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Executive summary

* The assessment of long-term observations by LOTUS
confirms the significant decline of ozone concentra-
tions in the upper stratosphere (at altitudes above the
10-5hPa level) between January 1985 and December
1996. The strongest trends are observed near 2hPa
(~42km) with values of 5.9-6.2 % per decade at mid-
latitudes and 4.8 % per decade in the tropics. Trends are
significant at more than 5 standard deviations in this
altitude range.

* Trends derived from satellite and ground-based re-
cords in the pre-1997 time period agree with climate
model simulations within respective uncertainties thus
confirming our understanding of ozone loss processes
in the upper stratosphere during that period.

* Between January 2000 and December 2016, positive
trends are obtained throughout the upper stratosphere
for satellite and ground-based records. The combined
trends from six merged satellite records are larger in
the Northern Hemisphere mid-latitudes (2-3 % per de-
cade between ~5-1hPa) than in the tropics (1-1.5 % per
decade between ~3-1hPa) and Southern Hemisphere
mid-latitudes (~2 % per decade near 2 hPa). Statistical
confidence is largest for trends in the Northern Hemi-
sphere mid-latitudes.

e For altitudes below the 4hPa level, ozone trends in
the post-2000 time period are not significant. Though
not significant, negative ozone trends of 0.5-1.5% per
decade are consistently detected by multiple satel-
lite combined records in the 50-15hPa altitude range
over the tropics. Trends derived from ground-based
data and Chemistry-Climate Model Initiative (CCMI)
model simulations are generally consistent but more
variable in this region. The mean CCMI model trend
is negative at altitudes below 30 hPa, but the range of
individual model trends is large; trends in ground-
based records tend to be negative at 20 hPa but increase
at lower altitudes (except trends from the microwave
records). At mid-latitudes, the trends are close to zero
down to 50 hPa.

e Larger differences in post-2000 trends from the vari-
ous records are observed in the lowermost stratosphere
(100-50hPa) in all latitude bands. Non-significant
negative trends are derived from merged satellite re-
cords over the tropics and the Northern Hemisphere
mid-latitudes. Model simulations show positive trends
in the mid-latitudes in both hemispheres in this alti-
tude range, although the trends are not statistically
significant.

ix

e LOTUS estimates of past and recent ozone trends are in
fairly good agreement with results from previous stud-
ies. For the post-2000 period, the largest differences are
found throughout the middle stratosphere. These dif-
ferences stem primarily from extensions of and revi-
sions to existing data records, the addition of new data
records, and in some cases the use of a different trend
model.

e While trend values in recent studies are fairly similar, the
uncertainties and hence significances of the combined
trends in broad latitude bands differ substantially. The
LOTUS approach, based on both error propagation and
standard error of the mean, also explicitly accounts for
correlation between the data sets, which results in more
conservative uncertainties and thus lower, but more real-
istic, confidence in positive upper stratospheric trend val-
ues compared to the most recently published assessment
of merged satellite data set trends.

Have ozone concentrations in the stratosphere significantly
increased since the end of the 1990s when levels of ozone
depleting substances (ODSs) started to decline? Finding an
answer to this question is of great societal importance to
ensure that the measures taken by the Montreal Protocol
and subsequent amendments to reduce ODSs continue to
adequately protect the ozone layer. However, the confidence
with which we can assess changes in stratospheric ozone
since the mid-1990s has been the subject of considerable
scientific debate in recent years, as it depends on the data
sets and the analysis methods used. Settling this scientific
debate is one of the main objectives of the LOTUS activity,
short for Long-term Ozone Trends and Uncertainties in the
Stratosphere.

Below, we summarise the main results obtained during the
first phase of LOTUS, which was primarily targeted at pro-
viding timely input to the 2018 World Meteorological Orga-
nization (WMO) Ozone Assessment (WMO, 2018). During
this phase we reevaluated the satellite and ground-based
data records as well as the time series analysis methods com-
monly used to derive long-term trends. Using a single “LO-
TUS regression” model, we reassessed past and recent trends
in the vertical distribution of stratospheric ozone from the
updated individual data records. We then developed a new
approach for combining the individual trend estimates from
satellite-based records into a single best estimate of ozone
profile trends with associated uncertainty estimates. Finally,
we compared the satellite-based profile trends in broad lati-
tude bands to trends from ground-based data, from the col-
lection of CCMI-1 model simulations, and from past evalu-
ations of satellite-based trends in peer-reviewed literature.



X Executive summary

Some regions in the stratosphere have not been considered
(e.g., polar) or have not been analysed in full detail (e.g,
lower stratosphere) because of the timeline for the 2018
WMO Ozone Assessment (WMO, 2018).

ES.1 New and improved data sets for trend analyses

The work performed in LOTUS and the resulting trends are
based on the latest observations from single and merged
satellite records as well as from ground-based instruments.
In addition to including four additional years of data com-
pared to the results published in the 2014 WMO Ozone
Assessment and in the framework of the SI2N activity (i.e.,
Harris et al., 2015; and references therein), many of the
records utilised in LOTUS have been improved for trend
analyses (i.e., new methods to combine/homogenise data
sets, sampling corrections, and revised calibration and
pointing stability). With nearly global coverage and dura-
tions spanning at least 30 years (1985-2016), the combined
satellite records constitute the backbone of LOTUS trend
analyses. With respect to ground-based measurements,
LOTUS used individual records from passive and active
remote sensing techniques as well as from ozonesondes,
including the few homogenised sonde records that exist. In
addition to observations, CCMI model simulations were
used to test our understanding of ozone profile trends and
results shown here represent the first analysis of trends in
the vertical distribution of ozone from the CCMI-1 REF-
C2 simulations. The details of all observational and model
data used in LOTUS, as well as the methods for averaging
and merging data records, are discussed in Chapter 2 of
this Report.

ES.2 Addressing the challenges with data for trend
estimation

Any assessment of trends and uncertainties necessitates
the investigation of the data sets themselves as well as
the nuances of their creation, in the case of merged data,
and utilisation. The intercomparisons of the satellite and
ground-based ozone time series reported in Chapter 3
reveal a number of measurement artifacts (e.g, drifts,
discontinuities, and spikes) but generally show good
agreement. In fact, the agreement between observational
records is better than for earlier versions of merged ozone
records used for previous assessments (i.e., WMO, 2014;
Harris et al., 2015; and references therein), which lends in-
creased confidence in derived trends. Acknowledging and
understanding potential anomalies is important for ex-
plaining differences in the trends and trend uncertainties
and provides guidance on how to improve the data sets.
Availability of data records by a number of complementary

instruments is key in singling out these issues and attrib-
uting them to one of the data records. Recently proposed
Bayesian analyses (Section 3.1.5) may further help to sys-
tematically identify artifacts in particular data sets, while
Monte Carlo (MC) methods (Section 3.1.4) can help assess
the impact of remaining uncertainties in the records on
the final trend estimates. Sampling biases also come into
play, since the ozone time series are regressed at an aggre-
gate level and lead to systematic changes in derived trends
by up to 1-2% per decade in parts of the stratosphere,
which constitute a considerable fraction of the estimates
of post-2000 trends.

ES.3  Sensitivity testing for a consensus regression model

One of the primary goals of LOTUS is to assess the impact
of analysis methods on derived ozone trends and their un-
certainties. In that regard, a test of 15 previously published
multiple linear regression (MLR) models applied to a com-
mon data set was performed to evaluate the sensitivity
of derived trends to different methodologies. The results
showed good agreement in the shape of retrieved trends
but a general spread in derived trend values after 2000 of
1-2% per decade, with overall differences as high as 3%
per decade, which revealed the need for additional sensi-
tivity tests in order to create a consensus analysis method.

Chapter 4 of this Report details a series of sensitivity tests
pertaining to the impact of different geophysical and em-
pirical proxies used in MLR analyses on the derived trends
and their uncertainties. Since work during the first phase
of LOTUS was optimised towards estimating middle
and upper stratospheric trends in satellite data sets, we
focused on the sensitivity of proxies to ozone variability
at these altitudes. Accordingly, results showed that short
period proxies (e.g, AO' , AAO', NAO', and EHF') had
negligible effects on trends and variably small impacts
on uncertainties while excluding the solar cycle, QBO',
or ENSO' proxies from the regression model had signifi-
cant effects on the trend (1-2 % per decade difference) and
uncertainty (around 1% per decade) estimates. Different
long-term trend proxies were also investigated, reveal-
ing the complexity of attempting to capture changes in
ozone stemming from the influences of both ODSs and
greenhouse gases. Ultimately a single consensus “LO-
TUS regression” model, based on a simple yet appropri-
ate set of geophysical proxies and a trend proxy designed
to capture mean trends in satellite data sets, was chosen
for our analyses and was also packaged for public use
(https://arg.usask.ca/docs/LOTUS_regression).

Lastly, while a more traditional MLR-based approach was
chosen for the majority of work in LOTUS, a newer sta-
tistical approach, namely a dynamic linear model (DLM),

! Abbreviations for proxies: AO = Arctic Oscillation; AAO = Antarctic Oscillation; NAO = North Atlantic Oscillation;
EHF = Eddy Heat Flux; QBO = Quasi-Biennial Oscillation; ENSO = El Nifio Southern Oscillation.



was also tested. The DLM technique, as its name implies,
does not constrain the shape of the likely nonlinear long-
term trend and thus may ultimately be better suited for
this type of work. However, this method was not fully
evaluated during the first phase of LOTUS and a more
comprehensive comparison of MLR and DLM for ozone
trend estimates is still needed.

ES.4 Examination of trend results from individual data sets

The “LOTUS regression” model was first applied to the in-
dividual data sets at their native resolution. Results display
expected patterns of ozone decline in the upper strato-
sphere prior to the late 1990s and a subsequent smaller
increase since 2000 in generally good agreement with
models, though the magnitude and statistical significance
of these results vary between the different data sets. Most
data records and model simulations point to continuously
declining ozone levels in the tropical lower stratosphere in
a fairly coherent yet generally not statistically significant
way, but results at mid-latitudes in the lower stratosphere
are variable and inconclusive. Additionally, the differenc-
es between trend results are discussed as they pertain to
the differences in the various data sets and merging tech-
niques (see Chapter 3). In order to place these results in
context with previous comprehensive studies, the regres-
sions are repeated with the data sets averaged over broad
latitude bands (i.e., 60°S-35°S and 35°N-60°N represent-
ing southern and northern mid-latitudes respectively and
20°S-20°N representing the tropics) prior to continuing
with the overall analysis.

ES.5 Revised approach to combine trends

The typical desire for a single set of spatially resolved trend
results (e.g, as in previous Ozone Assessments) when faced
with an ensemble derived from the analyses of multiple data
sets creates the unique challenge of merging not only the
ensemble of trend results but also their uncertainties. With
an aim towards determining if these results are statistically
significant, it is the latter component that is more important
and often more complicated. Historically, a variety of tech-
niques have been used to merge the uncertainties and the
LOTUS Report introduces a new, statistically more robust
method. This includes not only components involving simple
error propagation, which captures uncertainties introduced
from the data and the analyses, and the standard error of the
mean, which captures systematic uncertainties such as those
introduced by drifts between data sets, but also the correla-
tions between the data sets themselves, estimated from the
correlation of the fit residuals. Consequently, it is the nature
of the independence of the data sets and their resulting trends
that is the most important aspect of merging the trend uncer-
tainties. Section 5.3 in this Report details the complexities of
this merging and the necessary assumptions chosen for the
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LOTUS work, which are balanced between not wanting to
overestimate or underestimate the combined uncertainties.
The results presented here have uncertainties that fall be-
tween previous comprehensive works but err towards a more
conservative estimate. Ultimately, this work concludes that
the most meaningful way to improve the uncertainties in fu-
ture analyses would be to reconcile the discrepancies between
the data sets themselves prior to the merging process.

ES.6 Assessment of combined ozone profile trends

Estimates of combined satellite trends are summarised in
Figure ES.1 and in Table ES.1 (see Section 5.6). For this
work, results are separated into two distinct time periods
with “pre-1997” being defined as the period from January
1985 to December 1996, while “post-2000” refers to the pe-
riod from January 2000 to December 2016. Comparisons
of LOTUS trends (hereafter L19) with previously published
trends (WMO, 2014, hereafter W14; Harris et al., 2015, here-
after H15; Steinbrecht et al., 2017, hereafter S17) are shown
in Figure ES.1 as well.

ES.6.1 1985-1996 trends

Negative trends are found across nearly the entire strato-
sphere in the pre-1997 period for almost all satellite and
ground-based data records. Individual and combined sat-
ellite data show highly statistically significant evidence of
declining ozone concentrations in the upper stratosphere
(at altitudes above the 10-5hPa level) since the mid-1980s
and well into the 1990s. The depletion reaches a maxi-
mum rate near 2hPa (~42km) of 5.9-6.2% per decade at
mid-latitudes and 4.8 % per decade in the tropics (see Table
$5.1 in the Supplement). Ozone decline rates in the middle
stratosphere (30-15hPa) are considerably smaller, with sta-
tistically insignificant values of at most 1-2% per decade.
Negative trends are found across the lower stratosphere
(down to 50hPa), while in the lowermost stratosphere
(down to 100hPa) trends differ according to latitude, with
large significant negative trends of about 5% per decade in
the Northern Hemisphere. However, confidence in trend re-
sults is reduced in the lower stratosphere due to large natu-
ral variability, low ozone values, and decreased sensitivity
of satellite observations. Trends derived from ground-based
measurements generally corroborate satellite trend results.
However, due to their larger sparseness in space and time,
especially during this early period, the significance of the
trends is not as high and trend values differ. Results agree
well with those of model simulations (within 1% per de-
cade) throughout the middle and upper stratosphere at all
latitudes, lending confidence that these losses in ozone were
the result of chemical forcing from ODSs according to mod-
el predictions. However, larger differences exist between
satellite and model results in the lowermost stratosphere,
with disagreements outside the large uncertainties only in
the Southern Hemisphere.
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Figure ES.1: Overview of ozone profile trends from past and recent assessments: WMO (2014), Harris et al. (2015), Stein-
brecht et al. (2017), and LOTUS (this work) are shown in red, orange, blue, and black respectively. Top row shows trends before
the turnaround of ODSs and bottom row since the turnaround (analysis time period differs by assessment). Shaded area and
error bars represent the 95 % confidence interval for the combined trend. Coloured profiles are slightly offset on the vertical
axis for display purposes. This figure is also shown in Chapter 5 as Figure 5.12. LOTUS results are tabulated for each pressure
level in Table $5.1 in Supplement. Steinbrecht et al. (2017) did not report or discuss pre-1997 trends, but results shown here
were obtained from that work (private communication).

Ozone trend Jan 1985 - Dec 1996 Ozone trend Jan 2000 - Dec 2016
(% per decade, £ 20) (% per decade, £ 20)

P’(‘:‘slfa‘;’e 60-35°S | 20°S-35°N | 35-60°N | 60-35°S | 20°S-35°N | 35-60°N
1 -2.8+3.1 20+3.2 -3.3+3.2 1.3+1.8 1.0+£1.2 1.9+2.3
2 -6.0x+1.7 -44+1.2 -5.8+1.7 2121 1.3+£09 29+21
5 -34+24 2.6+3.0 2.8+2.7 1.8+£2.2 14+£28 1.8+£2.0
7 22%+15 -1.1+£19 2.5+18 11+£1.7 1.2+£25 11+£14
10 1.0+14 -0.8+1.5 25+15 02+14 11+£1.2 0.8+1.0
20 0.0+£1.9 -09+17 -1.7+25 0.2+1.3 -0.5+1.7 0.0+1.2
50 2.2+27 24433 21+23 -0.3+1.6 -09+21 0.2x+15
70 -1.2+4.5 -1.9+£5.3 -45+3.8 -06+24 -0.7+£3.3 -09x24

Table ES.1: Overview of LOTUS combined satellite trends in three latitude bands and two time periods. Central values and
uncertainties representing the 95 % confidence interval are listed in the table. Trend results that are statistically significant at
the 2-sigma level are highlighted in grey cells. See also Figure ES.1. Please note that trends and uncertainties are interpolated
onto pressure levels that are common to other studies (e.g., WMOQO, 2014; Steinbrecht et al., 2017) to facilitate comparisons
between these studies and LOTUS. Trends discussed in Chapter 5 are presented on the LOTUS pressure levels, which have a
higher vertical resolution, and these are tabulated in Table $5.1 in Supplement.



ES.6.2 2000-2016 trends

Positive trends are found throughout the upper strato-
sphere and part of the middle stratosphere in the
post-2000 period for both satellite and ground-based
trends, though results vary for ground-based data
depending upon the observation technique. Results
from satellites show statistically significant positive
trends in the Northern Hemisphere at mid-latitudes of
2-3% per decade in the upper stratosphere (between
~5-1hPa) and 1-1.5% per decade in the tropics (be-
tween ~3-1hPa).

Positive trends of ~2% per decade are also found in
the Southern Hemisphere near 2hPa at mid-latitudes
though the statistical confidence is smaller. In the
Northern Hemisphere mid-latitudes, trends in the up-
per stratosphere are significant down to 4hPa. At alti-
tudes below 4 hPa, mid-latitude trends are no longer sta-
tistically significant, dropping from positive 1.8 % per
decade at 5hPa to near zero between 50-20 hPa. In the
tropics, trends become negative below 15 hPa though the
estimates of 0.5-1.5 % per decade are statistically insig-
nificant as well. Generally, these satellite-based results
are in agreement with ground-based observations and
model simulations. The persistent negative trends in the
middle and lower stratosphere over the tropics are like-
ly the consequence of radiative and dynamical forcing
from greenhouse gases according to model predictions
(WMO, 2014; and references therein). Derived trends
differ considerably in the lowermost stratosphere, be-
low 50 hPa, depending on the data set and latitude. For
example, satellite-based results show statistically insig-
nificant negative trends (or near zero in the Southern
Hemisphere) and ground-based trends agree in sign
except in the tropics where there are significant posi-
tive trends. Model simulations, however, predict posi-
tive trends in mid-latitudes in both hemispheres in this
altitude range.

ES.6.3 Comparison with previous assessments

LOTUS estimates of past and recent ozone trends are
in fairly good agreement with results from previous as-
sessments (e.g., W14, H15, S17, and references therein).
L19 and S17 trends differ by less than 0.5 % per decade
in the post-2000 period, which is expected since similar
data sets and a similar regression model were used for
both studies. Trends by W14 and by H15 are in reason-
able agreement with L19 as well, though larger differ-
ences are noted for the post-2000 period at Southern
mid-latitudes, in the tropical middle stratosphere, and,
for H15, in the Northern mid-latitudes as well. These
differences stem primarily from extensions of and revi-
sions to existing data records, the addition of new data
records, and the use of a different trend proxy (e.g., H15
assumed an inflection point at 1997).
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While trend values in W14, H15, S17, and L19 are fairly
similar, the uncertainties and hence significances of
the combined trends differ substantially. This is the
most critical component for the detection of the rela-
tively small post-2000 trends. Even though both S17
and L19 use similar data records, the L19 approach,
based on both error propagation and standard error of
the mean, yields different uncertainties as compared
to S17. In the upper and middle stratosphere, uncer-
tainties from the standard error dominate and thus
the estimate of the independence of the data records
is critical in testing the trend null hypothesis. S17
trends are statistically significant across the entire up-
per stratosphere while in the L19 trend analysis, which
derives a smaller degree of data independence from the
correlation of fit residuals, high significance is found
only at Northern mid-latitudes, and less significant
trends are found in the tropics and at Southern mid-
latitudes. There is not sufficient information in the
trend analyses that can help determine exactly how
independent the different data sets are. However, it is
concluded that the real trend uncertainty lies in be-
tween S17 and L19 uncertainty estimates in the upper
stratosphere. On the other hand, analysis of results of
the two other assessments considered in the study sug-
gested that they used either a too conservative (H15) or
too optimistic (W14) approach to estimate combined
uncertainties.

In the lower stratosphere, ozone trends are affected by
large atmospheric variability and decreased sensitivity
of satellite measurements. The L19 approach, which in-
cludes a term for error propagation from the regression
coefficients, is not capable of capturing all sources of
uncertainty and most importantly measurement drift,
which leads to the conclusion that uncertainties derived
from the analysis may be underestimated.

ES.6.4 Openissues and future work

The LOTUS Report assessment of satellite and ground-
based ozone data sets (Chapter 2) builds the founda-
tion for reconciling the discrepancies in ozone trends
estimated from the individual climate data records.
Understanding the causes of these differences would
create improvements not only in the internal consis-
tency of data sets, but also in the uncertainties of over-
all ozone trends. Further, development of techniques
to directly assess uncertainties in the merged records
resulting from discrepancies that cannot be complete-
ly reconciled, such as small relative drifts and differ-
ences resulting from coordinate transformations and
sampling differences, would allow for a more precise
estimate of significance of the mean trend.

For the satellite and ground-based data used in the
LOTUS Report, information on stability and drifts
of the measurement is still incomplete (Chapter 3).



xiv  Executive summary

The homogenisation of ozonesonde records was not fin-
ished prior to their use in the LOTUS assessment, and thus
the ozonesonde trends and their uncertainties (especially
in the lower stratosphere) may change in the future. In ad-
dition, in order to properly combine instrument-specific
trends, a common matrix for providing error budget infor-
mation for each ozone record is needed. Work developing
a common approach to assessing errors in Level 2 satellite
data is ongoing under the SPARC “Towards Unified Error
Reporting (TUNER)” activity and ozone record uncer-
tainties are addressed in other SPARC (Stratosphere-tro-
posphere Processes And their Role in Climate) activities.
Standardised error budgets have also been defined within
the Network for the Detection of Atmospheric Composi-
tion Change (NDACC) and are in the process of being in-
cluded in the data records.

The common statistical linear regression trend model
(Chapter 4) used in the LOTUS Report was optimised for
analyses of the zonally averaged satellite data sets. How-
ever, analyses of the ground-based data require recon-
sideration of additional proxies (i.e., lag for ENSO, AO,
AAO, NAO, EHEF, etc.) and optimisation methods that
can improve interpretation of the processes that impact
ozone changes over the limited geophysical region and
reduce trend uncertainties (Chapter 5).

The first attempt to evaluate representativeness of the
ground-based station records for the middle and upper
stratosphere using Solar Backscatter Ultraviolet Radi-
ometer (SBUV) data was done under the LOTUS Report
activity and discussed in Chapter 4. Comparisons of
trends derived from satellite data selected under overpass

criteria against zonally averaged trends will help with in-
terpretation of stability in all observing systems and de-
termine ozone recovery with high confidence.

There is a clear need for future activities of the CCMI
modeling community, with experiments designed with
the view on the verification of simulated trends. A large
number of models is absolutely necessary in order to be
able to assess the ozone variability associated with chem-
istry and dynamical transport mechanisms. Moreover,
an assessment of model sensitivity to uncertainties in
the volcanic aerosols, solar cycle, QBO, ENSO and other
mechanisms is considered of great importance in order
to advance our understanding of the ozone layer variabil-
ity and associated response to natural variability.

In this Report, the ozone trends are analysed at low and
middle latitudes, with a focus on the upper and middle
stratosphere. Future works would explore trends in polar
regions and in the lower stratosphere, which can be done
in conjunction with the SPARC activity Observed Com-
position Trends And Variability in the Upper Troposphere
and Lower Stratosphere (OCTAV-UTLS), dedicated to the
assessment of the composition of the upper troposphere
and lower stratosphere (UTLS) and identification of at-
mospheric processes that impact UTLS changes on the
decadal scales. Similarly, the trends derived from total
column data are also left for future work.

Assessments similar to the LOTUS activity need to be
regularly repeated, preferably in collaboration with
other SPARC and WMO/GAW (Global Atmospheric
Watch) activities.
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AAO
ACE-FTS
AO

AOD
BASIC
BESOS
BM

BUV

cd

M
ccmli
CCMval-2
CF

CT™M
DIAL
DLM
DOFS
ECC
EESC
EHF
EMD
ENSO
EnviSat
EOF

EOS
ERA- Interim
ERBS
ESA
FTIR
GAW
GCOS
GDR
GHG
GISS
GOMOS
GOZCARDS
HALOE

Antarctic Oscillation

Atmospheric Chemistry Experiment - Fourier Transform Spectrometer (instrument)
Arctic Oscillation

Aerosol Optical Depth

BAyeSian Integrated and Consolidated (data set)

Balloon Experiment on Standards for Ozone Sondes (campaign)
Brewer-Mast ozonesonde (instrument)

Backscatter Ultraviolet Radiometer (instrument)

ESA’s Climate Change Initiative

Chemistry-Climate Model

Chemistry-Climate Model Initiative

Chemistry-Climate Model Validation Activity

Correction Factor

Chemistry-Transport Model

Differential Absorption Lidar (instrument)

Dynamic Linear Model (method)

Degrees Of Freedom for Signal

Electrochemical Concentration Cell (instrument)

Equivalent Effective Stratospheric Chlorine

Eddy Heat Flux

Empirical Mode Decomposition (method)

El Nino-Southern Oscillation

ENVIronmental SATellite

Empirical Orthogonal Function

Earth Observing System

European Center for Medium-Range Weather Forecast Re-Analysis (data set)
Earth Radiation Budget Satellite

European Space Agency

Fourier-Transform InfraRed spectrometer (instrument)

Global Atmosphere Watch (programme)

Global Climate Observing System

German Democratic Republic

GreenHouse Gas

NASA Goddard Institute for Space Studies

Global Ozone Monitoring by Occultation of Stars (instrument)
Global OZone Chemistry And Related trace gas Data records for the Stratosphere (data set)
HALogen Occultation Experiment (instrument)
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HITRAN High Resolution TRANsmission (data set)

HMC Hamiltonian Monte Carlo (method)

IGAC International Global Atmospheric Chemistry

IGACO Integrated Global Atmospheric Chemistry Observations

LT Independent Linear Trend

IMF Intrinsic Mode Function (method)

103C International Ozone Commission

JOSIE Jilich Ozone Sonde Intercomparison Experiment (campaigns)

KC Carbon iodine cell ozonesonde (instrument)

Lidar LIght Detection And Ranging (instrument)

LOTUS Long-term Ozone Trends and Uncertainties in the Stratosphere (research activity)
MC Monte Carlo (method)

MCMC Markov Chain Monte Carlo (method)

MERRA Modern-Era Retrospective analysis for Research and Applications

MIPAS Michelson Interferometer for Passive Atmospheric Sounding (instrument)
MLO Mauna Loa Observatory

MLR Multiple Linear Regression (method)

MLS Microwave Limb Sounder (instrument)

MWR MicroWave Radiometer (instrument)

MZM Monthly Zonal Mean

NAM Northern Annular Mode

NAO North Atlantic Oscillation

NASA National Aeronautics and Space Administration

NCEP National Centers for Environmental Prediction

NDACC Network for the Detection of Atmospheric Composition Change

NH Northern Hemisphere

NOAA National Oceanic and Atmospheric Administration

NOAA ESRL NOAA Earth System Research Laboratory

03S-DQA OzoneSonde Data Quality Assessment (research activity)

OCTAV-UTLS Spis::g?r(iizzﬁoasci’iii(\jir;);l)'rends And Variability in the Upper Troposphere and Lower Strato-
ODS Ozone Depleting Substance

OHP Observatoire de Haute-Provence

OMPS-LP Ozone Mapping and Profiler Suite (instrument) - Limb Profiler (technique)
OSIRIS Optical Spectrograph and InfraRed Imaging System (instrument)
Ozone_cci Ozone Climate Change Initiative (research activity)

PC Principal Component

Post-2000 January 2000 - December 2016 (or end of data record)

Pre-1997 January 1985 - December 1996

PWLT Piecewise Linear Trend

QBO Quasi-Biennial Oscillation

SABER Sounding of the Atmosphere using Broadband Emission Radiometry (instrument)



SAGE II, 1l
SAM

SBUV, SBUV 2
SBUV MOD
SBUV COH
SCIAMACHY
SCISAT
SFIT2, SFIT 4
SH
SHADOZ
SI2N

SMM
SMMa

SMO

SO0
SPARC

SSC

SST

STS
Suomi-NPP
SVD
SWOOSH
SZA
TUNER
UARS
UMKO04
UNEP
USask 2D
UTLS

uv

VMR

WMO
WOUDC
WT

ZMMa
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Stratospheric Aerosol and Gas Experiment Il and Il (instruments)
Southern Annular Mode

Solar Backscatter Ultraviolet Radiometer (instrument)

SBUV Merged Ozone Data Set (data set)

SBUV Cohesive (data set)

SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (instrument)
SClence SATellite (instrument)

Spectral Fitting Algoritm version 2, version 4

Southern Hemisphere

Southern Hemisphere ADditional OZonesondes (network)
SPARC/IO3C/IGACO/NDACC initiative

Station Monthly Mean

Station Monthly Mean anomaly

SAGE Il - MIPAS - OMPS-LP (data set)

SAGE Il - OSIRIS - OMPS-LP (data set)
Stratosphere-troposphere Processes And their Role in Climate
Station Seasonal Cycle

Sea Surface Temperature

Simultaneous Temporal and Spatial (regression method)
Suomi National Polar-orbiting Partnership

Singular Value Decomposition (method)

Stratospheric Water and OzOne Satellite Homogenized (data set)
Solar Zenith Angle

Towards Unified Error Reporting (research activity)

Upper Air Research Satellite

Umbkehr ozone retrieval version of 2004 (algorithm)

United Nations Environment Programme

University of Saskatchewan OMPS-LP 2D data set (algorithm)
Upper Troposphere Lower Stratosphere

UltraViolet

Volume Mixing Ratio

World Meteorological Organization

World Ozone and Ultraviolet Radiation Data Centre

Wavelet Transform (method)

Zonal Monthly Mean anomaly
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Chapter 1: Introduction

Ozone is a key species in the atmosphere, as it protects life
on Earth by filtering out damaging ultraviolet (UV) radia-
tion from the sun. The evaluation of the effect of ODSs on the
long-term evolution of stratospheric ozone levels dates back
to the late 1970s when the threat linked to increased levels of
chlorine in the stratosphere due to industrial products started
to emerge. Since then, ozone research has played a pioneer-
ing role in alerting on the impact of human activities on the
global environment, promoting a direct link between science
and policy action. In the early 1980s, atmospheric models pre-
dicted the maximum impact of ODSs on ozone in the upper
stratosphere, around 40km (WMO, 1985). The discovery of
the Antarctic ozone hole changed this understanding of the
ozone equilibrium in the stratosphere (Farman et al., 1985;
Solomon et al., 1986). It became clear that chemical processes
involved in polar ozone depletion could also affect ozone in
the lower stratosphere at the global scale. Following the sign-
ing of the Montreal Protocol in 1987, a strategy was devised to
accurately monitor the evolution of stratospheric ozone. Since
1989, the WMO/United Nations Environment Programme
(UNEP) Ozone Assessments report on the state of the ozone
layer and on the attribution of long-term changes in both the
total column and the vertical distribution of ozone to ODSs, as
well as on other direct and indirect processes that affect ozone
levels, for example changing atmospheric temperature due to
the accumulation of greenhouse gases (GHGs), or volcanic
eruptions that inject aerosols into the stratosphere. In order
to support these assessments, several international evaluation
exercises have been organised. After the International Ozone
Trend Panel (1988) that addressed the evaluation of trends
from total column ozone measurements, the first SPARC/
WMO report (SPARC, 1998) tackled the issue of trends in the
vertical distribution of ozone. It provided a detailed descrip-
tion of both satellite and ground-based ozone profile mea-
surement techniques, assessed their quality, and provided
the first estimates of decreasing trends in stratospheric ozone
since 1980 based on a combination of various data sources.
This study showed statistically significant negative trends in
ozone levels in the whole stratosphere, with two clear maxima
in the upper stratosphere at around 40km altitude and in the
lowermost stratosphere at about 15km (SPARC, 1998).

The accumulation of halogen compounds peaked in the
stratosphere between the mid-1990s and the beginning of the
21% century, with a turnaround time that depends on altitude
and latitude (WMO, 2014). As the decrease of ODS levels is
becoming more apparent, it is now crucial to evaluate the suc-
cess of the Montreal Protocol with regards to the recovery of
the ozone layer. In addition, after 2000, the launch of several

new satellite platforms dedicated to atmospheric composi-
tion measurements (e.g., Earth observing system (EOS) Aura
and EnviSat (Environmental Satellite)) provided new global
ozone records. This resulted in the necessity of merging the
various data records to determine the long-term evolution
of ozone vertical distribution. The SPARC, I03C?, IGACO-
03°, and NDACC* (SI2N) activity that started in 2011, aimed
to evaluate the ozone profile trends from ground-based and
satellite observations, including the new merged satellite data
records. The activity was intended to contribute to the WMO/
UNEP 2014 Assessment on the state of the ozone layer, but
concluded only after the release of the report. From the com-
bination of available ozone trend profiles, the Assessment re-
ported a significant increase of ozone values by 2.5-5% per
decade around 35-45km altitude at mid-latitudes and in the
tropics during the period 2000-2013. These findings were in
agreement with global climate model simulations that attrib-
uted the upper stratospheric ozone increase to both declin-
ing ODS levels and stratospheric cooling by increasing GHGs
(WMO, 2014).

The SI2N team used another approach to determine the
significance of ozone profile trends compared to that used
for the WMO/UNEP 2014 Assessment. SI2N analyses re-
evaluated long-term ozone profile trends from all available
ozone records over the period 1979-2012 and results were
published in Harris et al. (2015). For the period before the
ODS peak, the reported trends were in good agreement with
those reported in the 2014 Assessment. For the potential “re-
covery” period (e.g,, 1998-2012), positive trends of ~2% per
decade in mid-latitudes and ~3 % per decade in the tropics
were found in the upper stratosphere from the combination
of ozone profile trends, in somewhat broader agreement with
WMO (2014). However, the significance of these combined
increasing trends was investigated using several methods.
The first one, similar to that used in WMO (2014), estimated
the uncertainty of average trends from the weighted mean of
the individual trends’ standard deviations. The second used
the joint distribution of the individual variances around the
arithmetic mean of the estimators (e.g., SPARC, 2013). The
addition of uncertainty related to satellite drift, estimated
from ground-based ozone profile measurement records (Hu-
bert et al., 2016), increased the total uncertainty of the trend
and resulted in insignificant positive trends throughout the
stratosphere, in contrast to results of the WMO (2014). The
study concluded that it was too early to confirm the signifi-
cant increase of ozone in the upper stratosphere, considering
the length of the “recovery” period since 1998 and uncer-
tainties in combined ozone trends.

! SPARC: Stratosphere-troposphere Processes And their Role in Climate; 2 IO3C: International Ozone Commission; * IGACO-03: Integrated

Global Atmospheric Chemistry Observations (Ozone); * NDACC: Network for the Detection of Atmospheric Composition Change.
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The new SPARC, WMO and IO3C activity entitled “Long-
term Ozone Trends and their Uncertainties in the Strato-
sphere (LOTUS)” was initiated in 2016 to revisit the causes
of differences in the conclusions regarding the significance
of post-turnaround ozone trends between the SI2N study
and the 2014 WMO/UNEP Assessment. Since the end of
the SI2N activity, historic ground-based and satellite time
series have been revised and new merged satellite data sets
have been produced. The main objectives of LOTUS are
thus to assess the new long-term ozone profile records,
provide a better understanding of all relevant uncertain-
ties in the records, and revise the methods used to derive
trends and their associated uncertainties.

This Report summarises the main results obtained during
the first year of the LOTUS activity, which was targeted at
providing timely inputs to the 2018 WMO/UNEP Ozone
Assessment. This deadline defined the scope of this Report
and focused the LOTUS activities primarily on changes
in ozone levels in the middle and the upper stratosphere
outside the polar regions as observed by merged satellite
records. These studies were complemented by an analysis
of ground-based data and recent model data provided by

the CCMI (Morgenstern et al., 2017). The short timeline of
this work necessitated leaving several pressing topics for
the second phase of LOTUS, most notably: the significance
of recent trends in the lower stratosphere, the attribution
of trends to ODSs and GHGs using model data, and esti-
mates of trends in the polar regions.

The structure of this Report is as follows: Chapter 2 de-
scribes improvements in the historic data records and the
newly released data sets for both ground-based and satellite
measurements. Challenges for trend studies are addressed
in Chapter 3 and include the evaluation of sampling biases
and drifts between the various time series. Methodologies
designed to assess the stability of the various satellite re-
cords are also described. Chapter 4 describes the regression
methodology used in LOTUS and related sensitivity tests,
while Chapter 5 provides updated ozone profile trends
from the various records. A substantial part of this chapter
is devoted to an assessment of the methods used to com-
bine trends from the individual records and estimate the
significance of the combined trends. The main conclusions
of the LOTUS study are drawn in the Executive Summary
and remaining open issues are listed.



Chapter 2: Observations and model data

This chapter describes the data sets used to create the
ozone profile climate data records that were intercom-
pared and analysed for trends in later chapters in this
Report. Section 2.1 describes the ozone profile data sets
from ground-based and in situ instruments, Section 2.2
is dedicated to ozone data records from satellite instru-
ments. Finally, Section 2.3 describes the ozone profiles
produced by the chemistry-climate and chemistry-trans-
port models of the CCMI.

2.1 Ground-based observations

We start with a brief review of the measurement tech-
niques, data characteristics, and recent changes in the
ozone profile data records collected by ground-based in-
strumentation. More detailed information can be found
in Hassler et al. (2014) and references therein. The second
part of this section presents the methods used to create
monthly zonal mean data from these ground-based re-
cords, highlighting data set-specific limitations in spatial
and temporal sampling. These broad-band, zonally aver-
aged anomaly time series are the input to the trend analy-
ses in Chapter 5.

2.1.1 Measurement techniques

2.1.11  Ozonesonde

Ozonesondes are a widely used method for measuring
in situ ozone vertical distributions up to altitudes of 30-
35km. The balloon-borne electrochemical ozonesondes
are small, lightweight, and compact instruments and
ozonesonde records at several measurement stations pro-
vide the longest ozone profile time series available, with
some starting in the 1960s. Ozone profiles are obtained
with a height resolution of about 100-150m. The sens-
ing device is interfaced to a standard meteorological ra-
diosonde for data transmission to the ground station and
additional measurements of pressure, temperature, and
wind speed. Three major types of ozonesondes have been
in use since the 1970s (e.g., Smit, 2012a): Electrochemical
concentration cell (ECC), Brewer-Mast (BM), and carbon
iodine cell (KC). Nowadays most stations have adopted
the ECC ozonesonde type developed by Komhyr (1969).

A comprehensive review of the performance of the dif-
ferent ozonesondes in terms of precision and accuracy
is given in SPARC-IOC-GAW Assessment of Trends in
the Vertical Distribution of Ozone (SPARC, 1998). The

assessment also showed inconsistencies in trends derived
from data gathered from different sounding stations.
A summary and update of the review have been given
by Hassler et al. (2014) as part of the SI2N assessment.
Overall, in recent decades, the random error component
of sonde measurements is generally within +5-10% be-
tween the tropopause and altitudes less than 26 km for
all types of sondes. Systematic biases between all types of
ozonesondes or compared to other ozone sensing tech-
niques are smaller than £5-10 %. Above about 26 km alti-
tude the results are not conclusive and the measurement
behavior of the sonde types differs. The uncertainty at the
top of the measured profile depends on the type of ozon-
esonde and sensor solution. For example, BM sondes
systematically underestimate ozone with increasing alti-
tude (i.e., -15% at 30 km altitude) (De Backer et al., 1998;
Stuebi et al., 2008), while KC sondes tend to overestimate
ozone by 10-20 % at altitudes above 30 km (SPARC, 1998;
Deshler et al., 2008). Intercomparison studies (e.g., Smit
et al., 2007; Smit and ASOPOS panel, 2012b) indicate that
the response of ECC sondes between 28 km and 35km
depends on the type of ECC sonde and sensing solution
applied (i.e., 10-20 % differences at altitudes near 35km).

However, laboratory studies (Johnson et al., 2002) and in-
ternational intercomparisons like the Jilich Ozone Sonde
Intercomparison Experiment (JOSIE; Smit et al., 2007)
and the Balloon Experiment on Standards for Ozone
Sondes (BESOS; Deshler et al., 2008) have also clearly
demonstrated that even small differences in sensing tech-
niques, sensor types, or sensing solutions can introduce
significant inhomogeneities in the long-term sounding
records between different sounding stations or within
each station individually. Therefore, existing artifacts in
long-term sounding records have to be resolved by ho-
mogenisation either in space (between different stations)
or in time (long-term changes) through the use of generic
transfer functions which have been derived from inter-
comparison experiments (e.g., JOSIE or BESOS) and dual
balloon soundings (Deshler et al., 2017). A major goal of
the Ozone Sonde Data Quality Assessment (O3S-DQA),
which is part of this LOTUS assessment, is to reduce the
uncertainties between long-term sounding records from
10-20 % down to 5-10 % through the use of generic trans-
fer functions (Smit and O3S-DQA panel, 2012). Current-
ly, a total of about 30 long-term station records have been
reevaluated and homogenised through resolving known
instrumental bias effects, thereby reducing the uncertain-
ties down to 5-10% (Tarasick et al., 2016; Van Malderen
et al., 2016; Deshler et al., 2017; Sterling et al., 2018; Witte
et al., 2017, 2018). Some of these recently homogenised
ozonesonde data sets are part of this LOTUS assessment.
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There is still a potential for sudden changes in future re-
cords that can be created by abrupt radiosonde changes
(often due to financial burden) or manufacturing changes,
which has caused problems in the past. The ozonesonde
community, including sonde manufacturers and station
operators, recently performed a new JOSIE campaign
where they assessed the methods and techniques used by
stations in the Southern Hemisphere ADditional OZon-
esondes (SHADOZ) network. These exercises help to iden-
tify inconsistencies in operations and resolve changes to
the stability of the record.

2.1.1.2 Llidar

Ozone lidar (Light Detection and Ranging) vertical dis-
tribution measurements are based on the Differential
Absorption Lidar (DIAL) method that uses the emission
of two laser wavelengths (so-called “on” and “oft” wave-
lengths) characterised by a different ozone absorption
cross-section. Range resolved measurements are provided
by the use of pulsed lasers. The ozone number density is
retrieved from the slope of the lidar signals originating
from the atmospheric scattering of both laser wavelengths
towards the optical receiving system. These signals have to
be corrected for differential Rayleigh and Mie scattering
as well as for differential absorption by other constituents.
The laser wavelengths are chosen so that these corrections
represent less than 10 % of the main term linked to ozone
absorption. For stratospheric ozone measurements, the
on-wavelength is usually generated by an XeCl excimer la-
ser at 308 nm. For the non-absorbed wavelength, different
techniques are used, among which the most common are
the generation of a wavelength at 353 nm by stimulated Ra-
man scattering in a cell filled with hydrogen or the use of
the third harmonic of a Nd:Yag laser emission (355nm). A
more detailed description of the ozone lidar measurement
technique can be found, for example, in Mégie and Men-
zies (1980), Pelon et al. (1986), and Godin-Beekmann et al.
(2003). Long-term ozone lidar measurements are currently
performed at several stations of the NDACC. Data records
of more than 20 years are available at Haute-Provence Ob-
servatory (France), Hohenpeissenberg (Germany), Table
Mountain (California, USA), Mauna Loa Observatory
(MLO; Hawaii, USA) and Lauder (New Zealand). In ad-
dition, standardised definitions for the vertical resolution
and uncertainty budget of the NDACC lidar ozone mea-
surements were recently published (Leblanc et al., 2016a,
2016b). The uncertainty in lidar ozone profiles ranges
from a few percent below 20km to more than 10-15%
above 45km with vertical resolution decreasing as a func-
tion of altitude, ranging from ~0.5km below 20km to
several kilometers above 40km (Godin et al., 1999; Leb-
lanc and McDermid, 2000; Leblanc et al., 2016b). Instru-
mental artifacts that can affect the stability of a long-term
lidar record include changes in optical receiver configu-
ration and alignment of the laser beams within the field
of view of the telescope (impacting the slope of the lidar
signals), changes in laser power, and changes in telescope

area (impacting mainly the top of the profiles). Concern-
ing the ozone number density retrieval, undocumented
changes of ozone absorption cross-section values between
data processing versions can introduce systematic biases
throughout the profile.

2.1.1.3  Microwave radiometer

Microwave ozone radiometers (MWR) measure the spec-
tra of emission lines produced by thermally excited, pure-
ly rotational ozone transitions at millimeter wavelengths.
The pressure broadening effect of the line allows the re-
trieval of a vertical ozone profile from the measured spec-
trum by the use of an a priori profile, a radiative transfer
simulation and the optimal estimation method based on
Rodgers (2000). The rotational ozone transitions are mea-
sured at either 142.175 GHz or 110.836 GHz depending on
the instrument. The instrument principally consists of a
millimeter wave receiver and multichannel spectrometer.
The measured signal is amplified and down-converted to
a lower intermediate frequency which can be processed
by a spectrometer. The instruments are calibrated by sub-
stituting the radiation from the sky with the thermal ra-
diation from two black body sources at the receiver input.
One source is at ambient temperature or heated and stabi-
lised (~300K) and the second source is cooled with liquid
nitrogen at 77 K. The attenuation of the ozone signal in
the troposphere is determined by measuring the tropo-
spheric thermal emission and relating the tropospheric
opacity to its emission using a radiative transfer model
(Hocke et al, 2007; Hassler et al, 2014).

Ozone profiles between 20km and 70km altitude are given in
volume mixing ratio (VMR; given in ppmv) and the pressure
grid on which data are provided varies by instrument. The
vertical resolution is typically 8-10km between 20km and
40km, increasing to 15-20km at 60km (Studer et al., 2013;
Nedoluha et al, 2015, Maillard-Barras et al., 2009).

The total error includes systematic error, random error,
and the smoothing error term, which can be determined
for each ozone profile. Based on a standard integration
time of 1 h, the random and systematic errors are on the
order of 3-5% while the total error is on the order of
7-10% in the stratosphere. The total error increases up
to 20% at 20km and to 30-35% at 70km (Studer et al.,
2014). Lauder MWR agrees within 5-10 % with lidars and
the Stratospheric Aerosol and Gas Experiment (SAGE) II
between 22km and 43km (McDermid et al., 1998). MLO
MWR agrees within 10 % with lidars, Dobson Umkehr,
and the Upper Air Research Satellite (UARS) Microwave
Limb Sounder (MLS) at almost all altitudes, and it agrees
within 5% in the 20-45km region (McPeters et al., 1999).
The 15-year climatological mean difference between the
Bern (Studer et al., 2013) and Payerne MWRs is within
7% from 25km to 65km (Eliane Maillard-Barras, private
comm.). Additional information on microwave radiom-
eters can be found in Hassler et al. (2014).
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The ground-based FTIR (Fourier-Transform InfraRed) ozone
observations are coordinated by the Infrared Working Group
of NDACC. Within this network, the measurements are per-
formed over the 600-4500cm™ spectral range, using primar-
ily high-resolution spectrometers such as the Bruker 120M (or
125M) or Bruker 120HR (or 125HR), which can achieve a spec-
tral resolution of 0.0026 cm™. The source of light being the sun,
the spectra are recorded only during day-time and under clear
sky conditions. The average number of measurements per day
among all the stations is about two, with a mean of eight days of
measurements per month. Despite the dependence on weather
conditions, the average number of measurements per month
remains very stable over the full FTIR time series.

In addition to total columns retrieved from the absorption line
areas, low vertical resolution profiles can be obtained from the
temperature and pressure dependence of the line shapes. The
absorption line shapes also depend on the instrumental line
shape, with the latter needing to be monitored regularly using
gas cell measurements, and are retrieved in a harmonised way
within the network (Hase et al., 1999).
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The profile retrievals are derived using one of the two dif-
ferent algorithms: PROFITTY (Hase, 2000) and SFIT2 or its
recent update SFIT4 (Pougatchev et al.,1995), both based on
the optimal estimation method (Rodgers, 2000). The retrieval
settings (i.e., spectral window optimised for ozone, a priori
information, efc.) have been harmonised within the network
(see Vigouroux et al., 2015 for details). There are four or five
degrees of freedom for signal (DOFS) from the ground up
to about 45km. Four layers with about one DOFS can there-
fore be defined to provide partial columns with almost inde-
pendent information (see Figure 1 of Vigouroux et al., 2015):
roughly one in the troposphere and three in the stratosphere.
The three partial columns used in LOTUS are located in
the following altitude ranges: 12-21km; 21-29km; and 29-
48km, according to the FTIR vertical resolution which is be-
tween 7km and 15-20km depending on altitude.

The random uncertainties on these three partial columns
is about 5% (Vigouroux et al., 2015; details on error budget
can also be found in Garcia et al., 2012). The systematic
uncertainty is dominated by the uncertainties on the spec-
troscopic parameters (HIgh Resolution TRANsmission
(HITRAN) 2008 for the current analysis) and is about 3 %
for each partial column.

Stations (start of data record)
Instruments and R R R R . .
data archives 60°S -35°S 20°S - 20°N 35°N-60°N
Goose Bay (1963),
Uccle (1965),
Hilo (1982), Hohenpeienberg (1966),
Ascension Island (1998), Payerne (1968),
Ozonesonde (0-30km) Nairobi (1998), Edmonton (1970),
Lauder (1986), Natal (1998) Wallops Island (1970)
http://www.ndacc.org, Macquarie Island (1994), . "op !
Broadmeadows (1999) Pago Pago (1998), Lindenberg (1975),
http://www.woudc.org/data, Kuala Lumpur (1998), Legionowo (1979),
https://tropo.gsfc.nasa.gov/shadoz/Archive.html Hong Ksc::/ga gtg)sgfr)(/atory* BZI:EZ?:;?{)
(2000, 22.3°N) De Bilt (1992),
Valentia (1994),
Huntsville* (1999, 34.7°N)
Lidar (10-50km) OHP (1985),
Lauder (1994) Mauna Loa (1993) HohenpeiRenberg (1987),
http://www.ndacc.org Table Mountain (1988)
Microwave (20-70km)
Lauder (1992) Mauna Loa (1995) P Bern (1?29:())’0)
http://www.ndacc.org ayerne
FTIR (0-50km)
W Ll'f”der (20819)'9 6 Izana* (1999, 28.3°N) Jungfraujoch (1995)
http://www.ndacc.org ollongong
Dobson/Brewer Umkehr (0-50km) A (1956)
rosa
Perth (1984), !
ftp://aftp.cmdl.noaa.gov/data/ozwv/ Lauder( a 98;) Mauna Loa (1984) Boulder (1984),
DobsonUmkehr/Stray%:20light%20corrected/ OHP (1984)
monthlymean

Table 2.1: Overview of the sources of ozone profile observations by ground-based techniques used for the monthly
zonal mean data considered in this Report. Stations are sorted chronologically by start year of the record; those with
an asterisk are located slightly outside the attributed latitude zones.
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2.1.1.5 Umkehr

The Umkehr measurement makes use of the zenith sky UV
radiation changes during the sunset or sunrise hours of
the day. The earliest measurements were recorded by Gotz
(1931) at Arosa, Switzerland. Two spectral UV wavelength
regions (311.4nm and 332.5nm) selected for the Umkehr
method are subject to different levels of ozone absorption.
The zenith sky ratio between two spectral channels changes
with the elevation of the sun. Measurements begin at 60°
solar zenith angle (SZA); the ratio gradually increases up
to 85° SZA and then decreases between 85° and 90° SZA.
Umkehr measurements from Dobson instruments have
been collected operationally since the 1957 International
Geophysical Year at a few select stations, but additional
Dobson observing stations became available in the 1980s.
The trend-optimised algorithm was developed by Petropav-
lovskikh et al. (2005) to derive morning and afternoon
daily ozone profiles in 10 Umbkehr layers based on a pres-
sure layer system. A priori information is used to solve the
optimum statistical inverse problem (Rodgers, 2000). The
method is designed to derive ozone profiles with a vertical
smoothing technique (defined by averaging kernels). This
approach affects the accuracy of the retrieved ozone in a
particular layer by weighting ozone variability from adja-
cent layers. Therefore, the method adds error in the layer-
retrieved ozone amount, which is estimated to be about
5% in the stratosphere. However, this error does not im-
pact trend analyses as it is constant in time. Time series of
Umkehr ozone profiles are retrieved with the UMKO04 algo-
rithm (Petropavlovskikh et al., 2005). A generic stray light
correction is applied to reduce systematic biases in Umkehr
retrieved profiles (Petropaviovskikh et al., 2009, 2011).

2.1.2 Deseasonalised monthly mean time series

2.1.2.1 Procedure

The trend analyses in Chapter 5 are performed on monthly
averaged deseasonalised data collected at a number of sta-
tions and by five types of instruments (ozonesonde, lidar,
FTIR, MWR, and Umbkehr). Profiles from each instrument
record are first averaged by month, separately for each sta-
tion. Months with an insufficient number of profiles are dis-
carded from further analysis. The selection criteria depend
on the instrument technique (Sections 2.1.2.2-5). These
time series created for each instrument are referred to as
the Station Monthly Mean (SMM) dataset. Subsequently,
the deseasonalisation process is performed in two steps.

In step 1, a site-specific seasonal cycle is computed as the
average, for each calendar month (Jan, Feb, ..., Dec), of all
SMM data in the reference period (Jan 1998 - Dec 2008).
Months with an insufficient number of years over the ref-
erence period (typically <7 but also measurement tech-
nique dependent, see below) are flagged and excluded from

further analysis. This requirement ensures a more accurate
determination of the observed seasonal cycle but is only sat-
isfied for a select number of sites. This data set is referred to
as the Station Seasonal Cycle (SSC) data set, one per site and
per instrument.

In step 2, we compute the relative difference of each month-
ly mean value (SMM) to the observed climatological mean
value (SSC) for that month. These deseasonalised relative
anomaly time series are referred to as the Station Monthly
Mean Anomaly data set (SMMa) and are defined as

SMM(site,p,t) — SSC(site,p, m(t)) @.1)

SMMa(site,p,t) = 100 X
(site,p,£) SSC(site,p,m(t))

where p stands for vertical grid level (pressure or altitude),
t represents time (i.e., month) and m(t) the corresponding cal-
endar month (i.e,, Jan, Feb, ...). Hence, by construction, the
(dominant part of the) seasonal cycle is removed from SMMa
data and the absolute level averages to zero over the reference
period. In addition, any instrument-related constant multi-
plicative offsets (i.e., bias) are thereby removed as well.

The deseasonalisation step is motivated by the need to com-
bine, for a wide latitude belt, the data from multiple sites,
each potentially exhibiting a different bias. A Zonal Month-
ly Mean Anomaly data set (ZMMa) is obtained by averag-
ing the SMMa data from each station located within the
broad zonal bands. We create ZMMa’s for three broad lati-
tude bands: 60°S-35°S, 20°S-20°N, and 35°N-60°N. Only
the stations listed in Table 2.1 are used for the broad zonal
bands. Figure 2.1 demonstrates ozone anomaly time se-
ries of ZMMa ozonesonde records in the 35°N-60°N (top),
20°S-20°N (centre), and 60°S-35°S (bottom) latitude bands
as a function of altitude (ground to ~30km).

Site-dependent instrument biases can generate, in a multi-
station average of SMM data sets, not only random uncer-
tainty but also discontinuities (due to differences in time
coverage). However, such sources of error are suppressed in
a multi-station average of SMMa data sets (the ZMMa data
sets). The intercomparisons described in Chapter 3 (Section
3.1.1) identify a number of stations with clear inhomogene-
ities in the time series. The availability of multiple sites is
expected to reduce the impact of spatial and temporal in-
homogeneities in the combined ground-based data records.
However, it is important to realise that it is not uncommon
that a latitude belt contains just one site for the considered
measurement technique.

ZMMa are created for each instrument technique separately
and with equal weight given to all sites within the band (Fig-
ures 2.2-2.6). This effectively gives more weight to regions
with more stations (e.g., Europe and North America). The
data from different instrument techniques are not combined
in this study due to complications associated with differenc-
es in sampling frequencies, vertical smoothing and the use
of different measurement units. The time series of ground-
based station and zonally averaged ozone anomalies are
available from the LOTUS Report data depository.
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Figure 2.1: Example time series of monthly zonal mean relative deseasonalised anomalies computed from ozonesonde
data in the 35°N-60°N (top), 20°S-20°N (centre), and 60°S-35°S (bottom) latitude bands as a function of altitude (ground to
~30km). The sonde stations used for each band are listed in Table 2.1.

Trends derived from each ZMMa time series are reported in
Chapter 5, Section 5.4. The only ground-based records consid-
ered individually in this Report are the ozonesonde records
from Hilo, Hawaii and Lauder, New Zealand. The trends de-
rived from these two ozonesonde records are used for discus-
sion of consistency in trends obtained from multiple instru-
ments co-located at these locations (see Chapter 5, Figure 5.10).

2.1.2.2 0zonesonde

Ozonesonde observations were retrieved from the pub-
lic NDACC, World Ozone and Ultraviolet Radiation Data
Centre (WOUDC), and SHADOZ data archives. The station
data record differs sometimes between archives, due to dif-
ferent processing settings, different time periods covered,
etc. Therefore, for a given site, the data from different ar-
chives was not mixed in order to avoid introducing inho-
mogeneities. Only half of the sites report total ozone nor-
malisation correction factor (CF) values, some of these have
applied the CF to the original profiles while others have not.
To avoid losing a large number of sites where the CF data is
missing, this information is not used to correct the reported
data nor to screen the observations. Instead, the data are
screened according to the criteria outlined in Hubert et al.
(2016). German Democratic Republic sondes (GDR), mainly
flown prior to the 1990s in Eastern Europe, have larger un-
certainties and these profiles are hence not used (Liu et al.,
2009). Flights that do not reach 20hPa are rejected as well,

to avoid additional uncertainty in case the profile was nor-
malised to a total ozone column. The VMR profile is then
integrated in the pressure domain to obtain ozone partial
columns of ~1 km thickness from the surface to 30km al-
titude. The entire profile is discarded if at least 10 out of 30
layers are missing (quality-screened) input data.

2.1.2.3 Lidarand microwave radiometer

The monthly mean ozone profiles for lidar and microwave
observations are obtained by averaging the ozone profiles
available in the NDACC database (www.ndacc.org). For
most stations, we used the profiles from the (monthly)
National Aeronautics and Space Administration (NASA)
Ames data files, while the recent profiles by the Bern MWR
were taken from the hierarchical data format data files.
Monthly mean ozone profiles for the Hohenpeiflenberg
lidar were obtained in a slightly different way, by retriev-
ing the monthly mean lidar return signal (which results in
some improvement above 40km). Individual profiles are
weighted by measurement length. Most stations report pro-
files as number density (10'°m?) versus altitude. For the his-
toric microwave ozone data from Bern and Payerne stations,
however, only VMR versus altitude are available.

The altitude resolution of individual microwave profiles is
on the order of 10km to 20km. For the lidars it varies be-
tween ~0.5km (at 15km) to more than 5km (above 40km).


http://www.ndacc.org
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For monthly means, the altitude resolution is less relevant,
because atmospheric changes tend to average out and tend
to be coherent over many kilometers.

Three lidar and two microwave stations are available for the
35°N-60°N broad-band averages, whereas for 20°S-20°N and
60°S-35°S broad bands only single station records are avail-
able for comparisons with satellite records (see Section 5.4).

2.1.24 FTIR

As mentioned previously, FTIR solar absorption measure-
ments are taken during the day only and only during clear-
sky conditions. There are on average about three measure-
ments per day and eight days of measurements per month.
The random errors are determined by the smoothing error,
which is one of the dominating error sources in FTIR pro-
file retrievals (Vigouroux et al., 2015) and is about 5% for
the three layers provided for LOTUS analyses. The system-
atic errors are about 3 % for the three layers. The standard
deviation of the monthly means and the number of mea-
surements used in the monthly means is also provided in
the FTIR datafiles.

Two FTIR records are averaged to represent 60°S-35°S
broad-band ozone variability and trends. Single station re-
cords are available for comparisons in the other two broad
latitude bands (see case study in Section 5.4).

2.1.2.5 Umkehr

Monthly averages for Umkehr time series are calculated from
all data that have passed the quality assurance (i.e., iterations
less than three, standard deviation of the difference between
Umbkehr simulated and observed values in the final retrieval
less than observation uncertainty). Umkehr measurements in
the years following the eruptions of El Chichén (1982-1984)
and Pinatubo (1991-1993) were affected by scattering from
aerosols injected into the stratosphere. These effects are not
taken into account by the forward model, thus creating er-
roneous ozone profile retrievals. The post-processing correc-
tions do not remove errors completely. Therefore, for trend
analyses the monthly averaged Umkehr data during volcanic
periods are marked as missing.

Three Umkehr records are available for the 35°N-60°N
broad-band averages and two stations are used to rep-
resent the 60°S-35°S belt, whereas for 20°S-20°N only a
single station record is available for comparisons with sat-
ellite records (see case study in Section 5.4).

2.1.2.6 Instrument and station measurement frequency

Figures 2.2 to 2.6 show the number of measurements
per month for the ozonesonde, lidar, MWR, FTIR, and
Umkehr techniques at all stations that are used for trend

analyses in this Report. Frequency of observations var-
ies from station to station over the records, which likely
depends on the fluctuation in funding available from the
supporting national programs. The minimum number of
observations (two or more) required to accept a monthly
mean value in the SMM dataset (see Section 2.1.2.1) de-
pends on the instrument technique. In part, these rather
low numbers (when compared to what is used by the sat-
ellite community) reflect limitations due to observational
conditions and the sonde launch schedule.

Ozonesondes (Figure 2.2) are launched in all weather con-
ditions, typically following a fixed schedule on the same
day(s) of the week or month. Three European stations
(Payerne, Uccle, and Hohenpeissenberg) launch sondes
three times a week, while most stations do so once a week.
The SHADOZ sites, located in the tropics, launch twice a
month. Uncertainties in the derived monthly mean values
are reduced by rejecting months and grid levels with <2
(tropics) or <3 (elsewhere) observations. Seasonal cycle
entries for ozonesonde records are discarded for months
and grid levels that contain <6 years (tropics) or <7 years
(elsewhere) of SMM data over the reference period.

For the ground-based observations, at least two measure-
ments are required for lidar (Figure 2.3), microwave (Fig-
ure 2.4), and Umkehr (Figure 2.5), while at least three
measurements are required for FTIR (Figure 2.6). Lidars
measure during clear-sky nights only and report just one
profile per night. Microwave radiometers, on the other
hand, measure continuously under most weather condi-
tions and report half hourly, hourly, or six hourly profiles
depending on the site. Umkehr profiles are retrieved on
days of (mostly) clear sky conditions and can have two
measurements per day. However, each station will have a
different maximum number of days per month depending
on local weather conditions (e.g., overcast). The FTIR mea-
surements also require fair weather conditions and there-
fore have a similar limitation on the number of profiles per
month, which vary for latitude and season. Seasonal cycle
entries for ground-based records are discarded for months
and grid levels that contain <6 years (tropics) or <7 years
(elsewhere) of SMM data over the reference period.

The non-uniform temporal sampling can have an impact
on the seasonal cycle derived from each instrument record
and its ability to capture the true atmospheric variability.
Since composition in the lower stratosphere is strongly af-
fected by meteorological scale variability (Lin et al., 2015),
the impact of the sampling frequencies on the station re-
cord seasonal cycle should be assessed for each ground-
based instrument in this part of the atmosphere. Prior to
trend analyses, each ground-based and ozonesonde record
is deseasonalised separately prior to combining anomalies;
thus, a sampling bias is expected to have small impact on
the combined records and derived trends. At the time of
this writing, no detailed studies were available on the im-
pact of sampling on differences in ground-based trends.
These are recommended for future analyses.
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Figure 2.2: Sampling statistics for ozonesonde station records retrieved from the NDACC, WOUDC, and SHADOZ data ar-
chives, sorted North to South. The figure shows the median number of measurements per month over the entire data record
(centre) and the number of measurements for each month since 1980 (right, colour scale). Stations with an asterisk are located
slightly outside the attributed latitude zones.
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Figure 2.3: As Figure 2.2 but for the stratospheric ozone lidar station records retrieved from the NDACC data archive.
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Figure 2.4: As Figure 2.2 but for ozone microwave radiometer station records retrieved from the NDACC data archive. Sta-
tions report half hourly, hourly, or six-hourly profiles.
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Figure 2.5: As Figure 2.2 but for Dobson Umkehr station records submitted by the record Pls to the LOTUS data archive.
Stations report profiles once or twice a day. Note that the time axis differs from that of previous figures.
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Figure 2.6: As Figure 2.2 but for FTIR station records submitted by the record Pls to the LOTUS data archive. Stations report
profiles several times per day. Note that the time axis differs from that of previous figures.

2.2 Satellite observations

2.2.1 General remarks

The main advantage of satellite instruments is their
global coverage. For ozone trend analyses, long-term
ozone data sets are needed in order to separate long-
term trends from other sources of ozone variability
such as solar activity. For the 2014 ozone assessment
(WMO, 2014), several merged satellite data sets were
created: SBUV Merged Ozone Data Set (SBUV MOD)
and the SBUV Cohesive data set (SBUV COH), Global
OZone Chemistry And Related trace gas Data records
for the Stratosphere (GOZCARDS) and Stratospheric
Water and OzOne Satellite Homogenized (SWOOSH),
as well as SAGE-GOMOS (Global Ozone Monitoring by
Occultation of Stars), and SAGE-OSIRIS (Optical Spec-
trograph and InfraRed Imaging System). Detailed in-
formation about these data sets and their intercompari-
son can be found in Tummon et al. (2015). An overview
of satellite instruments can be found in for example
Hassler et al. (2014).

Since the 2014 WMO Ozone Assessment, some of these
merged data sets have been extended to 2016 and up-
dated with the most recently processed versions of
the ozone profile data sets from the individual satel-
lite instruments. In addition, new merged data sets
have been generated. These new merged data sets use
revised data records from the individual instruments
and rely on improved merging methods. The LOTUS

Report evaluates these new data sets for improved ac-
curacy and stability.

This section briefly describes the long-term merged
ozone profiles data sets used in the LOTUS study. Gen-
eral information about the merged data sets and their
main parameters is summarised in Table 2.2. Accord-
ing to measurement technique and ozone representa-
tion, the merged satellite data sets are grouped as (1)
ozone profiles from nadir sensors, (2) ozone profiles
from limb instruments in mixing ratio on a pressure
grid, and (3) ozone profiles from limb instruments in
number density on an altitude grid. In addition to mea-
surement principles and specific features of retrieval al-
gorithms, such a grouping is also made because ozone
trends can be different in different representations due
to the influence of stratospheric cooling (McLinden
and Fioletov, 2011). The influence of the ozone repre-
sentation on evaluated trends is discussed in Chapter
5, Section 5.1.2 of the Report. For all satellite data sets,
monthly zonal mean ozone profiles are used.

2.2.2 Nadir profile data records

The two nadir-based merged profile data sets in this
Report are both based on the series of nine solar back-
scatter UV (Backscatter Ultraviolet Radiometer (BUV),
SBUV and SBUV/2) nadir instruments flown over the
period from 1970 to the present on NASA (i.e., Nimbus
4 and Nimbus 7) and National Oceanic and Atmospher-
ic Administration (NOAA; i.e., NOAAs 9, 11, 14, 16, 17,
18, and 19) satellite platforms. The instruments are of



similar design and measurements are processed using
the same retrieval algorithm (Version 8.6; McPeters et
al., 2013; Bhartia et al., 2013). Radiance measurements
are calibrated using a variety of hard and soft calibra-
tion techniques, including cross-instrument calibration
during periods of measurement overlap to further en-
sure consistency over the record (DeLand et al., 2012).
However, despite the instrument similarity and common
retrieval algorithm, each instrument experienced unique
operational conditions (e.g., instrument degradation,
specific on-orbit problems) and orbital characteristics,
including measurement time of day, which contribute to
differences among the individual records.

SBUYV instruments ideally operate in late morning-early
afternoon sun synchronous orbits such that measure-
ments are made at small solar zenith angles and at the
same local time each orbit. While most instruments were
launched into ~2pm local time orbits, Nimbus 4 and
Nimbus 7 measured near noon local time, and NOAA 17
was launched into a ~10am orbit. Furthermore, NOAA
satellite orbits slowly drift towards the terminator, and
in some cases drift through the terminator, such that
the instrument evolves from making late afternoon
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measurements to making early morning measurements.
Thus the various SBUV instruments are measuring at dif-
ferent local times. This can introduce differences between
overlapping measurements due to both real geophysical
noise (e.g., diurnal variation) and instrument noise, as the
data uncertainty increases when the orbit approaches the
terminator (DeLand et al., 2012; Kramarova et al., 2013a;
McPeters et al., 2013). The latter is particularly true of the
NOAA-9, -11, and -14 instruments, whose orbits drifted
faster than other instruments in the series (DeLand et al.,
2012; Kramarova et al., 2013a).

The primary source of error in the SBUV retrieval is the
smoothing error due to the instrument’s limited verti-
cal resolution, particularly in the troposphere and lower
stratosphere (Kramarovaetal.,2013b; Bhartiaetal., 2013).
The SBUV instrument has a resolution of 6-7km near
3hPa, degrading to 15km in the troposphere and ~10 km
above 1 hPa (Bhartia et al., 2013). Kramarova et al. (2013a)
showed that SBUV ozone profiles are generally consis-
tent to within 5% with data from UARS and Aura MLS,
SAGEII, ozonesondes, microwave spectrometers, and li-
dar in the region between 25hPa and 1 hPa (also see Frith
et al., 2017 for updated comparisons with AURA MLS).

Data set Satellite instruments Ozone Latitude coverage | Altitude coverage | Temporal
representation | andresolution | andvertical sampling | coverage
SBUV MOD v8.6 (NASA) | BUV, SBUV and SBUV-2 50-0.5hPa,
httrl;s://acd-e>.<t.gsfc.nasa.gov/ on Nimbus 4, 7 and NO- 80S-80N, 15 layers 01/1970 -
ata_services/merged/ 5deg 12/2016
index.html AAs 11,14, 16,17,18,19 (from ~6 to ~15 km)
SBUV COH v8.6 (NOAA) SBUV and SBUV-2 on 80S—80N 50-0.5hPa, 01/1978 -
ftp:/ftp.cpc.ncep.noaa.gov/ | Nimbus- 7 and NOAAs 5 de ! 15 layers 12/2016
SBUV_CDR 9,11, 16,17, 18, 19 9 (from ~6 to ~15 km)
SAGE | v5.9_rev, Mixing ratio on a 215-0.2hPa,
GOZCARDS v2.20 SAGE Il v7, pressure gr|d 90S-90N, 6 or 12 levels per 01/1979 -
https:/gozcards.jpl.nasa.gov HALOE v19, 10 deg pressure decade 12/2016
Aura MLS v4.2 (~3km)
SWOOSH v2.6 ::LGCEE" - 905-90N, 316-1hPa,
https://data.noaa.gov/dataset/ VIS, 10 deg 6 or 12 levels per 01/1984 —
dataset/stratospheric-water- UARS MLS v5, |
and-ozone-satellite-homoge- SAGE IIl va (also5and 2.5 pressure decade 12/2016
nized-swoosh-data-set Aura MLS V4, 2 deq) (~3km)
SAGE-OSIRIS-OMPS SAGEII V7, 60S-60N, 10-50km, 10/1984 -
LOTUS ftp OSIRIS v5.10, OMPS-LP 10de 1 level per km 12/2016
USask 2D v1.0.2 9 P
SAGE Il v7,
OSIRIS v5.10,
GOMOS ALGOM2s v1,
oo MGE-CCIOMPS | MIPAS IMK/IAAVZ, | Number density 90S-90N, 10-50km, 10/1984 -
P Wvgiisjdz?gf cctorg SCIAMACHY UBv3.5, | (anomaly) onan 10 deg 1 level per km 07/2016
ACE-FTS v3.5/3.6, altitude grid
OMPS-LP USask2D
v1.0.2
SAGE Il v7,
iﬁGSE/;M'Pﬁ'g:‘cfgdvlz MIPAS IMK/IAA V7, 605-60N, 6-60km, 10/1984 -
JITWWW.I o .Kit.eau
anlish/30472857Aphp OMPS-LP NASA v2.5, 10 deg 1 level per km 12/2016
ACE-FTS v3.5/3.6

Table 2.2: General information about merged satellite data sets.
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Inter-instrument biases among the later instruments NO-
AAs 16-19 (since late 2000) are mostly within 3 %, while
biases involving NOAA-9, NOAA-11 descending and
NOAA-14 are mostly within 5% (Frith et al., 2017, see
Figure 5; Wild et al., 2019).

2.2.21 SBUVMODv8.6

The SBUV MOD time series includes data from all SBUV
instruments except NOAA-9, which are excluded due to
increased differences with other SBUV and external data
sources (Frith et al., 2014; Frith et al., 2017; DeLand et al.,
2012; Kramarova et al., 2013a). The combined record pro-
vides continuous coverage of ozone profile data since late
1978. As the data have already been inter-calibrated and all
known instrument problems resolved, we have no physi-
cal rational to choose one data set over another. Therefore,
when constructing the merged data set no external calibra-
tion adjustments are applied, but rather the data are simply
averaged during periods when more than one instrument
is operational. This approach relies on the average of mul-
tiple measurements to mitigate the effects of small offsets
and drifts in individual data sets rather than attempting
to choose a single record as a reference calibration. To ac-
count for higher uncertainty when orbits approach the ter-
minator, only the subset of measurements with the equator
crossing time between 8 am and 4 pm are accepted into the
MOD combined time series. The exception to this selec-
tion criteria is the record from NOA A-11 ascending (1989-
1995) that is entirely accepted to avoid a data gap. Small
remaining biases and drifts in the merged record are ac-
counted for in the MOD uncertainty estimates (Frith et al.,
2017; also see Section 3.1.4). Tummon et al. (2015) showed
that the MOD record agrees with the mean of other merged
ozone data sets within 5%. The MOD monthly zonal
mean data are available at: https://acd-ext.gsfc.nasa.gov/
Data_services/merged/index.html.

Monthly means are computed for each SBUV instrument
separately in 5-degree wide zonal bands. Only bin aver-
ages in which the average latitude of the profiles in the
bin is within 1 degree from the bin centre and the average
time of the profiles is within four days from the centre of
the month are included in the MOD record. Measurements
are removed for a year after the El Chichén volcanic erup-
tion and for 18 months after the eruption of Mt. Pinatubo to
avoid periods when volcanic aerosols likely interfered with
the algorithm (Bhartia et al., 2013).

2.2.2.2 SBUV(COHv8.6

The SBUV MOD approach of averaging data from all avail-
able satellites during an overlap period results in the loss of
characteristics of the measurement (e.g., time of measure-
ment). Alternatively, the SBUV COH merging approach is
to identify a representative satellite for each time period,
thus preserving knowledge of orbital characteristics for

each measurement period. Additionally, data in the over-
lap periods are examined to determine a correction for
some satellite records. In the later period of the combined
record, the overlaps between NOAA-16 to -19 ozone re-
cords are long, and each satellite can be compared and ad-
justed directly to NOAA-18 (Wild et al., 2019). For exam-
ple, NOAA-16 at 4-2.5hPa can differ from NOAA-17 and
NOAA-18 by up to 3% at all latitudes; while the NOAA-17
record differs from NOAA-18 in the mid-latitudes espe-
cially in the upper atmosphere at 4hPa and above where
diurnal issues become significant. Recent studies (Wild et
al., 2019) show that NOA A-19 also differs from NOAA-18
by approximately 1-2%. The difference is mostly found
in the equatorial regions and between 10hPa and 6.4hPa
pressure levels. Strong drifts in the early satellites (NOAA-
9, -11 and -14) and poor quality of NOAA-9 and NOAA-
14 data can create unphysical trends when a successive
head-to-tail adjustment scheme is used in the early period
(Tummon et al., 2015). The current SBUV-COH data set
does not adjust the Nimbus-7 or NOA A-11 data, nor does
itinclude the NOA A-9 ascending node. Only the NOAA-9
descending data is adjusted to fit between the ascending
and descending nodes of the NOAA-11 record. NOAA-14
data do not appear in the final data set, but it is used to en-
able a fit of NOAA-9 descending to NOAA-11 descending
where no overlap exists (Wild et al., 2019). The COH data
is available at ftp://ftp.cpc.ncep.noaa.gov/SBUV_CDR
as monthly or daily zonal means both as mixing ratio on
pressure level, or as layer data.

The lower quality data from NOAA-9, NOAA-11 descend-
ing, and NOA A-14 lead to larger uncertainties (10-15 %) in
the mid-1990s (at the time of peak halogen loading and the
expected “turn-around” in ozone trends) in both merged
data sets and complicate efforts to establish a long-term
calibration over the full record (from 1980s to 2000s). Er-
ror propagation and trend uncertainty estimates for the
SBUV merged records are discussed in more detail in
Chapter 3, Section 3.1.4.

2.2.3 Limb profile data records in mixing ratio on pressure grid

2.2.3.1 GOZCARDS v2.20

The Global OZone Chemistry And Related trace gas Data
records for the Stratosphere (GOZCARDS) v1.01 data
set, used in the previous ozone assessment (WMO, 2014;
Froidevaux et al., 2015), has been extended to the present.
Recently, a GOZCARDS merged data set v.2.20 has been
created. GOZCARDS provides VMRs on a pressure grid
for 10-degree latitude bins (starting at 0-10 degrees) and is
a combination of various high quality space-based monthly
zonal mean ozone profile data. The GOZCARDS pressure
levels are regularly spaced in log-space, with 12 (6) levels for
each decade change in pressure for pressures larger (small-
er) than 1hPa. The recommended data range is 215hPa
to 0.2hPa; at tropical latitudes the recommended range


ftp://ftp.cpc.ncep.noaa.gov/SBUV_CDR 
https://acd-ext.gsfc.nasa.gov/
Data_services/merged/index.html

is 100hPa to 0.2hPa to ensure only stratospheric data are
considered. Caution is recommended for the upper strato-
spheric / lower mesospheric levels, given the existence of
incompletely accounted for diurnal and seasonal effects
(for both source and merged data, particularly when con-
sidering occultation data sets). The GOZCARDS monthly
mean ozone record includes SAGE I (version 5.9), SAGE II
(v7), the HALogen Occultation Experiment (HALOE; v19)
and Aura MLS (v4.2), and covers the period from 1979-
2016. SAGE II data are used as a reference for adjusting/
debiasing the HALOE and Aura MLS measurements (us-
ing overlapping time periods of observation). Details of the
screening criteria for each data set, the merging procedure,
as well as estimated uncertainties (random and systematic)
are provided by Froidevaux et al. (2015). This new GOZ-
CARDS version utilises a reduced number of data sources
and a finer stratospheric retrieval pressure grid, in com-
parison to v1.01 (Froidevaux et al., 2015). UARS MLS data
are not used, since they are not available on the finer verti-
cal grid of GOZCARDS v2. While interpolation could have
been used, an exact treatment of the retrieved uncertain-
ties is not feasible. Data from the Atmospheric Chemistry
Experiment - Fourier Transform Spectrometer (ACE-FTS)
instrument are not used either, as the updated ACE-FTS
v3.6 data version was not available in time for the data cre-
ation deadlines. The most significant change is the effect of
using the SAGE II v7 data, which uses Modern-Era Retro-
spective analysis for Research and Applications (MERRA)
temperature profiles in the retrievals, and the actual im-
pact of the those temperatures (rather than National Cen-
ters for Environmental Prediction (NCEP) temperatures)
on the conversion of SAGE II ozone (density on altitude
grid) to the VMR on pressure grid used for GOZCARDS
ozone. Additionally, Aura MLS v4.2 data are now included
(instead of v2.2), along with HALOE v19 profiles which
are interpolated to the finer pressure grid before merg-
ing. The SWOOSH record also uses SAGE II v7 ozone data
and there is now closer agreement and better correlation
between the SWOOSH and GOZCARDS v2.20 time series
than between SWOOSH and GOZCARDS v1.01 data.

2.2.3.2 SWOOSH v2.6

The Stratospheric Water and Ozone Satellite Homogenized
(SWOOSH) database was created by Chemistry Sciences
division of NOAA/ESRL (NOAA Earth System Research
Laboratory) in Boulder, Colorado, USA. It includes verti-
cally resolved ozone and water vapor data from a subset of
the limb profiling satellite instruments operating since the
1980s. An overview of SWOOSH is provided by Davis et al.
(2016). The primary SWOOSH products are monthly zonal
mean time series of water vapor and ozone mixing ratio
on 12 pressure levels per decade from 316 hPa to 1 hPa, the
same levels as from the Aura MLS instrument. SWOOSH
is provided on several zonal mean grids (2.5° 5° and 10°),
and additional products include two coarse 3D griddings
(30° lon x 10° lat, 20° x 5°) as well as a zonal mean isentro-
pic product. Here, the 10° zonal mean product is used.
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SWOOSH includes data from SAGE II v7, UARS HALOE
v19, UARS MLS v5, SAGE III v4, and Aura MLS v4.2. Data
are compiled from both individual satellite source data as
well as a merged data product. For SWOOSH, all records
provided in units of number density on altitude grid (i.e.,
SAGE II and III) are converted to mixing ratio on pres-
sure using MERRA reanalyses, similar to the process used
in GOZCARDS v2.20. A key aspect of the merged product
is that the source records are homogenised to account for
inter-satellite biases and to minimise artificial discontinui-
ties in the record. The SWOOSH homogenisation process
involves adjusting the satellite data records to a “reference”
satellite using coincident observations during time peri-
ods of instrument overlap. The reference satellite is chosen
based on the best agreement with independent balloon-
based sounding measurements, with the goal of producing
a long-term data record that is both homogeneous (i.e., with
minimal artificial discontinuities in time) and accurate (i.e.,
unbiased). For ozone the reference instrument is SAGE II.
The SWOOSH v2.6 data are publicly available at https://
data.noaa.gov/dataset/dataset/stratospheric-water-and-
ozone-satellite-homogenized-swoosh-data-set.

2.24 Limb profile data records in number density on
altitude grid

2.2.41 SAGE-OSIRIS-OMPS

The merged SAGE-OSIRIS-OMPS time series has been cre-
ated at the University of Saskatchewan. The basic construc-
tion technique used for this merged time series of deseason-
alised anomalies is described in Bourassa et al. (2014). For the
merged time series the data for each of the three instruments
are first treated separately. They are averaged within 1km al-
titude and 10° latitude bins and then individually deseason-
alised. The resulting zonal mean, deseasonalised anomalies
are then merged after biases are removed. The time series
spans the period from 1984, when the first SAGE II mea-
surements were made, up to the present where both OSIRIS
and the Ozone Mapping and Profiler Suite - Limb Profiler
(OMPS-LP) continue to produce high quality data records.

The three observation data sets merged in this data re-
cord are: SAGE II v7.0, the recently released OSIRIS v5.10
with improved pointing stability (Bourassa et al., 2018),
and the University of Saskatchewan OMPS-LP 2D data set
(USask 2D) v1.0.2 (Zawada et al., 2018). This work also fur-
ther describes the merging process used to create the data
record and presents results from preliminary trend analyses
based on these data. These preliminary analyses indicate
that the addition of the OMPS-LP data to the original SAGE
I1-OSIRIS merged anomaly data record only slightly chang-
es the magnitude of the derived trends, but the additional
data enhances the significance of these results. Since the
OSIRIS and OMPS-LP instruments are still operational, this
merged data set will be updated regularly as new measure-
ments become available (access from the LOTUS web page).


https://data.noaa.gov/dataset/dataset/stratospheric-water-and-ozone-satellite-homogenized-swoosh-data-set
https://data.noaa.gov/dataset/dataset/stratospheric-water-and-ozone-satellite-homogenized-swoosh-data-set
https://data.noaa.gov/dataset/dataset/stratospheric-water-and-ozone-satellite-homogenized-swoosh-data-set
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Two versions of the merged SAGE-OSIRIS-OMPS data set
are produced: One uses SAGE II data with corrected sam-
pling effects (Damadeo et al., 2018) further called corr-
SAGE and another relies on the standard SAGE II v7 data
(Damadeo et al., 2013).

2.2.4.2  SAGE-CCI-OMPS

The merged SAGE-CCI-OMPS data set has been developed
in the framework of the European Space Agency (ESA)
Climate Change Initiative on Ozone (Ozone_cci). It in-
cludes data from several satellite instruments: SAGE II on
the Earth Radiation Budget Satellite (ERBS), GOMOS, the
SCanning Imaging Absorption spectroMeter for Atmo-
spheric CHartographY (SCTAMACHY) and the Michelson
Interferometer for Passive Atmospheric Sounding (MIPAS)
on EnviSat, OSIRIS on Odin, ACE-FTS on the SClence
SATellite (SCISAT), and OMPS-LP on the Suomi National
Polar-orbiting Partnership (Suomi-NPP). The data set is
created specifically with the aim of analysing stratospheric
ozone trends. For the merged data set, the latest versions of
the original ozone data sets are used. Detailed information
about the individual data sets is presented in Sofieva et al.
(2017). Data sets from the individual sensors have been ex-
tensively validated and inter-compared (e.g., Rahpoe et al.,
2015; Hubert et al., 2016); only those data sets that are in
good agreement and that do not exhibit significant drifts,
with respect to collocated ground-based observations and
with respect to each other, are used for merging. The inter-
comparison of data records from individual instruments is
presented in (Sofieva et al., 2017) and can also be found in
Section 3.1.3 of the current Report. The long-term data set
is created by computation and merging of deseasonalised
anomalies, which are estimated using monthly zonal mean
profiles from individual instruments (Sofieva et al., 2017).

The merged SAGE II v7, Ozone_cci, and OMPS-LP (US-
ask 2D v1.0.2) data set consists of merged monthly de-
seasonalised anomalies of ozone in 10° latitude zones
from 90°S to 90°N. The data are provided on an altitude
grid from 10km to 50km, during the period from Oc-
tober 1984 to July 2016. The best quality of the SAGE-
CCI-OMPS data set is expected in the stratosphere at
latitudes between 60°S and 60°N. Ozone trends in the
stratosphere have been evaluated based on the created
data sets (e.g., Sofieva et al., 2017; Steinbrecht et al., 2017).
The data set is available at the LOTUS website and at the
Ozone_cci website (http://www.esa-ozone-cci.org).

2.2.43  SAGE-MIPAS-OMPS v2

The SAGE-MIPAS-OMPS data set consists of deseason-
alised ozone anomalies from the SAGE II v7 (1984-
2005), MIPAS IMK/TAA v7 (2002-2012) and OMPS-
LP v2.5 (April 2012 - March 2017) data sets which are
merged using the ACE-FTS v3.6 data record as a trans-
fer standard. Namely, time series of parent instruments

are debiased by minimising the root mean square of un-
certainty-weighted differences with time series of ACE-
FTS (where overlapping), taking the standard error of
the mean as the uncertainty. This procedure removes
biases between the different data sets, including those
resulting from different altitude resolutions or differ-
ent prior information, sampling issues, and limited or
no overlap between different data sets. The merging in
overlapping periods is performed via weighted means,
with weights inversely proportional to standard errors
of the means of corresponding monthly means from
individual data sets. Two periods of MIPAS measure-
ments, 2002-2004 and 2005-2012, are treated as two
independent data sets.

The data set is provided along with uncertainty estimates.
The data are provided in 10° latitude bins, from 60°S to
60°N for the period from October 1984 to March 2017. The
main differences to the SAGE-CCI-OMPS data set are:

e the OMPS data are from the NASA processor, instead
of the USask 2D processor

e the MIPAS data from 2002-2004 are included in the record
e the ACE-FTS data are used as the transfer standard.

The first release of this merged data record used version
2 of the NASA OMPS-LP profile retrievals and was used
in the assessment by Steinbrecht et al. (2017). The SAGE-
MIPAS-OMPS data record used for the LOTUS assess-
ment incorporates the newer OMPS-LP NASA v2.5 data
described by Kramarova et al. (2018).

There exists a version of the SAGE-MIPAS-OMPS data set
which uses MLS as a transfer standard, but it is not consid-
ered in this Report due to time limitations. The SAGE-MI-
PAS-OMPS is described in detail in Laeng et al. (2019) and
the data set is available at https://www.imk-asf.kit.edu/
english/304_2857.php.

2.2.5 Satellite data in broad latitude bands

In Sections 5.2 and 5.3, we discuss profile time series and
trends in three broad latitude bands: 60°S-35°S, 20°S-
20°N, and 35°N-60°N. For GOZCARDS, SWOOSH,
SBUV MOD, and SBUV COH, we first computed the de-
seasonalised monthly anomalies (in percent) with respect
to their own 1998-2008 climatology for each 5° or 10°
latitude belt (Table 2.2), then averaged over the broader
latitude zones with equal weights. The SAGE-CCI-OMPS
and SAGE-OSIRIS-OMPS data records were provided as
deseasonalised. However, instead of using 1998-2008 as
the base period, the entire time period of the record was
used for normalisation. In these two cases, we averaged the
reported deseasonalised monthly anomalies (in percent)
over the three belts, then offset the result to zero mean
value in 1998-2008.


http://www.esa-ozone-cci.org
https://www.imk-asf.kit.edu/english/304_2857.php

2.3 (CMI model data

2.3.1 Description of model data sets

We have used output from the chemistry-climate models
(CCMs) and chemistry-transport models (CTMs) par-
ticipating in phase 1 of the CCMI (Eyring et al., 2013).
CCMI is a joint activity of the International Global At-
mospheric Chemistry (IGAC) and Stratosphere-tropo-
sphere Processes And their Role in Climate (SPARC)
projects, with CCMI-1 being the first phase of this ini-
tiative and a continuation of previous CCM intercom-
parisons (CCM Validation Activity; CCMVal) such as
CCMVal-1 and CCMVal-2. Model output from both CC-
MVal intercomparisons have been widely used in previ-
ous WMO Ozone Assessments (WMO, 2007, 2011, 2014).

Models participating in CCMI-1 are coupled chemistry-
climate and chemistry-transport models, which are able
to capture the coupling between the stratosphere and tro-
posphere in terms of composition and physical climate
processes more consistently than previous model genera-
tions. An overview of the models used in the first phase of
CCMI-1, together with details particular to each model,
and an overview of the available CCMI-1 simulations is
given in Morgenstern et al. (2017).

For this Report we have used data from the REF-C2 simula-
tion of CCMI-1. Although the most appropriate reference
simulation set would have been the REF-CI, which repro-
duces the past, we opted to use the REF-C2 simulation, as
the last year of the REF-C1 was as early as 2010 (or even
earlier for some models) and would therefore not cover the
entire period when observations are available. Our interest
is to provide information about the long-term evolution of
ozone changes until the present, and this seamless simula-
tion from 1960-2100 was considered appropriate. REF-C2
is analogous to the REF-B2 experiment of CCMVal-2 but
with a number of new and/or improved CCMs. The experi-
ments follow the WMO (2011) A1 scenario for ozone deplet-
ing substances and the RCP 6.0 for other greenhouse gases,
tropospheric ozone precursors, and aerosol and aerosol pre-
cursor emissions. Ocean conditions can be either modeled
(from a separate climate model simulation, in 9 of the mod-
els used here), or internally generated, in the case of ocean-
coupled models (7 of the models used). Details can be found
in Table S1 of the Supplement of Morgenstern et al. (2017).
For the solar forcing, the recommendation was to use the
forcing data from 1960-2011 (as in the hindcast REF-C1
simulations) and a sequence of the last four solar cycles (so-
lar cycle numbers 20-23) until the end of the simulations.
Finally, the QBO was either internally model-generated or
nudged from the data set provided by Freie Universitit Ber-
lin. No volcanic forcings were used in this reference simula-
tion. For a detailed description of the full forcings used in
the reference simulations see Eyring et al. (2013), Hegglin et
al. (2016), and Morgenstern et al. (2017).
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In this work, we used a total number of 16 models submit-
ted to the REF-C2 archive (see Table S2.1 in the Supple-
mental Material that summarises the models and number
of analysed runs). This final selection was based on avail-
ability of zonal averaged ozone profile data at the models’
native latitude resolution between 60°S-60°N and full
vertical coverage from troposphere to stratosphere. Our
analysis required (a) zonal wind profiles (zonal means), (b)
sea surface temperatures (SSTs, over the tropical Pacific)
and (c) ozone as total column and profile (zonal means).
We used all pressure levels provided by the models (at
standard levels, a total of 31) and all model latitudes, us-
ing also the multiple simulations provided by many of the
participating models.

2.3.2 Model data in broad latitude bands

As an initial step in this analysis, we have transferred the
zonal mean ozone profile data for each model (and every
ensemble member) to a common five degree latitude grid,
keeping the 31 vertical levels as initially provided. All
ozone profiles (at the corresponding pressure level/latitude
bin) were then deseasonalised to their climatology, using
1998-2008 as the base period.

In order to create the time series analysed in Chapter 5,
we first averaged all individual ensemble simulations for
each model, so that only one time series for each model/
modelling group is included in the average. This is done
to avoid unequal weighting caused by the larger number
of ensemble members provided by some models/groups.
The deseasonalised model time series shown in Section
5.2 and regressed in Section 5.3 were computed as the
equally weighted average over the appropriate latitude
bands: 60°S-35°S, 20°S-20°N, 35°N-60°N, and 60°S-
60°N. For each latitude band, the mean, standard devia-
tion and median were calculated. The range of the model
results is provided as the 10th (lower) and 90th (upper)
percentiles. Moreover, the absolute minimum and maxi-
mum values at each time/level/latitude bin were calculat-
ed. The time series of model annual averages are present-
ed in Chapter 5 for comparisons with observations. The
model data shown in Figures 5.4 and 5.5 are smoothed
with a 1-2-1-year filter to eliminate any possible shorter
term natural variability, as it was included in a number of
models but not in all.

24 Summary

Chapter 2 provides a description of long-term ozone profile
data sets made available for the trend analyses discussed in
Chapter 5. In order to be considered for trend analyses, the
data have to be available from 1985 through 2016 and have
no significant gaps (less than a year). In multiple regres-
sion analyses (see Chapter 4 and 5), longer data sets allow
for a more robust fit, particularly for slowly varying prox-
ies (i.e., solar), which might otherwise alias into the trend.
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Analyses published in this Report take advantage of four ad-
ditional years in the long-term ozone records as compared
to the results published in the 2014 WMO Ozone Assess-
ment, Tummon et al. (2015), and Harris et al. (2015).

An exception for the length of the record was provided for
several ground-based data sets in order to obtain adequate
spatial distribution of trends across a wide range of lati-
tudes. Discussion of the representativeness of individual
ground-based records for broad-band trend assessment
can be found in Chapter 5. Comparisons between satellite
and ground-based trends averaged within a broad zonal
band are discussed in Chapter 5.

The combined satellite records (Section 2.2) feature the addi-
tion of new satellite records (i.e., two versions of the OMPS
ozone data set) and recently reevaluated and stabilised his-
torical data sets from well-established instruments (i.e.,
removal of the drift in OSIRIS and MIPAS records). These
new merged data sets are expected to be more accurate and
stable due to the use of revised data records from the indi-
vidual instruments. The combined data sets” stability also
relies on improvements in the merging methods. Improved
methods for combining satellite records became available
in recent years (GOZCARDS v2.20, SAGE-CCI-OMPS,
SWOOSH, and others), thus reducing unexplained features
(i.e., discontinuities) in the combined records and their im-
pacts on the derived trends. Moreover, assessment of meth-
ods used to combine short satellite records led to improved
understanding of the sources for propagation of errors in
the combined trends and impact on the trend uncertainties
(i.e., see discussion about differences in the two SBUV com-
bined records in Section 3.1.4). The LOTUS Report evaluates
these new data sets for improved accuracy and stability.

Well-maintained long-term ozone records are also impor-
tant for validation of the CCMI retrospective model runs
(Section 2.3). Agreement between models and observation-
al records (further discussed in Chapter 5) assure complete
understanding of the processes that impact past ozone
changes, such that we have trust in the scenarios for future
ozone changes and attribution to GHG and ODS variabil-
ity, though such a study of the future is not included in
this Report.

Although the new and improved records are an integral
part of understanding stratospheric ozone changes, there
are some remaining issues that are not fully resolved in
this Report. For example, comparisons of the coincident

and collocated satellite and ground-based records sug-
gest remaining intermittent drifts in the combined data
sets (see Chapter 3). Drifts (or discontinuities) can also be
found in ground-based records, which has inspired the
homogenisation effort for the ozonesonde records (Smit
et al, 2012a, 2012b). Unfortunately, only a handful of ho-
mogenised ozonesonde records were ready in time for the
analyses done within the LOTUS activity. The trend analy-
ses of the broad-band ozonesonde records will need to be
repeated after all homogenised records are ready to update
the broad-band averages. Other ground-based records, es-
pecially those available from the same location, need to be
reevaluated to understand the causes for discrepancies and
how the changes in the observational sampling or process-
ing of the ozone measurements can potentially impact the
derived trends.

Assessment of sampling biases for all satellite combined
records used in this Report is not available (see discussion
in Chapter 3). It is important to understand how sampling
biases can affect the deseasonalised anomaly records. In
addition, assessment of uncertainties in the combined
ground-based records is needed for analyses of propaga-
tion of measurements errors in the trends analyses.

Additionally, errors in ozone satellite and ground-based
combined records can be caused by their conversion to
a different coordinate system and impact the resulting
trends (McLinden and Fioletov, 2011). Error propagation
is needed to evaluate the impact of the non-homogenised
temperature time series (mostly prior to 2000; Long et al.,
2017) on the accuracy and spatial distribution of ozone re-
cords converted to new coordinates (Douglass et. al, 2017).
Depending on the assimilation, this conversion can poten-
tially introduce intermittent drifts and thus degrade the
stability of the converted ozone record. Assessment of the
impact of the conversion on trends should be addressed in
the future.

Availability of satellite overpass data over all ground-based
stations is needed to understand the spatial and temporal
sampling limitations of the ground-based data sets. Com-
parisons between the overpass and broad-band derived
trends is needed to understand representativeness of the
ground-based and sonde ozone trends over the broad re-
gions. Representativeness of all ground-based records for
zonal averaged trends was not not fully assessed in this
Report, although a limited case study of lidar records is
discussed in Chapter 3 (see Section 3.2.2).
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