenland. Ozone is largely depleted within the offspring vortices
with mixing ratios of 1.75 ppmv and lower in the largest fragment. The morphology of the ozone fields is
very similar between the two analyses. This is not unexpected: Wargan et al. (2010) showed that spatial
patterns of tracer fields in constituent data assimilation are controlled mainly by the model dynamics,
which is the same in both experiments. Figure 9c shows differences between the two analyses. Also
shown are 10% difference contours. The differences are mostly within 1 ppmv. On 15 December and 15
January, the OMPS‐LP analysis is on average the lower one of the two with the exception of the inner
vortex on 15 January where the OMPS‐LP analysis produces over 10% higher values. As that region is not
illuminated by sunlight it is unconstrained by OMPS‐LP or OMI observations but it is observed by MLS.
Consequently, the large differences reflect a bias in the StratChem model with respect to MLS. On 15

Figure 9. (a)Maps of ozone in ppmv at the 480‐K isentrope from theMLS analysis at 12 UTC on (from left to right) 15 December 2015, 15 January 2016, 15 February
2015, and 15 march 2015. (b) the same for the OMPS‐LP analysis. The circles show locations and values of the assimilated ozone observations from (a) MLS and (b)
OMPS‐LP, taken between 9 and 15 UTC on each day shown. In the interest of clarity only every other data point is shown but the northernmost observation
locations fromOMPS‐LP are included. (c) Differences between theMLS and OMPS‐LP analyses relative to theMLS analysis. The−10% and 10% contours are shown
in gray, solid, and dashed, respectively. The thick black contours in all the plots indicate the edge of the polar vortex.
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February and 15 March, the differences between the two experiments are smaller and less structured with a
smaller area covered by differences in excess of 10%. However, the mixing ratio within the smaller vortex
fragment is over 10% higher in the OMPS‐LP analysis than in the MLS experiment. We note that there is
no evidence of the difference patterns being aligned with the vortex edge. This is an important point
because the use of a one‐dimensional retrieval algorithm for OMPS‐LP raises a question whether large
ozone gradients are underestimated.

Also shown in Figure 9 are MLS and (adjusted) OMPS‐LP observations collected within 6‐hourly windows
around the times of the analyses and interpolated to the 480‐K theta surface using the MERRA‐2 tempera-
ture. As expected, the analyses agree very well with the observations they assimilate (the circles look almost
transparent against the background of the analysis fields). These plots also illustrate an important aspect of
data assimilation: its ability to derive well resolved instantaneous global ozone fields based on a limited
number of observations available at any given time.
3.4.2. The 2016 Ozone Hole
The 2016 ozone hole was average in size compared to other winters during the last decade (https://ozone-
watch.gsfc.nasa.gov). It began to form in August and ended with a somewhat early final warming in mid‐
November. Figure 10 shows ozone maps at the 480‐K potential temperature surface on 15 July, 15 August,
15 September, and 15 October illustrating the development of the ozone hole, analogous to Figure 9. The
July ozone concentrations were high within the polar vortex as expected from climatology. By mid‐August
heterogeneous ozone loss has commenced within the outer portion of the vortex, leaving a high‐ozone collar
around the vortex edge. The depletion continued through September and October. On 15 October the vortex
at 480‐K isentrope was almost completely depleted of ozone with mixing ratios near zero over parts of West

Figure 10. As in Figure 9 but for the austral winter‐spring.
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Antarctica and the Southern Ocean. As was the case of the boreal winter, the morphology of the ozone fields
is similar between the two experiments but there are some notable differences in mixing ratios. The July
polar vortex ozone is higher in the OMPS‐LP analysis by 10% andmore. In August, the OMPS‐LP experiment
still shows higher values in the inner portion of the vortex but slightly lower mixing ratios in the outer part
where ozone depletion by active chlorine had already started. As the vortex was almost entirely unobserved
by OMPS‐LP in both months, these differences reflect the model bias with respect to MLS rather than a rela-
tive bias between the two instruments. The differences are within 1 ppmv. While that translates into large
percent values inside the vortex in September and October due to the fact that the ozone concentrations
are close to zero, the absolute (very low) values of mixing ratios are similar between the two analyses.

In September and October, the OMPS‐LP analysis shows a weaker ozone gradient across the vortex edge
compared to the MLS experiment, unlike in the case of the Arctic winter. Note that the edge is observed
by OMPS‐LP in both months. Because the OMPS‐LP ozone algorithm does not account for horizontal inho-
mogeneity in ozone distribution this results in the weaker gradient as the instrument's line of sight intersects
the vortex edge and the measured radiances, nominally originating from a tangent point inside the vortex
also contain information from the region between the edge and the sensor, where ozone is much higher.
This leads to an overestimation of the low concentrations inside the vortex and an underestimation of the
high values immediately outside of it. This effect is seen at all theta levels between 400 and 500 K. Here,
we note several important points. First, this effect does not change the main features of the ozone field: A
high‐ozone collar around the vortex edge and a sharp gradient across the edge are present in both analyses.
Second, it would be instructive, in a future study, to compare these results with an assimilation of OMPS‐LP
ozone retrieved using the tomographic approach of Zawada et al. (2018). That study demonstrates that their
two‐dimensional algorithm resolves the ozone gradients better than the one‐dimensional version used here.
However, it should be noted that the differences in the representation of the ozone gradients across the
vortex edge between different retrieval algorithms do not affect the ability of assimilation to reproduce
long‐term ozone variability.

Figure 11. Deseasonalized ozone mixing ratio anomalies averaged between 5oS and 5oN (shaded) as a function of time
and pressure for the MLS analysis (a) and OMPS‐LP analysis (b). The black contours show the zonal wind in the same
latitude band with contour intervals of 5 m/s. negative, zero, and positive wind speeds are shown as dashed, dotted, and
solid lines, respectively. The plots were generated from 3‐hourly analysis output with 5‐day smoothing applied.
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3.4.3. The QBO Disruption
The QBO is a major mode of dynamical variability of the stratosphere and one that strongly affects tropical
ozone via transport below ~30 km, and through a combination of transport and chemistry in the middle and
upper stratosphere (Chipperfield et al., 1994; Logan et al., 2003). In the lower stratosphere, descending wes-
terly wind shear layers induce anomalous downwelling in the tropics that acts on the strong vertical ozone
gradient there, leading to positive concentration anomalies. The opposite occurs for easterly wind shears.
Extratropical lower stratospheric ozone is also affected by a secondary meridional circulation induced by
the QBO (Gray & Pyle, 1989) producing an out‐of‐phase relationship between the tropical and extratropical
ozone anomalies. In the beginning of 2016 an anomalously high Rossby wave momentum flux into the tro-
pics led to an upward displacement of a descending zone of westerly winds, accompanied by a downward
propagating region of easterlies (Coy et al., 2017; Newman et al., 2016; Osprey et al., 2016). This disruption
strongly affected tracer transport in the lower stratosphere (Tweedy et al., 2017).

The evolution of the 5°S to 5°N averaged deseasonalized ozone partial pressure anomalies from the MLS and
OMPS‐LP analyses along with the zonal mean zonal wind is shown in Figure 11 as a function of pressure.
The ozone anomalies were computed by removing the monthly meanMERRA‐2 climatology from each ana-
lysis and then recentering the result around zero at every level. The MLS and OMPS‐LP analyses produce
almost identical anomaly patterns consistent with our understanding of tropical ozone transport due to
the QBO. Evident is a region of descending negative anomalies between January and June coincident with
the region of anomalous easterlies at pressures between 20 and 70 hPa. This is followed by a layer of positive
anomalies aligned with the westerly wind shear starting at about 30 hPa in March and continuing through
the rest of 2016. Figure 12 shows deseasonalized monthly ozone anomalies and vertical wind shear at 38 hPa
as a function of time and latitude, similar to Figure 3 of Tweedy et al. (2017). In agreement with that study,
the tropical ozone anomalies change from negative to positive in June, about 1 month before the positive
wind shear attains a maximum. An opposite change occurs in the extratropics, indicative of the anomalous
meridional circulation induced by the QBO disruption. Theminimum ozone anomaly is seen around 20°S in

Figure 12. Deseasonalized monthly ozone mixing ratio anomalies at the 38‐hPa pressure level as a function of month and
latitude (shaded) and vertical shear of the zonal wind (contours) for the MLS analysis (a) and OMPS‐LP analysis (b).
The interval of the shear contours is 0.002 s−1. Negative, zero, and positive shear values are shown as dashed, dotted, and
solid lines, respectively.
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July and August, again consistent with the results reported by Tweedy et al. (2017). Here, as well as at other
pressure levels in the lower stratosphere (not shown), a remarkable agreement between the results of the two
analyses is evident.

These results highlight the ability of limb ozone assimilation to represent the ozone responses to the QBO
correctly, as previously demonstrated for MLS (Coy et al., 2016). This is in contrast to a number of reanalyses
that assimilate layer ozone from nadir Solar Backscatter UltraViolet radiometers (SBUV) but not limb obser-
vations, for example, MERRA‐2 prior to 2004: due to large vertical smoothing errors inherent in ozone data
derived from nadir observations (Kramarova et al., 2013) the downward phase propagation of the ozone
QBO signal in these reanalyses is often poorly represented (Davis et al., 2017, their Figure 8; Coy et al., 2016).

4. Conclusions

An evaluation was presented of the relative performance of MLS and OMPS‐LP ozone assimilation, focusing
on the aspects relevant to a continuity of ozone record in future reanalyses. A simple adjustment scheme was
applied to the OMPS‐LP data by removing the zonal mean monthly differences from MLS for UV and Vis
observations separately. Two assimilation experiments were performed for the year 2016 using a version
of the GEOS data assimilation system with the full stratospheric chemistry model, StratChem, and driven
by the MERRA‐2 meteorology. These experiments are constrained by stratospheric ozone profiles from
MLS and OMPS‐LP, respectively, and are set up identically otherwise. The main results are summarized
as follows.

1. In the middle and upper stratosphere, the two analyses agree very well, with the mean differences within
3% and difference standard deviations within 10%. Larger differences are seen in the lower stratosphere,
particularly in the Tropics.

2. The two analyses exhibit extremely similar difference patterns against independent observations from
ozonesondes and ACE‐FTS. The only large discrepancy is seen at 100 hPa over the Central Pacific
between January and April of 2016, that coincides with the strong El Niño event. This discrepancy is sub-
ject to ongoing investigation.

3. Heterogeneous ozone depletion during polar spring is realistically represented in both analyses. The lar-
gest differences of 10–20% are confined to the interior of the polar vortex during summer months where
there are no observations from OMPS‐LP. The ozone gradient across the vortex edge in the Southern
Hemisphere spring is less sharp in the OMPS‐LP analysis than in the MLS experiment. This is an
expected effect in OMPS‐LP retrievals because the algorithm does not account for inhomogeneity along
the sensor's line of sight.

4. Ozone transport during the 2016 QBO disruption event is represented very well in both experiments and
in excellent agreement with other studies.

Although not shown here, the results of combined assimilation of MLS, OMPS‐LP, and OMI fall between
those of the MLS and OMPS‐LP experiments, which are already in close agreement. An important conse-
quence of this is that the two types of limb data can be assimilated separately or jointly without affecting
the quality of the analyses significantly, at least outside of the polar night, providing a redundancy needed
when data from one of the sensors become unavailable either due to a temporary outage or permanently.

Overall, the largest differences between the two analyses evaluated here are confined mainly to (1) the
regions where OMPS‐LP does not collect data: polar night and at pressures greater than 200 hPa, (2) the
equatorial Pacific at the tropopause, and (3) the tropical lower stratosphere in general, due to the oscillations
in theMLS profiles there. Inmost of the stratosphere the agreement is excellent in terms of bothmean values
and statistical distributions, providing a strong indication that even the simple adjustment scheme applied
here will be sufficient to ensure continuity of the ozone record in future reanalyses that will use both these
data sources. This result comes with a caveat: Kramarova et al. (2018) found that OMPS‐LP exhibits a posi-
tive altitude‐dependent drift with respect to other satellite data sets that are considered stable. The drift is
generally within 1% per year but large enough to pose a problem for trend studies. Further work is required
to fully understand and correct this issue.

The methodology discussed here can be extended to include future OMPS‐LP sensors. Periods of overlap
between different OMPS‐LP instruments can be used for data adjustment if there are systematic

10.1029/2019JD031892Journal of Geophysical Research: Atmospheres

WARGAN ET AL. 18 of 21



differences between them. Alternatively, one could explore the possibility of using solar occultation data or
limb observations from the Optical Spectrograph and InfraRed Imager System (Llewellyn et al., 2004) as
transfer standards for data homogenization of multiple limb sensors. A long‐term stable data record such
as from Optical Spectrograph and InfraRed Imager System would make it possible to produce homogenized
data sets if gaps between consecutive future OMPS‐LP missions arise, for example, due to sensor failures.
Ozonesonde records can also be considered as transfer standards if long‐term stability of these observations
can be established.

Most modern multidecadal reanalyses to date have not used any type of bias correction of the ozone data
they assimilate (Davis et al., 2017; Fujiwara et al., 2017). The latest reanalysis produced by the European
Centre forMedium‐RangeWeather Forecasts, ERA5 is the first one to apply an adaptive bias correction algo-
rithm to the assimilated ozone data but the results of this approach on the ERA5 ozone have not yet been
evaluated in the published literature. The present study documents a first step toward generating a reanaly-
sis suitable for long‐term ozone monitoring of stratospheric ozone recovery in the 21st Century through
combined assimilation of MLS and OMPS‐LP data.
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