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Abstract. In the framework of the SI2N (SPARC
(Stratosphere-troposphere Processes And their Role in
Climate)/IO3C (International Ozone Commission)/IGACO-
03 (Integrated Global Atmospheric Chemistry Observations
— Ozone)/NDACC (Network for the Detection of Atmo-
spheric Composition Change)) initiative, several long-term
vertically resolved merged ozone data sets produced from
satellite measurements have been analysed and compared.
This paper presents an overview of the methods, assump-
tions, and challenges involved in constructing such merged
data sets, as well as the first thorough intercomparison of
seven new long-term satellite data sets. The analysis fo-
cuses on the representation of the annual cycle, interannual
variability, and long-term trends for the period 1984-2011,
which is common to all data sets. Overall, the best agree-
ment amongst data sets is seen in the mid-latitude lower and
middle stratosphere, with larger differences in the equato-
rial lower stratosphere and the upper stratosphere globally.

In most cases, differences in the choice of underlying in-
strument records that were merged produced larger differ-
ences between data sets than the use of different merging
techniques. Long-term ozone trends were calculated for the
period 1984-2011 using a piecewise linear regression with
a change in trend prescribed at the end of 1997. For the
1984-1997 period, trends tend to be most similar between
data sets (with largest negative trends ranging from —4 to
—8%decade?! in the mid-latitude upper stratosphere), in
large part due to the fact that most data sets are predomi-
nantly (or only) based on the SAGE-II record. Trends in the
middle and lower stratosphere are much smaller, and, partic-
ularly for the lower stratosphere, large uncertainties remain.
For the later period (1998-2011), trends vary to a greater ex-
tent, ranging from approximately —1 to +5 % decade! in
the upper stratosphere. Again, middle and lower stratospheric
trends are smaller and for most data sets not significantly dif-
ferent from zero. Overall, however, there is a clear shift from
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mostly negative to mostly positive trends between the two
periods over much of the profile.

1 Introduction

The phase-out of ozone-depleting substances (ODSs)
through the Montreal Protocol and its subsequent amend-
ments and adjustments (World Meteorological Organization
(WMO), 2015; 2011) resulted in peak stratospheric ODS
concentrations in the late 1990s or early 2000s; the exact tim-
ing of the peak depends on which part of the stratosphere
is considered. Since then, ODS concentrations have been
declining and stratospheric ozone is expected to return to
1980 levels throughout most of the stratosphere at various
times during the 21st century (WMO, 2015; 2011; Eyring et
al., 2010a; Austin and Butchart, 2003). Detecting such a re-
sponse and attributing it to decreasing halogen levels requires
long-term, temporally homogeneous ozone profile measure-
ments. This is particularly important if the attribution is be-
ing done in the context of a changing climate, with increas-
ing greenhouse gas concentrations and concomitant changes
in stratospheric temperature and mean meridional transport
affecting ozone in addition to the decrease in stratospheric
halogen loading (e.g. Waugh et al., 2009; Eyring et al., 2007;
Austin and Wilson, 2006).

While satellite instruments have provided continuous near-
global measurements of the ozone profile since late 1978,
no single instrument has provided continuous and stable
global coverage for the entire period (e.g. Hassler et al.,
2014). To date, the longest single-instrument space-based
records are those of SAGE-II (Stratospheric Aerosol and
Gas Experiment Il) and HALOE (Halogen Occultation Ex-
periment); these provided quasi-independent data from 1984
to 2005 (Damadeo et al., 2013; Groof? and Russell, 2005;
McCormick et al., 1989). Over the past decade, a number
of new satellite-based instruments have made ozone profile
measurements (Hassler et al., 2014; Tegtmeier et al., 2013),
but few continuous data sets extending the satellite record be-
yond 2005 using these new observations were available for
consideration in WMO (2011). Therefore, the Stratosphere-
troposphere Processes And their Role in Climate (SPARC),
the International Ozone Commission (103C), the ozone fo-
cus area of the Integrated Global Atmospheric Chemistry
Observations (IGACO-03), and the Network for the Detec-
tion of Atmospheric Composition Change (NDACC) sup-
ported the SPARC/I03C/IGACO-O3/NDACC (SI2N) initia-
tive, with a major aim of developing and promoting long-
term vertically resolved data sets for updated knowledge of
long-term changes in the vertical distribution of ozone.

Included as part of the SI2N initiative are multiple data
sets where SAGE-I1I has been merged with newer measure-
ments (Adams et al., 2014; Davis et al., 2015; Froidevaux
et al., 2015; Penckwitt et al., 2015; Kyrdla et al., 2013), as
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well as data sets based on the consistently processed SBUV
and SBUV/2 measurements (e.g. Frith et al., 2014; Wild and
Long, 2015; Kramarova et al., 2013; McPeters et al., 2013).
Constructing these merged data sets requires careful con-
sideration of several methodological choices so as to avoid
introducing artefacts that may contaminate derived trends.
Such factors include sampling biases, the use of different na-
tive vertical coordinate systems, a combination of different
vertical and horizontal resolutions, measurements made on
different segments of the diurnal cycle in ozone, and relative
calibration — all of which must be considered when combin-
ing measurements from two or more satellite records.

Issues related to merging data from several records

Sampling by an individual satellite instrument can vary in
space and/or time during its lifetime (e.g. McPeters et al.,
2013; Toohey et al., 2013) and can thereby introduce bi-
ases in analyses of single-instrument records if not addressed
properly (Damadeo et al., 2014). When merging measure-
ments from more than one instrument, not only changing
sampling patterns but also differences in sampling between
the various instruments need to be taken into account. This is
especially important in regions where there are strong ozone
gradients such as across mixing barriers in the stratosphere
or in the upper troposphere/lower stratosphere, where small
differences in sampling may result in large differences in ob-
served ozone (Lambert et al., 2015; Toohey et al., 2013). En-
suring that differences in temporal sampling are adequately
taken into account is also important in the upper stratosphere,
where the diurnal cycle in ozone is significant (Parrish et al.,
2014; Schanz et al., 2014; Sakazaki et al., 2013; Studer et al.,
2014) and has the potential to introduce biases when merging
instruments that measure at different times of the day.
Ideally, biases between individual instruments would be
traceable to fundamental differences in the instruments
and/or retrieval algorithms, which could then be corrected
for during the merging process. However, in practice, this
remains challenging. Alternatively, individual data sets can
be adjusted using a completely independent set of measure-
ments, for example, with ground-based total column obser-
vations (e.g. Bodeker et al., 2005) or using a model as a
transfer function (e.g. Hegglin et al., 2014). As yet, it has
not been possible to a priori eliminate all systematic biases
in any vertically resolved ozone data set, and therefore one
data set is typically chosen as a reference, with others bias-
corrected with respect to that reference. This requires a suf-
ficiently long overlap between the instrument records to de-
rive a statistically significant estimate of the bias, which can
then be propagated to regions (in space and time) outside
of the overlap. This is particularly important if the adjust-
ments have a seasonal or spatial dependence. Such correc-
tions are not always possible; linking the BUV record to the
multi-instrument SBUV record or the SAGE-I record to the
SAGE-II record is not possible as a result of lack of overlap.
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Figure 1. Time coverage of the individual instruments used in each of the seven data sets considered in this study for the 1984—-2011 period.

Assuming that the temporal and spatial sampling bias has
been corrected, the data sets to be merged may need to be
transformed to a common coordinate system if they do no
have the same intrinsic vertical coordinates and ozone units.
For example, the native vertical coordinate for the solar oc-
cultation technique used by the SAGE-II instrument is geo-
metric altitude with ozone being retrieved in units of num-
ber density, while the thermal emission measurements of
the MLS (Microwave Limb Sounder) instruments provide
0zone amounts on pressure levels and in units of mixing ra-
tio. To combine two such data sets, one of them needs to
be converted to the vertical coordinate of the other, requir-
ing knowledge of the vertical temperature profile, and also to
a common concentration unit, requiring local temperatures.
For long-term ozone trends, where changes are on the order
of a few percent per decade, the uncertainties in long-term
stratospheric temperature records can confound such conver-
sions between vertical coordinate systems and concentration
units (Davis and Rosenlof, 2012; Thompson et al., 2012;
Wang et al., 2011; McLinden and Fioletov, 2011; Xu and
Powell, 2011). Any artificial trend in stratospheric tempera-
ture structure, which affects the altitudes of pressure levels,
can alias into ozone trends (WMO, 2015; McLinden and Fi-
oletov, 2011; Rosenfield et al., 2005). The different vertical
and horizontal resolutions of each data set also need to be
taken into account; adding data with a relatively low resolu-
tion to a high-resolution data set involves either a degradation
of the high-resolution measurement or the need for additional
information to justify interpolating the low-resolution prod-
uct to a higher resolution.

These methodological aspects are discussed further below
in the context of an in-depth intercomparison of seven newly
available merged satellite ozone profile data sets. A detailed
assessment of these data sets is not only useful for analyses
of long-term ozone changes; it is also useful because such
data sets are commonly used to validate chemistry and trans-
port in numerical models (e.g. Eyring et al., 2010a) and can
be used to prescribe ozone boundary conditions for models
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that do not explicitly include interactive stratospheric chem-
istry. The merged data sets and methods used in this paper
are described in Sect. 2, while the analyses of the annual cy-
cles and interannual variability of each data set are covered
in Sect. 3. A comparison of the long-term ozone changes es-
timated from each data set is then presented in Sect. 4 and,
finally, conclusions are presented in Sect. 5.

2 Data and methods
2.1 Merged data sets used in this study

In the absence of a single perfectly calibrated satellite in-
strument with complete and continuous global coverage and
decadal stability, measurements from multiple instruments
need to be combined. A critical factor when combining mul-
tiple data sets is the relative calibration of the measurements
from the different instruments. In principle, data sets can be
merged by combining data from a series of instruments of
the same type, or by merging data from instruments of dif-
ferent types. Seven merged data sets are considered here: two
are based on the series of SBUV instruments, while the other
five use measurements from a number of different recent in-
struments which all have the long SAGE-II record (1984—
2005) as their backbone. The seven data sets are briefly de-
scribed below, while further details can be found in the corre-
sponding references provided. Their characteristics are sum-
marised in Tables 1-7, the temporal coverage of the under-
lying satellite instruments used in each data set are shown in
Fig. 1, and the spatial coverage over time as well as the num-
ber of observations used in each data set is shown in Fig. 2.

2.1.1 BUYV, SBUV, and SBUV/2
A series of BUV (Backscatter Ultraviolet Radiometer) and
SBUV (Solar Backscatter Ultraviolet Radiometer) instru-

ments have flown onboard NASA and NOAA satellites since
1970 and provided a continuous ozone record since 1978.

Atmos. Chem. Phys., 15, 3021-3043, 2015
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Table 1. Summary of the latitudinal coverage and resolution as well as the temporal coverage and resolution of each of the seven data sets.

Data set Latitude coverage  Latitudinal resolution ~ Temporal coverage  Temporal resolution
v8.6 SBUV MOD 80° N-80° S 5° 1970/01-2013/12 Monthly means and daily
overpass data at selected
stations. Daily zonal means
available on request.
SBUV Merged Cohesive  80° N-80° S 5° 1978/11-2013/12 Monthly and daily means
SAGE-GOMOS1 60° N-60° S 10° 1984/10-2011/12 Monthly means
SAGE-GOMOS2 90° N-90° S 5° 1984/10-2012/03 Monthly means
SAGE-OSIRIS 65° N-65° S 5° 1984/10-2011/12 Monthly means
GOZCARDS 90° N-90° S 10° 1979/01-2012/12 Monthly means
SWOOSH 90° N-90° S 10° (also 2.5°) 1984/10-2013/12 Monthly means

Table 2. Summary of the vertical range, units, and number of levels, as well as the ozone units of each of the seven data sets.

Data set Vertical range and unit  No. vertical levels (vertical resolution) Ozone units
v8.6 SBUV MOD 50-0.5hPaor 9 15 (~10km near 0.75 hPa, ppmv or DU
partial columns in DU~ ~6-7 km near 3 hPa, ~15 km near 50hPa)
SBUV Merged Cohesive  50-0.5hPa or 13 15 (~10km near 0.75 hPa, ppmv or DU
Dobson layers ~6-7 km near 3 ppmv, ~15km near 50hPa)
SAGE-GOMOS1 10-70 km 61 (1km) moleculescm—3
SAGE-GOMOS?2 10-69 km 60 (1 km) 10%8moleculesm=—3
SAGE-OSIRIS 18.5-49.5km 32 (1km) moleculescm—3
GOZCARDS 215-0.2 hPa 25 (~2.7 km) ppmv
SWOOSH 316.23-1hPa 31 (~1.3km, using a 7 km scale height) ppmv

Measurements are made with the same instrument type and
generally there has been a good temporal overlap between
individual instruments (Bhartia et al., 2013; McPeters et
al., 2013, and references therein). A new version of the re-
trieval algorithm (v8.6) was developed in which a number
of improvements were made, including new ozone absorp-
tion cross sections, a new a priori ozone climatology, and
a cloud-height climatology derived from Aura OMI (Ozone
Monitoring Instrument) measurements (Bhartia et al., 2013).
Inter-instrument calibration at the radiance level (as opposed
to ozone measurement calibration) is accomplished during
periods of overlap between the SBUV instruments and with
the SSBUV (Shuttle SBUV) flown periodically on several
different space shuttles (DeLand et al., 2012).

Validation of the reprocessed ozone shows that total
column ozone is consistent with measurements from the
Brewer—-Dobson network to 1 % (Labow et al., 2013). Com-
parisons with Aura MLS, SAGE, ozonesondes, and lidar ob-
servations show that ozone at individual levels in the strato-
sphere is generally consistent to within 5% (Kramarova et
al., 2013). Inter-instrument differences are generally less
than the differences compared to independent data sets.
However, despite the common instrument design and algo-
rithm, differences in data quality exist between instruments.
Kramarova et al. (2013) report larger biases and drifts for
NOAA-9, as well as portions of NOAA-11 and NOAA-14
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data, from the mid- to late 1990s, primarily as a result of a
slow orbit drift of these instruments. The drifting orbits cause
the geometric positions of the instruments with respect to the
Sun to vary in time, leading to changing error characteris-
tics as a function of altitude and latitude. Agreement with in-
dependent measurements is largely within 10 % during this
period.

It is important to note that the primary source of error in
the SBUV retrieval is the smoothing error due to the instru-
ment’s limited vertical resolution, particularly in the tropo-
sphere and lower stratosphere (Kramarova et al., 2013; Bhar-
tia et al., 2013). The SBUV instrument has a resolution of
6—7 km near 3hPa, degrading to 15km in the troposphere
(Bhartia et al., 2013). Thus SBUV reliably measures the par-
tial column of ozone from the ground to the lower strato-
sphere, but must use a priori information to resolve the signal
within that range. The v8.6 a priori derives from an ozone cli-
matology constructed from Aura MLS and ozonesonde data
which vary seasonally (monthly) but has no trend or inter-
annual variability component (McPeters and Labow, 2012;
Bhartia et al., 2013). The SBUV resolution is also some-
what reduced in the upper stratosphere, degrading to ~10 km
above 1 hPa.

Two merged data sets, described below, have been con-
structed using the SBUV v8.6 reprocessed observations. We
limit the vertical range of our analysis of the SBUV data sets

www.atmos-chem-phys.net/15/3021/2015/
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Figure 2. Latitudinal availability of data over the 1984-2011 period. The colours represent the sum of measurements used per latitudinal
grid box over the entire profile for each merged data set (note that two separate colour scales are used).

Table 3. Summary of the uncertainties provided and individual satellite data sets merged for each of the seven data sets.

Data set Uncertainties given with values

Data sources merged

v8.6 SBUV MOD Smoothing error

SBUV Merged Cohesive  Standard error

SAGE-GOMOS1
SAGE-GOMOS2

Standard error
Standard error

SAGE-OSIRIS Standard error

GOZCARDS Standard deviations
and standard error

SWOOSH Standard deviation and

mean profile uncertainty

BUV (1970-1976) — reduced coverage from 1972 onwards,
SBUV (1978-1990), SBUV/2 (1985 onward)

(NOAA 11, 14, 16, 17, 18, 19)

SBUV (1978-1990), SBUV/2 (1985 onward)

(NOAA 9, 11, 14, 16, 17, 18, 19)

SAGE-II v7 (1984-2005), GOMOS vIPF6 (2002-2011)
SAGE-II v7 (1984-2005), GOMOS vIPF6 (2002-2011)
SAGE-II v7 (1984-2005), OSIRIS v5.07 (2002-2011)
SAGE-I v5.9rev (1979-1981), SAGE-II v6.2 (1984-2005),
HALOE v19 (1991-2005), UARS MLS v5 (1991-1997),
ACE-FTS v2.2 update (2004-2009), Aura MLS v2.2
(2004 onward)

SAGE-I1 v7.0 (1984-2005), SAGE-III v4.0 (2002-2005),
HALOE v19 (1991-2005), UARS MLS v6 (1991-2005),
Aura MLS v3.3 (2004 onward)

to pressures <20 hPa in the tropics (20° N-20° S) and to pres-
sures <30 hPa outside the tropics to exclude regions where
the low vertical resolution may affect derived trends.

V8.6 SBUV MOD

This data set, produced by researchers at NASA, is based on
measurements from the BUV instrument on Nimbus 4 cover-
ing the period 1970-1976 (with reduced coverage after mid-
1972), and the SBUV on Nimbus 7 and SBUV/2 instruments
on NOAA-11, -14, -16, -17, -18, and -19 covering the period
1979-2013 (McPeters et al., 2013). Measurements from the

www.atmos-chem-phys.net/15/3021/2015/

SBUV/2 instrument onboard NOAA-9 are not included (see
Fig. 2). Since the v8.6 algorithms include the aforementioned
upgraded inter-instrument calibration, the approach taken is
to average all data that meet quality standards set by cali-
bration analysis and comparisons with external instruments
rather than attempt to apply further external offsets (Frith et
al., 2014). The largest measurement uncertainties occur in
the 1990s, when instrument orbital drift led to less reliable
measurements overall (Kramarova et al., 2013; DeLand et
al., 2012). The Nimbus 4 BUV is included in the data set but
cannot be intercalibrated as a result of the lack of temporal

Atmos. Chem. Phys., 15, 3021-3043, 2015
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Table 4. Summary of the merging approaches used for each of the seven data sets.

Data set Merging approach

v8.6 SBUV MOD Based on the reprocessed V8.6 SBUV(/2) data. No external calibration is carried out. Intercal-
ibration between instruments is achieved at the radiance level, while remaining offsets are not
adjusted for.

SBUV Merged Cohesive Using the reprocessed V8.6 SBUV/(/2) data, a correlation graph of the overlap period is exam-
ined and a line fitted to the comparison. This approach models an overall bias and accounts
for differences in representation of the annual cycle. A single satellite is chosen to represent a
period based on the best latitudinal coverage.

SAGE-GOMOS1 SAGE-II sunset and sunrise observations adjusted separately to GOMOS data. Individual pro-
files shifted using an average bias profile (for the entire SAGE-II period).

SAGE-GOMOS2 SAGE-II used as reference. GOMOS adjusted to SAGE-II using statistically estimated offsets
(latitude/altitude/seasonally varying) for the overlap period (04/2002-08/2005).

SAGE-OSIRIS SAGE-II used as reference, OSIRIS (only AM measurements used) is adjusted to SAGE-II for
the overlap period (2001-2005) using monthly mean anomalies in 9° latitude bands.

GOZCARDS SAGE-II used as reference, most other data sets adjusted for offset versus SAGE-II and then
averaged.

SWOOSH Aura MLS used as reference, SAGE and UARS adjusted to Aura MLS (offset corrections

varying with latitude and altitude). A weighted mean of all available data points for each lati-
tudef/altitude/time bin is then calculated, with weighting based on the number of observations
from the given sensor.

Table 5. Summary of the data screening applied to each of the seven data sets.

Data set Data screening applied

v8.6 SBUV MOD SBUV/(/2) data are screened as outlined in ftp://toms.gsfc.nasa.gov/pub/sbuv/zonal_means/
README.SBUVL3MZM.pdf. Monthly means are discarded if the number of measurements
is less than 2/3 the nominal number, if the average latitude is greater than 1° from the centre of
the zonal bin, if the average time within the month is more than 4 days from the centre of the
month, or if the mean equator crossing time of the orbit is outside the 08:00-16:00UTC. range
(with the exception of 1994-1995 to avoid a data gap).

SBUV Merged Cohesive SBUV screened according to NESDIS readme document: http://www.star.nesdis.noaa.gov/
smcd/spb/ozone/dvd_v8/DVDhtml/VV8_Data_Documentation.html with profile error flag set to
0 or 100, maximum solar zenith angle of 84°, and maximum ResQC of 20. Monthly means are
discarded if there are less than 20 measurements in a zone or if the mean latitude is greater than
1° from the zone centre.

SAGE-GOMOS1 SAGE-II screened according to the SAGE-Il v7.00 release notes. GOMOS measurements
screened according to the GOMOS level 2 product quality readme file.

SAGE-GOMOS2 SAGE-II screened according to Hassler et al. (2008). GOMOS screened according to the GO-
MOS level 2 product quality readme file.

SAGE-OSIRIS SAGE-II screened according to the SAGE-II v7.00 release notes. Only OSIRIS morning (de-
scending node) observations at solar zenith angles < 89.5° are used.

GOZCARDS SAGE-I screened for aerosol/cloud effects. SAGE-II screened for aerosol/cloud effects as per

Wang et al. (2002) — also includes other details (e.g. for high beta angle issues). HALOE
screened for aerosol/cloud effects following Bhatt et al. (1999) and Hervig and McHugh (1999).
UARS MLS: screened as per Livesey et al. (2003). Aura MLS screened as per Froidevaux et
al. (2008). ACE-FTS: generally screened as per ACE-FTS team guidelines; outliers screened as
per Froidevaux et al. (2015). Full details can be found in Froidevaux et al. (2015).

SWOOSH SAGE-II data screened according to Wang et al. (2002) and then with a 3o filter. Only UARS
MLS data between 100 and 0.22hPa used and screened following Livesey et al. (2003). “Trip an-
gle” and “constant lockdown angle” events are removed from the HALOE data, as are any points
with uncertainties >100%. Aura MLS measurements are filtered according to the v3.3 data
quality document. See full screening description and further references in Davis et al. (2015).

Atmos. Chem. Phys., 15, 3021-3043, 2015 www.atmos-chem-phys.net/15/3021/2015/
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Table 6. Summary of the treatments of the diurnal cycle and references for each of the seven data sets.

Data set Diurnal cycle treated? Description and validation
references

v8.6 SBUV MOD No. McPeters et al. (2013); Frith et
al. (2014); Kramarova et al. (2013)

SBUV Merged Cohesive Not explicitly. McPeters et al. (2013); Kramarova

SAGE-GOMOS1
SAGE-GOMOS2
for diurnal ozone cycle.

Differentiating between sunrise and sunset SAGE-II profiles.
Above 2 hPa data normalised to solar zenith angle to account

Above ~ 50 km coincidence criteria are chosen very narrow

Not explicitly, but data sets are adjusted to the mean of SAGE

et al. (2013); Wild and Long (2015)
Kyrola et al. (2013)
Penckwitt et al. (2015)

Adams et al. (2013, 2014);
Sioris et al. (2014)
Froidevaux et al. (2015)

11 sunsets and sunrises and sampling is most often quite uni-

SAGE-OSIRIS

to avoid the diurnal cycle problem.
GOZCARDS

form in time for each instrument’s data set (when used).
SWOOSH

Data set only extends up to 1hPa, therefore diurnal cycle

Davis et al. (2015).

problems are assumed to be negligible.

Table 7. URLSs for each of the seven data sets.

Data set URL

v8.6 SBUV MOD
SBUV Merged Cohesive
SAGE-GOMOS1

http://acd-ext.gsfc.nasa.gov/Data_services/merged/
ftp://ftp.cpc.ncep.noaa.gov/SBUV_CDR/
http://www.esa-spin.org/index.php/spin-data-sets or

http://igaco-03.fmi.fi/\VDO/data.html

SAGE-GOMOS2
SAGE-OSIRIS
GOZCARDS
SWOOSH

http://www.esa-spin.org/index.php/spin-data-sets

Available upon request.

https://gozcards.jpl.nasa.gov or http://mirador.gsfc.nasa.gov
http://www.esrl.noaa.gov/csd/groups/csd8/swoosh/

overlap with other SBUV instruments. These data are use-
ful for investigating pre-1980 ozone levels but should not be
used in a formal trend analysis.

SBUV Merged Cohesive

Though the improved calibrations of v8.6 have reduced the
inter-satellite differences, it has not removed them. A sec-
ond SBUV-based data set was developed by researchers at
NOAA with the aim of removing the remaining differences.
This approach varies from that of v8.6 SBUV MOD in that (i)
adjustments are made to individual instrument records based
on periods of overlap in order to account for any variations
in the observed annual cycle as well as an overall bias; (ii)
rather than an average of all available observations, a single
satellite is chosen for each period based on the best latitu-
dinal coverage allowing the clean retention of satellite char-
acteristics such as time of measurement, solar zenith angle,
etc. to be identified with an ozone value; (iii) measurements
from NOAA-9 are included in a short period to allow greater
global coverage in the bridge from NOAA-11 to -14 (Fig. 2);
and (iv) measurements from BUV are excluded since there is
no overlap with the subsequent instruments (Wild and Long,
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2015). The resulting differences between the two SBUV-
based data sets are further described in Sects. 3 and 4.

2.1.2 SAGE-based data sets

The 21-year SAGE-II record is a natural candidate to form
the basis of a merged data set using multiple instrument
types, and it is used in five of the seven records described here
(Tables 1-7 and Fig. 1). The conceptually simplest extension
is to add a single data set to the SAGE-II record to cover
the years following 2005 after which SAGE-II was turned
off. The period from 2005 to the present has had many oper-
ational satellite instruments (Hassler et al., 2014; Tegtmeier
etal., 2013). To date, three single-instrument extensions have
been made to the SAGE-II record. These include one case ex-
tended with limb-scattered measurements from OSIRIS (Op-
tical Spectrograph and Infrared Imager System) onboard the
Odin satellite (2001—present) (Bourassa et al., 2014; Adams
et al., 2014; Sioris et al., 2014) and two cases using the stel-
lar occultation measurements from GOMOS (Global Ozone
Monitoring by Occultation of Stars) onboard the ENVISAT
satellite (2002-2012) (Penckwitt et al., 2015; Kyrola et al.,
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2013). Both OSIRIS and GOMOS have similar vertical res-
olution to SAGE-I1I as well as a multi-year period of overlap.

SAGE-OSIRIS

The SAGE-OSIRIS merged data set combines the SAGE-II
v7.0 and OSIRIS v5.07 measurements into a continuous data
series covering the period 1984-2013 (Bourassa et al., 2014;
Sioris et al., 2014). Data from each instrument are individ-
ually deseasonalised and thereafter the differences (varying
in latitude and altitude) between the two sets of anomalies
are calculated for the overlap period (January 2002—August
2005). The OSIRIS data, of which only the morning (sunrise)
measurements are used since they show smaller bias com-
pared to SAGE-II (Adams et al., 2013), are then shifted by
this difference to produce a consistent time series of SAGE-11
and OSIRIS data covering October 1984 to December 2013;
typically values were shifted by less than 3% (Bourassa et
al., 2014).

SAGE-GOMOS

Two different merged data sets were produced by combining
the SAGE-II v7.0 (using both sunrise and sunset observa-
tions) and GOMOS IPF6.0 measurements. The data set de-
scribed and analysed by Kyréla et al. (2013) is constructed
taking into account the difference between SAGE-II sunrise
and sunset profiles and the GOMOS night-time stellar oc-
cultation measurements, i.e. the SAGE-II sunrise and sunset
measurements are adjusted separately to GOMOS (used as
reference) for each latitude and altitude bin. For the over-
lap period (April 2002-August 2005), the weighted mean of
the medians from both instruments is used, with the weights
being determined from the error estimates of each median
(Kyrola et al., 2013). This is hereafter referred to as the
SAGE-GOMOSL1 data set.

The second SAGE-GOMOS data set was constructed us-
ing SAGE-Il as reference. The GOMOS data were ad-
justed to SAGE-II using latitude- and altitude-varying off-
sets, which were estimated statistically for the overlap pe-
riod from April 2002 to August 2005. The offsets vary
with season, but not with year. At pressures <2 hPa, where
the diurnal cycle in ozone may create differences between
SAGE-Il and GOMOS because of differences in the so-
lar zenith angle of the measurements rather than because
of instrument/retrieval-related biases between instruments,
the SAGE-II and GOMOS data were normalised to a so-
lar zenith angle of 90° using scaling factors derived from
a high-resolution chemistry—climate model simulation. The
data were accumulated into 5° latitude bands and then av-
eraged to monthly means after having been corrected for
zonal and monthly mean representativeness (Penckwitt et al.,
2015). This data set will be referred to hereafter as the SAGE-
GOMOS?2 data set.

Atmos. Chem. Phys., 15, 3021-3043, 2015

GOZCARDS

The SAGE-II (v6.2) record is also the central plank in the
GOZCARDS (Global OZone Chemistry And Related trace
gas Data records for the Stratosphere) data set, which is com-
bined with data from five other instruments (SAGE-I v5.9rev,
HALOE v19, UARS MLS v5, Aura MLS v2.2, and ACE-
FTS v2.2 update) (Froidevaux et al., 2015). GOZCARDS ex-
tends the record back to include the SAGE-I data (although
the data from this period are not considered in this study).
The record is extended beyond the end of SAGE-II using a
combination of Aura MLS and ACE-FTS measurements (see
Tables 1-7 for details). The SAGE-II version 6.2 ozone num-
ber density versus height profiles were converted to mixing
ratios on pressure levels using interpolated NCEP (National
Centers for Environmental Prediction) temperature profiles
obtained and archived by the SAGE-II instrument team. The
converted SAGE-II monthly means are used as the reference
data set, and other data sets are essentially bias-corrected
against this reference.

SWOOSH

Similar to the GOZCARDS data set, SWOQOSH (Strato-
spheric Water and OzOne Satellite Homogenized) combines
SAGE-II (v7.0) ozone measurements with data from several
other satellite instruments (Davis et al., 2015). The choice of
instruments and data versions used are, however, slightly dif-
ferent than GOZCARDS (see Tables 11-13). Data sets orig-
inally in number density and altitude coordinates were con-
verted to mixing ratios on pressure levels using the MERRA
(Modern Era Retrospective analysis for Research and Appli-
cations) reanalysis (Rienecker et al., 2011). Aura MLS v3.3
is chosen as the reference data set, and the other instruments
are adjusted by offsets that vary with latitude and height (but
not time). Offsets are calculated from coincident observa-
tions during overlap periods between instruments. The final
combined product is a mean of all available measurements in
each latitude/height/time bin, but with greater weight given
to instruments that sample more frequently (e.g. Aura MLS).
Filled and unfilled versions of the data set exist on both geo-
graphical and equivalent latitude coordinates. Here we use
the unfilled version on geographical coordinates averaged
into 10° latitude bins.

Each of the five SAGE-II-based records use a different
data set to fill in the recent and pre-1984 data (if extend-
ing back that far) and/or a different merging approach; dif-
ferences between them will therefore reflect the use of these
different instrument records, some differences in data ver-
sions, and differences in merging techniques. The relative
importance of an individual instrument is reduced as more
measurement sets are added. We examine the impact of these
differences in Sects. 3 and 4.
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2.2 Vertical coordinates and a common grid

The natural vertical coordinate of the limb and solar/stellar
occultation techniques is geometric altitude with ozone con-
centration calculated as number density, while the nadir-
viewing backscatter technique used by the SBUV instru-
ments and thermal emission measurements by the MLS in-
struments provide 0zone amounts in mixing ratio on pressure
levels. The three data sets produced on an altitude—number-
density grid (SAGE-OSIRIS and the two SAGE-GOMOS
data sets) were converted to pressure and mixing ratio co-
ordinates using the MERRA reanalysis (Rienecker et al.,
2011). Sensitivity tests using the JRA-55 reanalysis (Ebita et
al., 2011) for conversion showed negligible differences be-
tween monthly mean profiles compared to conversion with
MERRA (not shown). MERRA stratospheric temperatures
have, furthermore, been shown to compare well with other
recent reanalyses (e.g. Simmons et al., 2014; Bosilovich et
al., 2011; Rienecker et al., 2011). Once converted to the same
vertical coordinates and ozone concentration units, the seven
data sets were interpolated in log pressure space to a com-
mon grid to facilitate comparison. No spatial interpolation in
the horizontal was applied; instead, data were averaged from
their native resolution (5 or 10°) into latitude bands of inter-
est (see Sect. 3). Furthermore, no additional screening was
applied to any of the seven data sets.

2.3 Multi-data-set mean

A multi-data-set mean (MDM) is constructed to provide a
common point of reference to compare the data sets. The
MDM is by no measure the best representation of ozone
but provides a simple average of all available data, rather
than favouring one particular merged data set. It is calculated
by averaging all available data for each time step and lati-
tude/pressure bin, with no weighting applied. A weakness of
the MDM is that five of the seven data sets averaged are based
on the SAGE-II record; therefore, despite some of the data
sets either using another instrument as reference or including
other observations during the SAGE-II period, the MDM is
largely dominated by the SAGE-I11 signal from 1984 to 2005.

2.4 Multiple linear regression model

In this study we use the multiple linear regression model
described by Hassler et al. (2013), which in turn is an up-
date of the model used by Bodeker et al. (1998). To quan-
tify ozone variability and trends we include basis functions
representing: the QBO (quasi-biennial oscillation), specified
as monthly mean 50 hPa Singapore zonal wind and a syn-
thetic basis function orthogonal to this — to allow for a time
lag at different latitudes and altitudes (Austin et al., 2008);
ENSO (El Nifio—Southern Oscillation), using the monthly
mean Southern Oscillation index as proxy; the solar cycle,
as represented by monthly mean F10.7 solar flux data from
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NOAA’s National Geophysical Data Center; and a proxy for
ozone perturbations forced by aerosols from the Mt Pinatubo
volcanic eruption based on a synthetic time series repre-
senting the approximate temporal evolution of stratospheric
aerosol concentrations following the eruption (see Bodeker
et al., 1998, for further details). Fioletov (2008) provides fur-
ther details and a general overview of how each of the pro-
cesses described by these proxies affects ozone variability.
Equation (1) presents the simplest form of how the model is
applied:

Q =ANa=4)+
B(NB:Z) X t+
C(NC=2) X I:=0 for ¢ < inflectionpoint+
Dnp=2) x QBO()+
ENe=2) X QBOoqrtnog()+
F x F10.7(t)+
G x Pinatubo(z)+
H x ENSO(#)+
R(1), 1)

where €, is the ozone for a particular month t for a particular
data set; A—E are the model coefficients corresponding to an
offset term (to account for the annual average ozone amount),
linear trend, and other basis functions used; and R(z) repre-
sents the residuals (difference between the measured and sta-
tistically modelled ozone values). Furthermore, each coeffi-
cient has a constant term which represents the mean value
(seasonally unvarying) of each predictor. The subscript on
each term A-E indicates how many Fourier pairs the term
was expanded into to account for the seasonal dependence of
the ozone anomalies on the basis functions (Bodeker et al.,
1998); for example, NB = 2 indicates two Fourier pairs (two
sine, two cosine). An autoregressive model is applied to the
residuals R(z) following Eq. (2):

R(t)=e1(t) x R(t — 1)+ e2(1) x R(t —2) + ¢4, 2

where €1 and e are the model coefficients and e; represents
the independent random errors with zero mean and variances
that are allowed to change from month to month (see Reinsel
etal., 1994).

Piecewise linear regression is chosen for the analysis be-
cause a central point of interest is whether there is any evi-
dence for a change in the ozone trend after the peak in EESC
(Jones et al., 2009; Steinbrecht et al., 2006; Newchurch et al.,
2003). The break point was chosen at the end of 1997, as has
been used in a number of other recent studies (e.g. Bourassa
et al., 2014; Chehade et al., 2014; Kyrol4 et al., 2013; Laine
et al., 2013; Jones et al., 2009). The regression was applied
to each level of data on the common pressure grid and trends
were only estimated if more than 50 % of the data for a par-
ticular level were available (i.e. more than half of all months
had data). We also calculate the uncertainty associated with
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Figure 3. Annual cycle averaged over the 1984-2011 period for (a) the Northern Hemisphere mid-latitudes (35-60° N) at 2 hPa, (b) the
tropics (20° N-20° S) at 50 hPa, and (c) the Southern Hemisphere mid-latitudes (35-60° S) at 10 hPa. Error bars indicate 2 standard errors
of the mean, while the grey range shows +1 standard deviation (mean of all data sets). Values (monthly values, standard deviation, and
standard error) are shown only if data are available for more than half (14) of the 28 years in the time series.

each trend estimate based on the variance in the residual time
series and present the 2o uncertainties on the trends through-
out this paper.

3 Data set intercomparison

The core analysis presented in this section is a comparison of
the seven merged data sets for the period common to all data
sets: October 1984-December 2011. We highlight similar
features and major differences between the data sets before
examining the derived trends in Sect. 4. Results are shown
for three latitude zones: northern mid-latitudes (35-60° N),
tropics (20° N-20° S), and southern mid-latitudes (35-60° S)
similar to those used in WMO (2015, 2011). To ensure repre-
sentativeness, data were area-weighted by the cosine of lat-
itude and averaged for each region only if more than two-
thirds of the data for each latitude band were available.

Atmos. Chem. Phys., 15, 3021-3043, 2015

3.1 Annual cycle

Figure 3 presents the annual cycle averaged over 1984-2011
for three selected levels in the three latitude regions (i.e. cli-
matological average, not the annual cycle derived from the
multiple regression model). These levels were chosen be-
cause they represent a spread of the variability between re-
gions and are particular levels of interest. Ozone at 2 hPa (up-
per stratosphere) in the mid-latitudes has been most strongly
affected by chemical depletion by ODSs. In the equatorial re-
gions at 50 hPa (lower stratosphere), measurements are most
uncertain because of the strong vertical ozone gradient (Tegt-
meier et al., 2013). The 10 hPa level was chosen to give an
indication of ozone changes in the middle stratosphere. The
vertical error bars indicate 2 standard error of the mean for
each individual data set, while the grey-shaded region indi-
cates the 1 standard deviation range (mean value of all data
sets 4+ the mean of the standard deviations, which are cal-
culated for each data set individually before averaging). The
standard error of the mean provides a useful approximation
of the uncertainty of the mean, although it may not repre-
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sent the true uncertainty since individual samples of the pop-
ulation may exhibit autocorrelations (Toohey and von Clar-
mann, 2013). The standard deviation represents the ozone
variability for each month, averaged across all systems. Av-
erages, standard error, and standard deviations were only cal-
culated for months that had data for more than 14 of the
28 years available for analysis.

Figure 3a shows the annual cycle of ozone in the north-
ern mid-latitude upper stratosphere, with peak values during
the winter months (from November through February) and
minimum values in the summer (May through August). The
annual cycle in this region is largely determined by catalytic
ozone destruction, which peaks during the summer months,
resulting in maximum values occurring in winter (Brasseur
and Solomon, 2005 Perliski et al., 1989). All seven data sets
show similar annual cycles, both in terms of phase and ampli-
tude, and mostly lie within the 41 standard deviation range
shown by the grey shading (the standard deviation across
all data sets gives an indication of the spread between data
sets). However, in terms of absolute values, there is quite a
spread between the data sets. The SBUV Merged Cohesive
data set shows consistently lower values for all months of
the year, while SAGE-OSIRIS shows the opposite tendency,
with mostly consistently higher values, although for only 5
of the 12 months the +2 standard error bars do not overlap
with the standard deviation range of all data sets. SWOOSH,
GOZCARDS, and SAGE-GOMOS2 show remarkably simi-
lar annual cycles, with mean values not significantly different
from each other in all months.

In the tropical lower stratosphere, where the ozone sea-
sonal cycle is essentially determined by vertical transport as-
sociated with tropical upwelling, the peak ozone values from
July through October (Fig. 3b) correspond to the months
when upward transport of ozone-poor air from the tropo-
sphere is at a minimum (Randel et al., 2007). As for the upper
stratosphere, differences are large, but the variability is large
in this region as well, as seen in the large +10 range (grey
shading), which ranges up to 0.2 ppmv (~15%). SWOOSH
and GOZCARDS are again most similar to each other for
most of the year, and show consistently higher values than the
other data sets. SAGE-GOMOS1 and SAGE-OSIRIS show
lowest values, with the latter having mean values that fall
outside of the =10 range in nearly all months. The three data
sets that extend the SAGE-II record with just one data set
(GOMOS or OSIRIS) have considerably more missing data
in this region of the stratosphere, with less than half of the
data available for certain months of the year (where no data
are shown; see caption Fig. 3). This is at least in part because
of data being filtered out after the eruption of Mt Pinatubo.
As mentioned above, the SBUV data sets are not shown at
this pressure level.

In the southern mid-latitude middle stratosphere nearly all
data sets agree remarkably well with each other throughout
the year (Fig. 3c). In this region of the atmosphere, the annual
cycle is opposite in phase to that in the upper stratosphere (Fi-
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oletov, 2008; Perliski et al., 1989), with peak ozone values in
the summer (October through February) resulting from pho-
tochemical ozone production during this season (Perliski et
al., 1989). The only data set that shows significantly different
ozone values for much of the year is SAGE-OSIRIS, which
has values up to 1 ppmv (~15 %) higher in the austral winter
season and slightly lower values in February and March. This
feature is also evident in the northern mid-latitudes during
winter (not shown), although to a lesser extent, and is likely
due to the reduced sampling of the OSIRIS instrument in the
winter hemisphere (see Fig. 2), which seems to quite strongly
affect the mid-latitude zonal mean values in the merged data
set.

Overall, in the three regions considered, the seven merged
data sets show similar annual cycles, particularly in terms
of phase and amplitude. Furthermore, with the exception of
the SAGE-OSIRIS data set, the biases between data sets are
largely consistent throughout the year. Agreement is best in
the mid-latitude middle stratosphere, while there are larger
differences between data sets in the tropical lower strato-
sphere and in the upper stratosphere globally — results which
are similar to those reported by Tegtmeier et al. (2013) on an
instrument-by-instrument basis.

3.2 Interannual variability

Figure 4 shows the time series of monthly mean ozone val-
ues for the same three regions and pressure levels as shown
in Fig. 3. As for the mean annual cycles, the consistency
between data sets varies somewhat from location to loca-
tion, but, in general, agreement is best in the mid-latitude
middle stratosphere, while differences between data sets are
somewhat larger in the lower tropical stratosphere and in
the upper stratosphere. In the northern mid-latitude upper
stratosphere (Fig. 4a), differences between data sets range
up to approximately 1ppmv (~15%) and are larger prior
to about 1995. Differences are of similar magnitude (up to
0.25ppmv or ~15%) in the equatorial lower stratosphere
and tend to be more consistent over time (Fig. 4b). What is
also particularly noticeable in this region is the large number
of missing data in the SAGE-GOMOS and SAGE-OSIRIS
data sets, which is in part due to the 1991 Pinatubo erup-
tion, but also because the solar occultation technique used by
SAGE-II does not allow measurements in all months of the
year in the tropics (Damadeo et al., 2013). SWOOSH and
GOZCARDS ameliorate the relatively sparse SAGE-II sam-
pling in the tropics, particularly in the post-Pinatubo period,
through the inclusion of HALOE and UARS-MLS observa-
tions after 1991. These two data sets show a considerably
reduced peak in maximum ozone values in 1992 compared
to other years (Fig. 4b) — a direct result of the Pinatubo erup-
tion. The sparser sampling of the GOMOS instrument is also
evident in the SAGE-GOMOS data sets after the end of the
SAGE-II record in 2005, as is the summer-only sampling of
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Figure 4. Monthly mean ozone (ppmv) in (a) the Northern Hemisphere mid-latitudes (35-60° N) at 2 hPa, (b) the tropics (20° N-20° S) at
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the OSIRIS instrument clearly visible in the mid-latitudes
(see especially Fig. 4c).

Figure 5 shows the monthly mean percentage differences
from the MDM (multi-data-set mean; see Sect. 2.3) for the
same three regions and pressure levels. Relative differences
are estimated by dividing the difference between a particu-
lar data set and the MDM by the MDM (i.e. (data set X-
MDM)/MDM). A 13-month running mean is applied, with
values only being shown if data from more than 7 of the
13 months are available. In the upper stratosphere (Fig. 5a),
agreement between data sets is, for most of the period, within
+8% of the MDM for most data sets and well within 5 %
for SWOOSH, GOZCARDS, SAGE-GOMOS?2, and v8.6
SBUV MOD. The SBUV Merged Cohesive data set shows
a trend towards smaller and smaller differences from the
MDM - a feature which is also to some extent visible in the
monthly mean values in Fig. 4a but that is made more evi-
dent in terms of percent difference from the MDM. SAGE-
GOMOS1 shows a slight reduction in differences from about
2001 onwards, which coincides with the introduction of the
GOMOS data. Interestingly, the small improvement in agree-
ment with the MDM also continues past the end of the
SAGE-II record, so it is not simply the better spatial sampling
when combining two instruments (see Fig. 2) that causes this.
SAGE-OSIRIS shows a somewhat opposite tendency, with
initially better agreement with the MDM during the overlap
period between SAGE-II and OSIRIS (2001-2005) but then
an increased difference from the MDM after 2005, when the
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SAGE-II record comes to an end. This may, as mentioned
above, be related to the sparser sampling of the OSIRIS in-
strument during the winter months. Again, as discussed pre-
viously, despite SAGE-GOMOS1 using GOMOS as refer-
ence and SAGE-OSIRIS using SAGE-II as reference, the
two data sets are remarkably similar in the upper stratosphere
for the entire SAGE-II record from 1984 to 2005 (Fig. 5a).
The SAGE-GOMOS2 data set, despite being referenced to
SAGE-II, similar to SAGE-OSIRIS, shows lower values for
the whole 1984-2011 period, perhaps because of the differ-
ent treatment of the diurnal cycle of ozone in the upper strato-
sphere.

In the equatorial lower stratosphere (Fig. 5b), where the
SBUV data sets are not used to construct the MDM, the
data sets differ relatively consistently over the entire 1984—
2011 period. SWOOSH and GOZCARDS show mostly posi-
tive differences from the MDM, which increase slightly over
time. The main difference between these two data sets is in
the post-Pinatubo period (1992-1995), when the MDM is
based only on the mean of these two data sets because no
other data are available, and GOZCARDS shows higher val-
ues than SWOOSH. SAGE-GOMOS2 and SAGE-OSIRIS
show mainly negative differences from the MDM, indicating
they have consistently lower values compared to the other
data sets. The SAGE-GOMOSL1 data set is closest to the
mean, remaining within about +2 % of the MDM until the
introduction of the GOMOS data in 2002, when the differ-
ence from the MDM becomes larger and positive (up to +5 %
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Figure 5. Monthly mean percentage differences from the multi-data-set mean (MDM; see text for details) for (a) the Northern Hemisphere
mid-latitudes (35-60° N) at 2 hPa, (b) the tropics (20° N-20° S) at 50 hPa, and (c) the Southern Hemisphere mid-latitudes (35-60° S) at
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higher than the MDM). As already mentioned, agreement
between data sets is best in the mid-latitude middle strato-
sphere. This can clearly be seen in Fig. 5c, where the seven
data sets agree to within +5 % and even to within +3 % from
about 2000 onwards (excluding SAGE-OSIRIS).

For the most part, the seven data sets agree to within
+10% (or better) of each other throughout much of the
stratosphere. In certain regions, some data sets show changes
in time compared to the MDM. These tendencies are also
evident in the anomalies shown in Sect. 3.3 and will be fur-
ther discussed there, in particular in terms of the implications
these might have on derived trends.

3.3 Interannual anomalies

The time series of ozone anomalies (all proxies used in
the multiple linear regression, except the linear trend, are
removed over the entire period 1984-2011) are presented
to identify how differences between data sets may lead
to differences in the calculated trends. For comparison, a
mean of all data sets, the MDM, is again created from
averaging the anomalies from all available data sets for
each month/region/pressure level. Plots of the southern mid-
latitude upper stratosphere are also included because this re-
gion is of particular interest in terms of long-term trends
since it has been the most strongly affected by ODS-related
ozone depletion (WMO, 2011).

In the northern mid-latitude upper stratosphere, all data
sets, with the exception of SBUV Merged Cohesive, show
a clear downward trend in anomalies until about 2001 in
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both the monthly and annual mean values (Figs. 6a and 7a,
respectively). Thereafter, the anomalies remain mostly neg-
ative but show a tendency towards less negative and even
some positive values. This is perhaps more evident in the an-
nual mean values and in particular for SAGE-OSIRIS and
GOZCARDS, which both show a return to positive anoma-
lies for most months of the year by the end of the record.
As discussed in Sect. 3.2, in this region the SBUV Merged
Cohesive data set shows very different behaviour to any of
the other data sets, with anomalies starting off negative and
then becoming more positive over time, i.e. no downward
and upward trend as seen in the other data sets. Similar but
more pronounced features are also shown in the southern
mid-latitude upper stratosphere (Figs. 6d and 7d). In contrast,
the six other data sets show similar tendencies to the north-
ern mid-latitudes, with decreasing anomalies through until
about 2000, and then a tendency towards more positive val-
ues thereafter.

In the equatorial lower stratosphere the anomalies of all
five SAGE-Il-based data sets become more negative with
time. During the first 5 years of the record nearly all data
sets show almost exclusively positive anomalies, while dur-
ing the last 6 years of the record most data sets show negative
anomalies for most months of the year (Fig. 6b). This trend is
even clearer in the annual means (Fig. 7b). The two SAGE-
GOMOS data sets follow very similar trajectories, except for
the last 3 years of the record, where differences between the
two data sets are somewhat larger, with the SAGE-GOMOS?2
data set showing more negative anomalies than any of the
other data sets. SWOOSH and GOZCARDS are also mostly
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Figure 6. Monthly mean anomalies for (a) the Northern Hemisphere mid-latitudes (35-60° N) at 2 hPa, (b) the tropics (20° N-20° S) at
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50hPa, and (c) the Southern Hemisphere mid-latitudes (35-60° S) at 10 hPa. Annual averages are only shown if data for more than 7 of

12 months per year were available. Note the different y-axis ranges.

similar to each other but show a smaller decrease than the
two SAGE-GOMOS data sets. SAGE-OSIRIS is similar to
SWOOSH and GOZCARDS, and is perhaps closest to the
MDM in this region.
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In the southern mid-latitude middle stratosphere, changes
in anomalies tend to be small (Figs. 6¢c and 7c), with
the SAGE-GOMOS and SAGE-OSIRIS data sets showing
anomalies fluctuating around zero over the entire record.
SWOOSH and GOZCARDS show some tendency towards
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Figure 8. Latitudinal average ozone profile trends (in % decade—1) for 1984-1997 (top row) and 1998-2011 (bottom row). Left column (a
and d): Southern Hemisphere mid-latitudes (35-60° S); middle column: (b and e) tropics (20° N-20° S); right column: (c and f) Northern

Hemisphere mid-latitudes (35-60° N). The horizontal error bars indicate +20 uncertainties.

more negative anomalies from 2004 to 2009, but thereafter
anomalies again become close to zero. The largest change in
terms of annual mean anomalies is seen in the SBUV Merged
Cohesive data set, which shows the most positive anomalies
at the beginning of the record and then the most negative
anomalies at the end of the record (Fig. 7c). This is also true
in the northern mid-latitude middle stratosphere (not shown).
The v8.6 SBUV MOD data set, in contrast, shows a more
similar tendency to the other data sets, with anomalies be-
coming more negative and then more positive, although at
the end of the record anomalies are more positive than any
other data set.

In terms of both monthly and annual mean anomalies, dif-
ferences between data sets are largest prior to about 1995 in
all regions and at all levels. Even the three data sets based
solely on SAGE-II in the earlier period (SAGE-OSIRIS and
the two SAGE-GOMOS data sets) show relatively large dif-
ferences from each other (particularly SAGE-OSIRIS from
the two SAGE-GOMOS data sets), indicating that the dif-
ferent merging processes have an impact on the estimated
trends. After 1995 the data sets are more similar to each
other until about 2005, after which differences become larger
again. This is likely because from 2005 onwards, when
SAGE-II was turned off, the data sets are based on different
instrument records (see Fig. 1). Overall, however, data sets
based on the same or very similar instrument records (e.g.
SWOOSH and GOZCARDS) tend to be more similar to each
other than to those based on different underlying instrument
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records. The exceptions to this are the two SBUV data sets,
which tend to differ notably from one another despite rely-
ing on the same input data. This is because the SBUV record
is made up of several individual instrument records rather
than the single SAGE-II record anchoring the other data sets.
This results in a much larger choice of possibilities in terms
of which records are used and how they are intercalibrated.
Therefore, despite the similar input to the SBUV-based data
sets, the merging approaches result in substantial differences
in the anomalies derived from these two products. The result
this has on derived trends is further discussed in Sect. 4.

4  Trends

The multiple linear regression model used to estimate the
trends discussed in this section is described in Sect. 2.4. As
above, an MDM is calculated, this time as the mean trend and
uncertainty for all data sets available (again unweighted), i.e.
the multiple linear regression is not applied separately to the
monthly MDM constructed and shown in Figs. 6 and 7.

4.1 1984-1997 trends

For the 1984—1997 period, the data sets show relatively simi-
lar trend profiles in all latitude bands, most with maximum
negative trends in the upper stratosphere (top row Fig. 8
and Tables 8-10). In the southern mid-latitudes (Fig. 8a),
SWOOSH, SAGE-OSIRIS, and both SAGE-GOMOS data
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Table 8. Trends in % decade 1 for the 1984-1997 period at 2 hPa. Values in brackets show the 20 uncertainty estimates, while those in bold

are significantly different from zero at the 2o level.

Data set Northern mid-latitudes Tropics  Southern mid-latitudes

(35-60°N)  (20° N-20° S) (35-60° S)
v8.6 SBUV MOD —412(1.11) —2.82(1.56) —4.13 (1.04)
SBUV Merged Cohesive —0.58 (0.87) 0.26 (1.13) —2.12 (0.90)
SAGE-GOMOS1 —6.28(0.88)  —4.35(1.07) —8.02 (1.82)
SAGE-GOMOS?2 —7.08(1.08)  —5.40 (1.28) —7.44 (1.54)
SAGE-OSIRIS —7.64(1.36) —5.10 (1.21) —6.69 (1.65)
GOZCARDS —6.09 (0.91) 0.09 (1.02) —5.38 (1.31)
SWOOSH —6.02 (0.86)  —3.52 (0.93) —6.74 (1.35)
MDM —5.40(1.01)  —2.98 (1.17) —5.79 (1.37)

Table 9. As for Table 8 but for 10 hPa.

Data set Northern mid-latitudes Tropics  Southern mid-latitudes

(35-60°N)  (20° N-20°S) (35-60° S)
v8.6 SBUV MOD —1.73(2.09) —0.58 (2.27) —1.43(0.91)
SBUV Merged Cohesive —4.07 (2.28) —4.77 (3.97) —2.46 (0.91)
SAGE-GOMOS1 —1.23 (1.08) —0.41 (1.60) —0.20 (1.00)
SAGE-GOMOS?2 —152(1.19)  —0.05(1.72) —1.20 (1.07)
SAGE-OSIRIS —155(0.93)  —0.54 (1.51) —0.80 (1.04)
GOZCARDS —1.32(0.91)  —1.39(1.76) —0.86 (1.15)
SWOOSH 0.58 (0.84) 1.22 (1.96) 0.30 (1.15)
MDM —1.54(1.09)  —0.93 (2.11) —0.95 (1.03)

sets show largest negative trends at 2 hPa (between —8 and
—6%decade1), slightly more negative than GOZCARDS
and v8.6 SBUV MOD, which indicate maximum negative
trends of —5 and —4 % decade ! at 2 hPa, respectively (see
also Table 8). Trends in the northern mid-latitudes show a
similar shape (Fig. 8c), with maximum negative values at
2hPa, and are also of similar magnitude. All five SAGE-
based data sets agree to within 2%, with maximum nega-
tive trends ranging between —6 and —7 % decade™1, while
v8.6 SBUV MOD again shows less negative trends, peak-
ing at —4%decade~!. In the equatorial region (Fig. 8b),
trends are somewhat smaller, up to —3 to —5% decade !
at 2 hPa, with GOZCARDS and the SBUV Merged Cohe-
sive data set even showing zero trend at this level. The large
difference between GOZCARDS and SWOOSH, which are
based on similar underlying instrument records, likely results
from the different temperature record used to convert the dif-
ferent SAGE-II versions. In the tropical upper stratosphere,
the NCEP temperatures used to convert the SAGE-II v6.2
profiles in GOZCARDS have different temporal variations
than MERRA, which leads to some significant differences
between the two data sets (Froidevaux et al., 2015); in most
other regions, the GOZCARDS and SWOOQOSH results shown
here tend to be quite similar. The MERRA reanalysis used to
convert the SAGE-II v7.0 data set used in SWOOQOSH pro-
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duces results more similar to the SAGE-OSIRIS and SAGE-
GOMOS data sets, also converted using MERRA.

In all three latitude regions, SBUV Merged Cohesive
shows a different trend profile structure from the other data
sets, with maximum negative trends of nearly similar mag-
nitude, but considerably lower down in the stratosphere (be-
tween 5 and 10 hPa rather than at 2 hPa). As seen in the an-
nual mean anomalies in Fig. 7, this data set shows somewhat
higher/lower mean values than the other data sets, particu-
larly at the beginning of the record, which may influence the
overall trend calculated for the 1984-1997 period. The diffi-
culty lies in the lesser quality of the NOAA-9 and NOAA-14
data, which appear at the end of the 1984-1997 period. Due
to this reduced quality, the SBUV Merged Cohesive data set
does not tie the beginning of the time series to these data but
instead uses the same adjustments for the ascending node of
NOAA-11 as determined from the overlap of the descending
node of NOAA-11 with NOAA-16 (Wild and Long, 2015).
The assumption that NOAA-11 ascending and descending
have the same properties may not be warranted, and this may
influence the trends from this data set for the 1984-1997 pe-
riod. The different trends highlight the influence of using dif-
ferent merging techniques, since the underlying data (SBUV
v8.6) and the regression model used are the same as for the
v8.6 SBUV MOD data set.
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Table 10. As for Table 8 but for 50 hPa. Trends were not calculated for the SBUV data sets at pressures greater than 20 and 30hPa in the
tropics and mid-Ilatitudes, respectively; therefore they are not shown (NA).

Data set Northern mid-latitudes Tropics  Southern mid-latitudes

(35-60°N)  (20° N-20°S) (35-60°S)
v8.6 SBUV MOD NA NA NA
SBUV Merged Cohesive NA NA NA
SAGE-GOMOS1 —3.05(1.34) —5.18 (3.19) —0.92 (1.81)
SAGE-GOMOS2 —1.99 (1.93) —5.88 (3.53) —1.32 (2.05)
SAGE-OSIRIS —3.34 (1.35) —7.86 (3.68) —1.46 (2.25)
GOZCARDS —2.99 (1.48) —5.58 (3.31) —1.25(2.21)
SWOOSH —3.30 (1.60) —7.33(3.30) —1.80 (2.42)
MDM —2.93 (1.54) —6.37 (3.40) —1.35(2.15)

Trends in the middle stratosphere in all latitude regions
tend to be small, mostly less than —2 % decade?, and in
some cases even being slightly positive (see Table 9). The
mean trend of all data sets (MDM) is, however, significant
and negative in both mid-latitude regions but remains small.
In the lower stratosphere the SAGE-based data sets show
small negative trends in the northern mid-latitudes, ranging
from —2 to —3%decade™1, and quite large negative trends
in the tropics, almost of similar magnitude to the mid-latitude
upper stratosphere (—5 to —7 % decade—1), although uncer-
tainties are significantly larger. Nonetheless, at 50 hPa in the
northern mid-latitudes and tropics, all five data sets indicate
significant negative trends (see Table 10). In contrast, in the
southern mid-latitudes, trends are small and insignificant in
all data sets.

The trends calculated for this period agree very well
with a wide range of previous studies (e.g. WMO, 1999,
and references therein; Harris et al., 1998). In particular,
more recent studies using some of the same data sets as
here show similar results. For example, using the same
SAGE-GOMOSI data set, Kyrola et al. (2013) derive trends
of the same magnitude in the upper stratosphere (ranging
from —8 to —6%decade™! in the mid-latitudes and up to
—4%decade? in the tropics), and, using a more complex
analysis technique, Laine et al. (2013) present very simi-
lar results as well. Using the SAGE-OSIRIS data set also
used in this study, Bourassa et al. (2014) estimate signifi-
cant trends of the same magnitude in the upper stratosphere
(again between approximately —8 and —6 % decade 1 in the
mid-latitudes and up to —4%decade™? in the tropics) but
show no significant trends below 35km. In comparison, in
the tropics we estimate significant negative trends between
30 and 50hPa for the SAGE-OSIRIS data set as well as
SWOOSH, GOZCARDS, and the two SAGE-GOMOS data
sets. These significant negative trends are in agreement with
data from SAGE-Il, GOZCARDS, and model results pre-
sented in WMO (2015), although they cover a slightly dif-
ferent period (1985-1995). Damadeo et al. (2014) show no
significant or slightly positive trends in the same SAGE-II
data (which underlies all data sets showing negative trends
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during this period). Obviously there is still some uncertainty
regarding the trends in the tropics during this period, and fur-
ther work is needed to fully resolve this issue.

4.2 1998-2011 trends

For the 1998-2011 period, calculated trends are less consis-
tent among the data sets but overall show a general shift to-
wards increasing ozone in the middle and upper stratosphere
(bottom row Fig. 8 and Tables 11-13). The smaller change
in trends is somewhat to be expected given that the lifetimes
of most ODS species are long (several decades), and thus
the removal of these species will occur over a considerably
longer timescale than the relatively brief period during which
their concentrations increased (WMO, 2015). Trends in the
northern mid-latitude upper stratosphere are mostly positive
(Fig. 8f), although relatively small in magnitude compared
to the large negative trend seen in the 1984-1997 period.
SAGE-OSIRIS shows the largest positive trends, peaking at
+5% decade~! at 2 hPa. This is unsurprising given the rel-
atively large positive tendency in the annual mean values
presented in Fig. 7a and agrees well with the findings of
Bourassa et al. (2014), who show trends of similar magnitude
in this location. Both SBUV data sets also show significant
positive trends (up to 4 % decade—1) but at different pressures
than SAGE-OSIRIS, above 1 hPa (where the SAGE-OSIRIS
data are not available for comparison) as well as lower
down in the middle stratosphere between 10 and 7 hPa. Both
SAGE-GOMOS data sets, GOZCARDS, and SWOOSH all
show almost no significant trend in the upper stratosphere. At
pressures < 1hPa differences between calculated trends are
large in all three latitude regions. For example, in the north-
ern mid-latitudes, SAGE-GOMOS2 shows negative trends
of up to —7 % decade—!, whereas GOZCARDS and SAGE-
GOMOS1 indicate no significant trend and the SBUV data
sets indicate positive significant trends up to 4 % decade 1.
It is very likely that the diurnal cycle in ozone plays a role at
these altitudes, affecting the estimated trends quite strongly
depending on how, and if, this is treated in the merging pro-
cess. Whether and how the diurnal cycle of ozone is treated
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Table 11. Trends in % decade ™1 for the 1998-2011 period at 2 hPa. Values in brackets show the 20 uncertainty estimates, while those in

bold are significantly different from zero at the 2o level.

Data set Northern mid-latitudes Tropics  Southern mid-latitudes

(35-60°N)  (20°N-20°S) (35-60° S)
v8.6 SBUV MOD —0.61(1.23)  —0.56 (1.66) —0.36 (1.17)
SBUV Merged Cohesive 1.98 (0.91) 2.12 (1.16) 3.47 (0.99)
SAGE-GOMOS1 0.26 (1.16) 2.72 (1.21) —0.65 (1.84)
SAGE-GOMOS?2 1.31 (1.30) 1.78 (1.45) 3.79 (1.90)
SAGE-OSIRIS 4.70 (1.73) 5.19 (1.36) 3.34 (2.13)
GOZCARDS 1.90 (1.01) 0.53 (1.00) 2.96 (1.44)
SWOOSH 0.26 (0.96) 0.99 (0.97) 0.74 (1.52)
MDM 1.40 (1.19) 1.83 (1.26) 1.90 (1.57)

Table 12. As for Table 11 but for 10 hPa.

Data set Northern mid-latitudes Tropics  Southern mid-latitudes

(35-60°N)  (20° N-20° S) (35-60° S)
v8.6 SBUV MOD 2.31(0.96) 1.57 (2.33) 1.55 (0.98)
SBUV Merged Cohesive 3.91 (1.98) —0.18 (4.28) —1.55(0.98)
SAGE-GOMOS1 0.08 (1.02) —1.18 (1.56) —2.02 (1.20)
SAGE-GOMOS?2 0.18 (1.28) 0.93 (1.71) —0.24 (1.14)
SAGE-OSIRIS —0.02 (1.02) 1.35 (1.53) —0.44 (1.22)
GOZCARDS —0.18(0.93) —1.04 (1.73) —1.64 (1.15)
SWOOSH —1.71(0.82) —2.28(1.85) —2.36 (1.11)
MDM 0.65(1.14) —0.12(2.14) —0.96 (1.11)

in all data sets is shown in Table 6. The differences between
data sets are more strongly evident in this later period (1998—
2011), particularly since a wide range of different instru-
ments which may be measuring at different times of the day
is used to extend the SAGE-II record after 2005.

In the southern mid-latitudes (Fig. 8d), all data sets, ex-
cluding SWOOSH and SAGE-GOMOS]1, indicate signifi-
cant positive trends in the upper stratosphere, although they
vary in where maximum trends are located in the verti-
cal. SAGE-OSIRIS and SAGE-GOMOS?2 show trends rang-
ing from +3 to +5%decade™ between 4 and 0.5hPa,
while GOZCARDS shows maximum positive trends slightly
smaller in magnitude and somewhat higher up. SBUV
Merged Cohesive shows trends of similar magnitude to
SAGE-GOMOS?2, but peaking very clearly at 3hPa. The
v8.6 SBUV MOD data set also shows significant positive
trends but peaking between 5 and 10hPa and only up to
+3% decadet. SWOOSH shows no significant trend over
the entire profile, similar to the SAGE-GOMOSL data set,
which differs only in that it shows small but significant nega-
tive trends at pressures greater than 50 hPa. SAGE-GOMOS2
also indicates similar magnitude negative trends at these lev-
els; however, no such significant trends are evident in either
GOZCARDS and SWOOSH and overall the MDM shows
insignificant trends in the southern mid-latitudes at pressures
>5 hPa. As in the northern mid-latitudes, at pressures <1 hPa
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the trends vary widely between data sets, again likely due to
the diurnal cycle in ozone.

The mid-latitude trends shown here agree well with
WMO (2015), which, although considering just post-2000
trends, shows a similar range of estimates using some of the
same data sets (e.g. GOZCARDS and v8.6 SBUV MOD) as
well as several other sources, including ground-based obser-
vations. As for the 1984-1997 period, the trend profiles for
1998-2011 also agree with the results presented by Bourassa
et al. (2014) using the same SAGE-OSIRIS data set, as well
as Kyrold et al. (2013) and Laine et al. (2013) using the same
SAGE-GOMOS data set. Looking at a somewhat shorter pe-
riod (August 2002—April 2012) Gebhardt et al. (2014) show
similar magnitude positive trends in SCIAMACHY (SCan-
ning Imaging Absorption spectroMeter for Atmospheric
CHartographY) of approximately 4 % decade ! in the south-
ern mid-latitude upper stratosphere; however, they show al-
most no significant positive trend in the northern mid-Ilatitude
upper stratosphere. This tendency towards a stronger signal
in the Southern Hemisphere is also seen in the MIPAS ob-
servations covering the same period (Eckert et al., 2014),
although they show a difference in the altitude range, with
a larger region of positive trends seen in the southern mid-
latitude upper stratosphere.

In the equatorial region, trends are least consistent. In
the upper stratosphere, between 5 and 2 hPa both SAGE-
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Table 13. As for Table 11 but for 50 hPa. Trends were not calculated for the SBUV data sets at pressures greater than 20 and 30hPa in the
tropics and mid-latitudes, respectively, therefore they are not shown (NA).

Data set Northern mid-latitudes Tropics  Southern mid-latitudes

(35-60°N)  (20° N-20°S) (35-60°S)
v8.6 SBUV MOD NA NA NA
SBUV Merged Cohesive NA NA NA
SAGE-GOMOS1 —6.29 (1.31) 0.91 (3.65) —4.42 (2.00)
SAGE-GOMOS2 —3.45 (2.07) —4.03 (3.96) —1.08 (2.18)
SAGE-OSIRIS —1.03 (1.54) —1.00 (4.13) 0.40 (2.48)
GOZCARDS —0.75 (1.55) —0.94 (3.50) —1.95 (2.18)
SWOOSH 0.62 (1.69) 1.79 (3.54) 0.20 (2.45)
MDM —2.18 (1.63) —0.65 (3.75) —1.37 (2.26)

GOMOS data sets as well as SBUV Merged Cohesive sug-
gest small positive trends of approximately +2 % decade™?
peaking near 2hPa. SAGE-OSIRIS also shows positive
trends, but much larger in magnitude (up to 45 % decade1).
These estimates agree well with the work of Bourassa et
al. (2014), although, with potential positive drift in the
OSIRIS data taken into account, the trends they present be-
come less significant in this region (being insignificant be-
tween 10° N and 10° S). SWOOSH, GOZCARDS, and v8.6
SBUV MOD all show no significant trends in this region, ex-
cept for at pressures <1hPa, where the v8.6 SBUV MOD
data set shows significant positive trends. In the middle
stratosphere, between approximately 10 and 5hPa, GOZ-
CARDS, SWOOSH, and the two SAGE-GOMOS data sets
show small negative trends up to —3 % decade~1, but only
the trends from SWOOSH at 10hPa are significant (see
Tables 11-13). For the same period and levels, Kyrola et
al. (2013) also show significant negative trends even larger
in magnitude, up to —5 % decade?, but only between 10° N
and 10° S. The larger latitude band used here (20° N-20° S)
likely accounts for the difference in magnitude and signifi-
cance in trends. Gebhardt et al. (2014) also found large neg-
ative trends in this region of the middle stratosphere (as large
as —10%decade~1) for the 2002-2012 period in SCIA-
MACHY observations. However, in a comparison for just the
2004-2012 period they show that the SCIAMACHY trends
are considerably more negative than either Aura MLS or
OSIRIS. Using MIPAS data for the 2002—-2012 period, Eck-
ert et al. (2014) show negative trends of similar magnitude
to Kyrol4 et al. (2013) of approximately —5 % decade 1, al-
though somewhat lower in the middle stratosphere. While
there is a clear negative trend in many data sets, the range
of trend estimates remains large. Finally, in the tropical lower
tropical stratosphere, trends are insignificant for nearly all the
data sets shown here, largely as a result of the large uncertain-
ties in measurements made in this part of the atmosphere.
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5 Conclusions

This paper presents the first intercomparison of seven new
merged satellite ozone profile data sets for the period 1984—
2011, common to all data sets. We also present an overview
of the methods, assumptions, and challenges involved in
producing such merged data sets. The analysis focuses on
the representation of the annual cycle, interannual variabil-
ity, and, in particular, long-term trends. Overall, the data
sets are most similar in the mid-latitude lower and middle
stratosphere, remaining largely within +5% of the mean
of all data sets (MDM). Larger differences are found in
the tropical lower stratosphere, where the spread between
data sets is +10 % from the MDM, and in the upper strato-
sphere globally, where data sets for the most part are within
+8% of the MDM. These results are in agreement with the
inter-instrument comparison of Tegtmeier et al. (2013). For
the data sets based on SAGE-Il (SAGE-GOMOS1, SAGE-
GOMOS2, SAGE-OSIRIS, SWOOSH, and GOZCARDS),
the choice of instrument records to be merged was found to
have a greater impact on differences than the choice of merg-
ing technique. For these data sets, those based on the same
individual instrument records tend to be more similar to each
other than those based on different instrument records. In
general, it also appears that the inclusion of a greater number
of instrument records in an individual merged data set and the
potential this creates for bias cancellation tends to improve
such long-term merged data sets. The SBUV v8.6 records,
on the other hand, show some significant differences, despite
being based on the same underlying data. This is in large part
because the SBUV record is made up of several individual
instrument records, allowing for more potential choices as to
what records to use and, more importantly, how to intercali-
brate those records.

Piecewise linear regression was used on the entire time pe-
riod (1984-2011) to calculate trends for a “decrease” period
(1984-1997) and a “recovery” period (1998-2011). Trends
estimated for the first period are more similar between data
sets, with most data sets showing significant negative trends
in the mid-latitude upper stratosphere ranging between —4
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and —8 % decade . Significant negative trends are also ev-
ident in the tropical upper stratosphere in most data sets, al-
though smaller in magnitude. In the middle and lower strato-
sphere, trends are small, and for the most part insignificant,
but depend critically on the uncertainties. The good agree-
ment between data sets is, however, somewhat unsurprising
given that most data sets are predominantly (or only) based
on the SAGE-II record for the 1984-1997 period. The trends
presented for this period agree well with both previous and
more recent studies (e.g. Harris et al., 1998; WMO, 1999;
Kyrola et al., 2013; Bourassa et al., 2014; Damadeo et al.,
2014; Eckert et al., 2014; WMO, 2015).

For the second period (1998-2011), calculated trends vary
more between data sets, ranging from —1 to +5 % decade 1
in the upper stratosphere in all three latitude regions con-
sidered. There is, however, a clear shift from mostly nega-
tive to mostly positive trends, which is most evident in the
southern mid-Ilatitude and equatorial upper stratosphere. In
the northern mid-latitude upper stratosphere, only two of the
seven data sets show significant positive trends and the MDM
trend is only just barely significantly positive. In the middle
and lower stratosphere, trends are again mostly small and not
significantly different from zero. The larger differences be-
tween data sets for the “recovery” period are perhaps to be
expected since the five SAGE-based data sets use different
instrument records to complete the SAGE-II record. Never-
theless, the trends calculated largely fall within the range of
estimates presented in several recent analyses (Kyrola et al.,
2013; Bourassa et al., 2014; Damadeo et al., 2014; Eckert et
al., 2014; Laine et al., 2013; Sioris et al., 2014; WMO, 2015).

Recent studies have also demonstrated that it remains diffi-
cult to identify stable, statistically significant positive trends
in global ozone (Frith et al., 2014; Harris et al., 2015). The
low-frequency variability in the ozone record (Frith et al.,
2014) and the choice of start and end dates (Frith et al., 2014;
Harris et al., 2015) are contributing factors, as well as uncer-
tainty related to the proxies chosen for the regression model
(de Laat et al., 2015). This study, using an “ensemble” of re-
cently produced long-term, vertically resolved, merged satel-
lite ozone data sets, shows a fairly wide range of estimates of
long-term ozone trends; not all data sets unequivocally indi-
cate significant positive trends in the upper stratosphere for
the 1998-2011 period. However, the mean trend of all data
sets (MDM) is significant and positive in the southern mid-
latitudes between 5 and 0.5 hPa, in the tropics between 3 and
1 hPa, and in the northern mid-latitudes at just 2 hPa. The use
of more complex regression techniques that take into account
spatial and temporal bias, such as that used by Damadeo
et al. (2014), or that allow a latitude- and altitude-varying
change point (e.g. Laine et al., 2013), may help better con-
strain estimates of long-term ozone trends. As newer individ-
ual satellite data sets are better understood and merging tech-
niques become more refined, differences between data sets
and derived trends may be reduced. In this context, contin-
ued high-quality long-term ozone profile measurements are

Atmos. Chem. Phys., 15, 3021-3043, 2015

essential to unambiguously identify an ozone recovery in re-
sponse to decreasing ODSs within a changing climate.

Acknowledgements. The authors thank all those involved in the
SI2N initiative whose research underlies the results presented here.
Fiona Tummon thanks the Swiss National Science Foundation for
funding. Neil Harris thanks the UK Natural Environment Research
Council for an Advanced Research Fellowship. Work at the Jet
Propulsion Laboratory, California Institute of Technology, was
performed under contract with the National Aeronautics and Space
Administration. The use of MERRA data from GMAO is also
acknowledged. We thank the two reviewers for helpful comments
and suggestions.

Edited by: R. Eckman

References

Adams, C., Bourassa, A. E., Bathgate, A. F., McLinden, C. A,
Lloyd, N. D., Roth, C. Z., Llewellyn, E. J., Zawodny, J. M., Flit-
tner, D. E., Manney, G. L., Daffer, W. H., and Degenstein, D. A.:
Characterization of Odin-OSIRIS ozone profiles with the SAGE
I dataset, Atmos. Meas. Tech., 6, 1447-1459, doi:10.5194/amt-
6-1447-2013, 2013.

Adams, C., Bourassa, A. E., Sofieva, V., Froidevaux, L., McLinden,
C. A., Hubert, D., Lambert, J.-C., Sioris, C. E., and Degenstein,
D. A.: Assessment of Odin-OSIRIS ozone measurements from
2001 to the present using MLS, GOMOS, and ozonesondes, At-
mos. Meas. Tech., 7, 49-64, doi:10.5194/amt-7-49-2014, 2014.

Austin, J. and Butchart, N.: Coupled chemistry-climate model sim-
ulations for the period 1980 to 2020: Ozone depletion and the
start of ozone recovery, Q. J. R. Meteorol. Soc., 129, 3225-3249,
doi:10.1256/qj.02.203, 2003.

Austin, J. and Wilson, R. J.: Ensemble simulations of the de-
cline and recovery of stratospheric ozone, J. Geophys. Res., 111,
D16314, doi:10.1029/2005JD006907, 2006.

Austin, J., Tourpali, K., Rozanov, E., Akiyoshi, H., Bekki, S.,
Bodeker, G. E., Briihl, C, Butchart, N., Chipperfield, M., Deushi,
M., Fomichev, V. I., Giorgetta, M. A., Gray, L., Kodera, K.,
Lott, F., Manzini, E., Marsh, D., Matthes, K., Nagashima, T.,
Shibata, K., Stolarski, R. S., Struthers, H., and Tian W.: Cou-
pled chemistry climate model simulations of the solar cycle
in ozone and temperature, J. Geophys. Res., 113, D11306,
doi:11310.11029/12007JD009391, 2008.

Bhartia, P. K., McPeters, R. D., Flynn, L. E., Taylor, S., Kramarova,
N. A., Frith, S., Fisher, B., and DeLand, M.: Solar Backscatter
UV (SBUV) total ozone and profile algorithm, Atmos. Meas.
Tech., 6, 2533-2548, d0i:10.5194/amt-6-2533-2013, 2013.

Bhatt, P. P., Remsberg, E. E., Gordley, L. L., Mclnerney, J. M.,
Brackett, V. G., and Russell Ill, J. M.: An evaluation of the
quality of Halogen Occultation Experiment ozone profiles in the
lower stratosphere, J. Geophys. Res., 104, 9261-9275, 1999.

Bodeker, G. E., Boyd, I. S., and Matthews, W. A.: Trends and
variability in vertical ozone and temperature profiles measured
by ozonesondes at Lauder, New Zealand: 1986-1996, J. Geo-
phys. Res.-Atmos., 103, 28661-28681, doi:10.1029/98JD02581,
1998.

www.atmos-chem-phys.net/15/3021/2015/


http://dx.doi.org/10.5194/amt-6-1447-2013
http://dx.doi.org/10.5194/amt-6-1447-2013
http://dx.doi.org/10.5194/amt-7-49-2014
http://dx.doi.org/10.1256/qj.02.203
http://dx.doi.org/10.1029/2005JD006907
http://dx.doi.org/10.5194/amt-6-2533-2013
http://dx.doi.org/10.1029/98JD02581

F. Tummon et al.: Intercomparison of vertically resolved merged satellite 0zone data sets 3041

Bodeker, G. E., Shiona, H., and Eskes, H.: Indicators of Antarc-
tic ozone depletion, Atmos. Chem. Phys., 5, 2603-2615,
doi:10.5194/acp-5-2603-2005, 2005.

Bosilovich, M. G., Robertson, F. R., and Chen, J.: Global En-
ergy and Water Budgets in MERRA, J. Clim., 24, 5721-5739,
doi:10.1175/2011JCL14175.1, 2011.

Bourassa, A. E., Degenstein, D. A., Randel, W. J., Zawodny, J.
M., Kyrola, E., McLinden, C. A., Sioris, C. E., and Roth, C.
Z.: Trends in stratospheric ozone derived from merged SAGE
Il and Odin-OSIRIS satellite observations, Atmos. Chem. Phys.,
14, 6983-6994, doi:10.5194/acp-14-6983-2014, 2014.

Brasseur, G. P., and Solomon, S.: Aeronomy of the middle atmo-
sphere, 3rd ed., Springer, New York, 644 pp., 2005.

Chehade, W., Weber, M., and Burrows, J. P.: Total ozone trends and
variability during 1979-2012 from merged data sets of various
satellites, Atmos. Chem. Phys., 14, 7059-7074, doi:10.5194/acp-
14-7059-2014, 2014.

Damadeo, R. P., Zawodny, J. M., Thomason, L. W., and lyer,
N.: SAGE version 7.0 algorithm: application to SAGE I, At-
mos. Meas. Tech., 6, 3539-3561, doi:10.5194/amt-6-3539-2013,
2013.

Damadeo, R. P., Zawodny, J. M., and Thomason, L. W.: Reeval-
uation of stratospheric ozone trends from SAGE Il data using a
simultaneous temporal and spatial analysis, Atmos. Chem. Phys.,
14, 13455-13470, doi:10.5194/acp-14-13455-2014, 2014.

Davis, S. M. and Rosenlof, K. H.: A Multidiagnostic Intercompari-
son of Tropical-Width Time Series Using Reanalyses and Satel-
lite Observations, J. Clim., 25, 1061-1078, d0i:10.1175/JCLI-D-
11-00127.1, 2012.

Davis, S. M., et al.: The Stratospheric Water and Ozone Satellite
Homogenized (SWOOSH) database: A long-term database for
climate studies, in preparation, 2015.

de Laat, A. T. J.,, van der A, R. J., and van Weele, M.: Tracing the
second stage of ozone recovery in the Antarctic ozone-hole with
a “big data” approach to multivariate regressions, Atmos. Chem.
Phys., 15, 79-97, doi:10.5194/acp-15-79-2015, 2015.

DeLand, M. T., Taylor, S. L., Huang, L. K., and Fisher, B. L.:
Calibration of the SBUV version 8.6 ozone data product, At-
mos. Meas. Tech., 5, 2951-2967, doi:10.5194/amt-5-2951-2012,
2012.

Ebita, A., Kobayashi, S., Ota, Y., Moriya, M., Kumabe, R., Onogi,
K., Harada, Y., Yasui, S., Miyaoka, K., Takahashi, K., Kama-
hori, H., Kobayashi, C., Endo, H., Soma, M., Oikawa, Y., and
Ishimizu, T.: The Japanese 55-year Reanalysis “JRA-55": an in-
terim report, SOLA, 7, 149-152, 2011.

Eckert, E., von Clarmann, T., Kiefer, M., Stiller, G. P., Lossow,
S., Glatthor, N., Degenstein, D. A., Froidevaux, L., Godin-
Beekmann, S., Leblanc, T., McDermid, S., Pastel, M., Stein-
brecht, W., Swart, D. P. J.,, Walker, K. A., and Bernath, P.
F.: Drift-corrected trends and periodic variations in MIPAS
IMK/IAA o0zone measurements, Atmos. Chem. Phys., 14, 2571-
2589, d0i:10.5194/acp-14-2571-2014, 2014.

Eyring, V., Waugh, D. W., Bodeker, G. E., Cordero, E., Akiyoshi,
H., Austin, J., Beagley, S. R., Boville, B. A., Braesicke, P., Brihl,
C., Butchart, N., Chipperfield, M. P., Dameris, M., Deckert, R.,
Deushi, M., Frith, S. M., Garcia, R. R., Gettelman, A., Giorgetta,
M. A., Kinnison, D. E., Mancini, E., Manzini, E., Marsh, D. R.,
Matthes, S., Nagashima, T., Newman, P. A., Nielsen, J. E., Paw-
son, S., Pitari, G., Plummer, D. A., Rozanov, E., Schraner, M.,

www.atmos-chem-phys.net/15/3021/2015/

Scinocca, J. F.,, Semeniuk, K., Shepherd, T. G., Shibata, K., Steil,
B., Stolarski, R. S., Tian, W., and Yoshiki, M.: Multimodel pro-
jections of stratospheric ozone in the 21st century, J. Geophys.
Res., 112, D16, doi:10.1029/2006JD008332, 2007.

Eyring, V., Shepherd, T. G., and Waugh, D. W. (Eds.): SPARC Re-
port on the Evaluation of Chemistry-Climate Models, SPARC
Report No. 5, WCRP-132, WMO/TD-No. 1526, 2010a.

Eyring, V., Cionni, I., Bodeker, G. E., Charlton-Perez, A. J., Kinni-
son, D. E., Scinocca, J. F., Waugh, D. W., Akiyoshi, H., Bekki,
S., Chipperfield, M. P., Dameris, M., Dhomse, S., Frith, S. M.,
Garny, H., Gettelman, A., Kubin, A., Langematz, U., Mancini,
E., Marchand, M., Nakamura, T., Oman, L. D., Pawson, S., Pitari,
G., Plummer, D. A., Rozanov, E., Shepherd, T. G., Shibata, K.,
Tian, W., Braesicke, P., Hardiman, S. C., Lamarque, J. F., Mor-
genstern, O., Pyle, J. A., Smale, D., and Yamashita, Y.: Multi-
model assessment of stratospheric ozone return dates and ozone
recovery in CCMVal-2 models, Atmos. Chem. Phys., 10, 9451—
9472, doi:10.5194/acp-10-9451-2010, 2010b.

Fioletov, V. E.: Ozone climatology, trends, and substances that con-
trol ozone, Atmos. Ocean., 46, 39-67, doi:10.3137/a0.460103,
2008.

Frith, S. M., Kramarova, N. A., Stolarski, R. S., McPeters,
R. D., Bhartia, P. K., and Labow, G. J.: Recent changes
in column ozone based on the SBUV version 8.6 merged
ozone dataset, J. Geophys. Res.-Atmos., 119, 9735-9751,
doi:10.1002/2014JD021889, 2014.

Froidevaux, L., Jiang, Y. B., Lambert, A., Livesey, N. J., Read,
W. G., Waters, J. W., Browell, E. V., Hair, J. W., Avery, M. A.,
McGee, T. J., Tiwgg, L. W., Sumnicht, G. K., Jucks, K. W., Mar-
gitan, J. J., Sen, B., Stachnik, R. A., Toon, G. C., Bernath, P.
F., Boone, C. D., Walker, K. A., Filipiak, M. J., Harwood, R.
S., Fuller, R. A., Manney, G. L., Schwartz, M. J., Daffer, W. H.,
Drouin, B. J., Cofield, R. E., Cuddy, D. T., Jarnot, R. F., Knosp,
B. W, Perun, V. S., Snyder, W. V., Stek, P. C., Thurstans, R. P.,
and Wagner, P. A.: Validation of Aura Microwave Limb Sounder
stratospheric and mesospheric ozone measurements, J. Geophys.
Res., 113, D15S20, doi:10.1029/2007JD008771, 2008.

Froidevaux, L., Anderson, J., Wang, H.-J., Fuller, R. A., Schwartz,
M. J., Santee, M. L., Livesey, N. J., Pumphrey, H. C., Bernath,
P., Russell 111, J. M., and McCormick, M. P., Global Ozone
Chemistry And Related Datasets for the Stratosphere (GOZ-
CARDS): methodology and sample results with a focus on HCI,
H20, and O3, Atmos. Chem. Phys. Discuss., 15, 5849-5957,
doi:10.5194/acpd-15-5849-2015, 2015.

Gebhardt, C., Rozanov, A., Hommel, R., Weber, M., Bovensmann,
H., Burrows, J. P., Degenstein, D., Froidevaux, L., and Thomp-
son, A. M.: Stratospheric ozone trends and variability as seen by
SCIAMACHY from 2002-2012, Atmos. Chem. Phys., 14, 831—
846, doi:10.5194/acp-14-831-2014, 2014.

Groof, J.-U. and Russell 111, James M.: Technical note: A strato-
spheric climatology for O3, H»0, CH4, NOyx, HCI and HF
derived from HALOE measurements, Atmos. Chem. Phys., 5,
2797-2807, doi:10.5194/acp-5-2797-2005, 2005.

Harris, N. R. P., Hudson, R., and Phillips, C. (Eds.): Assessment
of trends in the vertical distribution of ozone, Stratospheric Pro-
cesses and Their Role in Climate/International Ozone Commis-
sion/Global Atmospheric Watch (SPARC/IOC/ GAW) Report 1,
World Meteorol. Organ. OzoneRes. and Monit. Proj. Rep. 43,
289 pp., Geneva, 1998.

Atmos. Chem. Phys., 15, 3021-3043, 2015


http://dx.doi.org/10.5194/acp-5-2603-2005
http://dx.doi.org/10.1175/2011JCLI4175.1
http://dx.doi.org/10.5194/acp-14-6983-2014
http://dx.doi.org/10.5194/acp-14-7059-2014
http://dx.doi.org/10.5194/acp-14-7059-2014
http://dx.doi.org/10.5194/amt-6-3539-2013
http://dx.doi.org/10.5194/acp-14-13455-2014
http://dx.doi.org/10.1175/JCLI-D-11-00127.1
http://dx.doi.org/10.1175/JCLI-D-11-00127.1
http://dx.doi.org/10.5194/acp-15-79-2015
http://dx.doi.org/10.5194/amt-5-2951-2012
http://dx.doi.org/10.5194/acp-14-2571-2014
http://dx.doi.org/10.1029/2006JD008332
http://dx.doi.org/10.5194/acp-10-9451-2010
http://dx.doi.org/10.3137/ao.460103
http://dx.doi.org/10.1002/2014JD021889
http://dx.doi.org/10.1029/2007JD008771
http://dx.doi.org/10.5194/acpd-15-5849-2015
http://dx.doi.org/10.5194/acp-14-831-2014
http://dx.doi.org/10.5194/acp-5-2797-2005

3042 F. Tummon et al.: Intercomparison of vertically resolved merged satellite 0zone data sets

Harris, N. R. P., Hassler, B., Tummon, F., Bodeker, G. E., Hubert,
D., Petropavlovkikh, 1., Steinbrecht, W., Anderson, J., Bhartia,
P. K., Boone, C. D., Bourassa, A., Davis, S. M., Degenstein,
D., DelCloo, A., Frith, S. M., Froidevaux, L., Godin-Beekmann,
S., Jones, N., Kurylo, M. J., Kyr6l4, E., Laine, M., Leblanc,
S. T., Lambert, J.-C., Liley, B. Mahieu, E., Maycock, A., de
Maziére, M., Parrish, A., Qerel, R., Rosenlof, K. H., Roth, C,,
Sioris, C., Staehelin, J., Stolarski, R. S., Stiibi, R., Tamminen, J.,
Vigouroux, C., Walker, K., Wang, H. W., Wild, J., and Zawodny,
J. M.: Past changes in the Vertical Distribution of Ozone — Part
I11: Analysis and Interpretation of Trends, Atmos. Chem. Phys.
Discuss., submitted, 2015.

Hassler, B., Bodeker, G. E., and Dameris, M.: Technical Note: A
new global database of trace gases and aerosols from multiple
sources of high vertical resolution measurements, Atmos. Chem.
Phys., 8, 5403-5421, doi:10.5194/acp-8-5403-2008, 2008.

Hassler, B., Young, P. J., Portmann, R. W., Bodeker, G. E., Daniel,
J. S., Rosenlof, K. H., and Solomon, S.: Comparison of three ver-
tically resolved ozone data sets: climatology, trends and radiative
forcings, Atmos. Chem. Phys., 13, 5533-5550, doi:10.5194/acp-
13-5533-2013, 2013.

Hassler, B., Petropavlovskikh, 1., Staehelin, J., August, T., Bhartia,
P. K., Clerbaux, C., Degenstein, D., Maziere, M. De, Dinelli, B.
M., Dudhia, A., Dufour, G., Frith, S. M., Froidevaux, L., Godin-
Beekmann, S., Granville, J., Harris, N. R. P., Hoppel, K., Hubert,
D., Kasai, Y., Kurylo, M. J., Kyr6l4, E., Lambert, J.-C., Levelt,
P. F., McElroy, C. T., McPeters, R. D., Munro, R., Nakajima,
H., Parrish, A., Raspollini, P., Remsberg, E. E., Rosenlof, K. H.,
Rozanov, A., Sano, T., Sasano, Y., Shiotani, M., Smit, H. G. J.,
Stiller, G., Tamminen, J., Tarasick, D. W., Urban, J., van der
A, R. J., Veefkind, J. P, Vigouroux, C., von Clarmann, T., von
Savigny, C., Walker, K. A., Weber, M., Wild, J., and Zawodny,
J. M.: Past changes in the vertical distribution of ozone —Part
1: Measurement techniques, uncertainties and availability, At-
mos. Meas. Tech., 7, 1395-1427, d0i:10.5194/amt-7-1395-2014,
2014.

Hegglin, M. 1., Plummer, D. A., Shepherd, T. G., Scinocca, J. F.,
Anderson, J., Froidevaux, L., Funke, B., Hurst, D., Rozanov,
A., Urban, J., von Clarmann, T., Walker, K. A., Wang, H. J.,
Tegtmeier, S., and Weigel., K.: Vertical structure of stratospheric
water vapour trends derived from merged satellite data, Nature:
Geoscience, doi:10.1038/nge02236, 2014.

Hervig, M. and McHugh, M.: Cirrus detection using HALOE mea-
surements, Geophys. Res. Lett., 26, 719-722, 1999.

Jones, A., Urban, J., Murtagh, D. P., Eriksson, P., Brohede, S., Ha-
ley, C., Degenstein, D., Bourassa, A., von Savigny, C., Sonkaew,
T., Rozanov, A., Bovensmann, H., and Burrows, J.: Evolution
of stratospheric ozone and water vapour time series studied
with satellite measurements, Atmos. Chem. Phys., 9, 6055-6075,
doi:10.5194/acp-9-6055-2009, 2009.

Kramarova, N. A., Frith, S. M., Bhartia, P. K., McPeters, R. D., Tay-
lor, S. L., Fisher, B. L., Labow, G. J., and DeLand, M. T.: Valida-
tion of ozone monthly zonal mean profiles obtained from the ver-
sion 8.6 Solar Backscatter Ultraviolet algorithm, Atmos. Chem.
Phys., 13, 6887-6905, doi:10.5194/acp-13-6887-2013, 2013.

Kyrola, E., Laine, M., Sofieva, V., Tamminen, J., Péivérinta, S.-M.,
Tukiainen, S., Zawodny, J., and Thomason, L.: Combined SAGE
11-GOMOS ozone profile data set for 1984-2011 and trend anal-

Atmos. Chem. Phys., 15, 3021-3043, 2015

ysis of the vertical distribution of ozone, Atmos. Chem. Phys.,
13, 10645-10658, doi:10.5194/acp-13-10645-2013, 2013.

Labow, G. J., McPeters, R. D., Bhartia, P. K., and Kramarova, N.:
A comparison of 40 years of SBUV measurements of column
ozone with data from the Dobson/Brewer network, J. Geophys.
Res.-Atmos., 118, 7370-7378, doi:10.1002/jgrd.50503, 2013.

Laine, M., Latva-Pukkila, N., and Kyrol4, E.: Analyzing time vary-
ing trends in stratospheric ozone time series using state space
approach, Atmos. Chem. Phys. Discuss., 13, 20503-20530,
doi:10.5194/acpd-13-20503-2013, 2013.

Lambert, J.-C., et al.: Past changes in the Vertical Distribution of
Ozone - Part 1I: Measurement Intercomparisons, in preparation,
2015.

Livesey, N. J., Read, W. J., Froidevaux, L., Waters, J. W., Santee,
M. L., Pumphrey, H. C., Wu, D. L., Shippony, Z., and Jarnot,
R. F.: The UARS Microwave Limb Sounder version 5 dataset:
Theory, characterization and validation, J. Geophys. Res., 108,
4378, doi:10.1029/2002JD002273, 2003.

McCormick, M. P., Zawodny, J. M., Veiga, R. E., Larsen, J. C.
and Wang, P. H.: An overview of sage | and Il ozone measure-
ments, Planet. Space Sci., 37, 1567-1586, doi:10.1016/0032-
0633(89)90146-3, 1989.

McLinden, C. A. and Fioletov, V.: Quantifying stratospheric ozone
trends: Complications due to stratospheric cooling, Geophys.
Res. Lett., 38, L03808, doi:10.1029/2010GL046012, 2011.

McPeters, R. D., Bhartia, P. K., Haffner, D., Labow, G. J.,
and Flynn, L.: The version 8.6 SBUV ozone data record:
An overview, J. Geophys. Res.-Atmos., 118, 8032-8039,
doi:10.1002/jgrd.50597, 2013.

McPeters, R. D. and Labow, G. J.: Climatology 2011: An MLS
and sonde derived ozone climatology for satellite retrieval algo-
rithms, J. Geophys. Res., 117, D10, doi:10.1029/2011JD017006,
2012.

Newchurch, M. J., Yang, E.-S., Cunnold, D. M., Reinsel, G. C., Za-
wodny, J. M., and Russell 111, J. M.: Evidence for slowdown in
stratospheric ozone loss: First stage of ozone recovery, J. Geo-
phys. Res., 108, D16, d0i10.1029/2003JD003471, 2003.

Parrish, A., Boyd, I. S., Nedoluha, G. E., Bhartia, P. K., Frith, S.
M., Kramarova, N. A., Connor, B. J., Bodeker, G. E., Froide-
vaux, L., Shiotani, M., and Sakazaki, T.: Diurnal variations of
stratospheric ozone measured by ground-based microwave re-
mote sensing at the Mauna Loa NDACC site: measurement vali-
dation and GEOSCCM model comparison, Atmos. Chem. Phys.,
14, 7255-7272, doi:10.5194/acp-14-7255-2014, 2014.

Penckwitt, A. A., Bodeker, G. E., Revell, L. E., Richter, L., Kyrolg,
E., and Young,P.: Construction and analysis of a new merged
SAGE 1I-GOMOS ozone profile data set for 1984-2012, Earth
Syst. Sci. Data, in preparation, 2015.

Perliski, L. M., Solomon, S., and London, J.: On the interpretation
of seasonal variations of stratospheric ozone, Planet. Space Sci.,
37, 1527-1538, doi:10.1016/0032-0633(89)90143-8,1989.

Randel, W. J., Park, M., Wu, Fu., and Livesey, N.: A large an-
nual cycle in ozone above the tropical tropopause linked to
the Brewer-Dobson circulation, J. Atmos. Sci., 64, 4479-4488,
doi:10.1175/2007JAS2409.1, 2007.

Reinsel, G. C., Tiao, G. C., Wuebbles, D. J., Kerr, J. B., Miller, A.
J., Nagatani, R. M., Bishop, L., and Ying, L. H.: Seasonal trend
analysis of published ground-based and TOMS total ozone data
through 1991, J. Geophys. Res., 99, 5449-5464, 1994.

www.atmos-chem-phys.net/15/3021/2015/


http://dx.doi.org/10.5194/acp-8-5403-2008
http://dx.doi.org/10.5194/acp-13-5533-2013
http://dx.doi.org/10.5194/acp-13-5533-2013
http://dx.doi.org/10.5194/amt-7-1395-2014
http://dx.doi.org/10.1038/ngeo2236
http://dx.doi.org/10.5194/acp-9-6055-2009
http://dx.doi.org/10.5194/acp-13-6887-2013
http://dx.doi.org/10.5194/acp-13-10645-2013
http://dx.doi.org/10.1002/jgrd.50503
http://dx.doi.org/10.5194/acpd-13-20503-2013
http://dx.doi.org/10.1029/2002JD002273
http://dx.doi.org/10.1016/0032-0633(89)90146-3
http://dx.doi.org/10.1016/0032-0633(89)90146-3
http://dx.doi.org/10.1029/2010GL046012
http://dx.doi.org/10.1002/jgrd.50597
http://dx.doi.org/10.1029/2011JD017006
http://dx.doi.org/10.5194/acp-14-7255-2014
http://dx.doi.org/10.1016/0032-0633(89)90143-8
http://dx.doi.org/10.1175/2007JAS2409.1

F. Tummon et al.: Intercomparison of vertically resolved merged satellite 0zone data sets

Rienecker, M. M., Suarez, M. J., Gelaro, R., Tadling, R., Bacmeis-
ter, J., Liu, E., Bosilovich, M. G., Schubert, S. D., Takacs,
L., Kim, G.-K., Bloom, S., Chen, J., Collins, D., Conaty, A.,
da Silva, A., Gu, W,, Joiner, J., Koster, R. D., Lucchesi, R.,
Molod, A., Owens, T., Pawson, S., Pegion, P., Redder, C. R., Re-
ichle, R., Robertson, F. R., Ruddick, A. G., Sienkiewicz, M. and
Woollen, J.: MERRA: NASA’s Modern-Era Retrospective Anal-
ysis for Research and Applications, J. Clim., 24, 3624-3648,
doi:10.1175/JCLI-D-11-00015.1, 2011.

Rosenfield, J. E., Frith, S. M., and Stolarski, R. S.: Version 8 SBUV
ozone profile trends compared with trends from a zonally av-
eraged chemical model, J. Geophys. Res.-Atmos., 110, D12,
doi:10.1029/2004JD005466, 2005.

Sakazaki, T., Fujiwara, M., Mitsuda, C., Imai, K., Manago, N.,
Naito, Y., Nakamura, T., Akiyoshi, H., Kinnison, D., Sano, T.,
Suzuki, M. and Shiotani, M.: Diurnal ozone variations in the
stratosphere revealed in observations from the Superconduct-
ing Submillimeter-Wave Limb-Emission Sounder (SMILES) on
board the International Space Station (ISS), J. Geophys. Res.-
Atmos., 118, 2991-3006, doi:10.1002/jgrd.50220, 2013.

Schanz, A., Hocke, K., and Ké&mpfer, N.: Daily ozone cycle in
the stratosphere: global, regional and seasonal behaviour mod-
elled with the Whole Atmosphere Community Climate Model,
Atmos. Chem. Phys., 14, 7645-7663, doi:10.5194/acp-14-7645-
2014, 2014.

Simmons, A. J., Poli, P, Dee, D. P, Berrisford, P., Hers-
bach, H., Kobayashi, S., and Peubey, C.: Estimating low-
frequency variability and trends in atmospheric temperature
using ERA-Interim, Q. J. R. Meteorol. Soc., 140, 329-353,
doi:10.1002/qj.2317, 2014.

Sioris, C. E., McLinden, C. A., Fioletov, V. E., Adams, C., Za-
wodny, J. M., Bourassa, A. E., Roth, C. Z., and Degenstein, D.
A.: Trend and variability in ozone in the tropical lower strato-
sphere over 2.5 solar cycles observed by SAGE Il and OSIRIS,
Atmos. Chem. Phys., 14, 3479-3496, d0i:10.5194/acp-14-3479-
2014, 2014.

Steinbrecht, W., Claude, H., Schonenborn, F., McDermid, I. S.,
Leblanc, T., Godin, S., Song, T., Swart, D. P. J., Meijer, Y. J.,
Bodeker, G. E., Connor, B. J., Kdmpfer, N., Hocke, K., Calisesi,
Y., Schneider, N., de la Noég, J., Parrish, A. D., Boyd, I. S., Brihl,
C., Steil, B., Giorgetta, M. A., Manzini, E., Thomason, L. W., Za-
wodny, J. M., McCormick, M. P., Russell, J. M., Bhartia, P. K.,
Stolarski, R. S. and Hollandsworth-Frith, S. M.: Long-term evo-
lution of upper stratospheric ozone at selected stations of the Net-
work for the Detection of Stratospheric Change (NDSC), J. Geo-
phys. Res.-Atmos., 111, D10308, doi:10.1029/2005JD006454,
2006.

Studer, S., Hocke, K., Schanz, A., Schmidt, H., and Kampfer, N.: A
climatology of the diurnal variations in stratospheric and meso-
spheric ozone over Bern, Switzerland, Atmos. Chem. Phys., 14,
5905-5919, doi:10.5194/acp-14-5905-2014, 2014.

Tegtmeier, S., Hegglin, M. 1., Anderson, J., Bourassa, A., Brohede,
S., Degenstein, D., Froidevaux, L., Fuller, R., Funke, B., Gille,
J., Jones, A., Kasai, Y., Kruger, K., Kyréla, E., Lingenfelser,
G., Lumpe, J., Nardi, B., Neu, J., Pendlebury, D., Remsberg, E.,
Rozanov, A., Smith, L., Toohey, M., Urban, J., von Clarmann,
T., Walker, K. A. and Wang, R. H. J.: SPARC Data Initiative:
A comparison of ozone climatologies from international satel-

www.atmos-chem-phys.net/15/3021/2015/

3043

lite limb sounders, J. Geophys. Res.-Atmos., 118, 12229-12247,
doi:10.1002/2013JD019877, 2013.

Thompson, D. J. W., Seidel, D. J., Randel, W. J., Zou, C.-Z., Butler,
A. H. Mears, C., Osso, A., Long, C. and Lin, R.: The mystery of
recent stratospheric temperature trends, Nature, 491, 692-697,
doi:10.1038/nature11579, 2012.

Toohey, M. and von Clarmann, T.: Climatologies from satellite mea-
surements: the impacts of orbital sampling on the standard error
of the mean, Atmos. Meas. Tech., 6, 37-948, doi:10.5194/amtd-
5-8241-2012, 2013.

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

Wang, H. J., Cunnold, D. M., Thomason, L. W., Zawodny, J. M.,
and Bodeker, G. E.: Assessment of SAGE version 6.1 ozone data
quality, J. Geophys. Res., 107, D23, doi:10.1029/2002JD002418,
2002.

Wang, L., Zou, C.-Z., and Qian, H.: Construction of Stratospheric
Temperature Data Records from Stratospheric Sounding Units, J.
Clim., 25, 2931-2946, d0i:10.1175/JCLI-D-11-00350.1, 2011.

Waugh, D. W.,, Oman, L., Kawa, S. R., Stolarski, R. S., Pawson, S.,
Douglass, A. R., Newman, P. A., and Nielsen, J. E.: Impacts of
climate change on stratospheric ozone recovery, Geophys. Res.
Lett., 36, d0i:10.1029/2008GL 036223, 2009.

Wild, J. D. and Long, C. S.: A Coherent Ozone Profile Dataset from
SBUYV, SBUV/2: 1979 to 2013, in preparation, 2015.

WMO, World Meteorological Organization: Scientific Assessment
of Ozone Depletion: 1998, Global Ozone Research and Monitor-
ing Project Report No. 44, Geneva, Switzerland, 1999.

WMO, World Meteorological Organization: Scientific Assessment
of Ozone Depletion: 2010, Global Ozone Research and Monitor-
ing Project Report No. 52, Geneva, Switzerland, 516 pp., 2011.

WMO, World Meteorological Organization: Scientific Assessment
of Ozone Depletion: 2014, Global Ozone Research and Monitor-
ing Project Report No. 55, Geneva, Switzerland, 416 pp., 2015.

Xu, J. and Powell Jr, A. M.: Uncertainty of the strato-
spheric/tropospheric temperature trends in 1979-2008: multi-
ple satellite MSU, radiosonde, and reanalysis datasets, Atmos.
Chem. Phys., 11, 10727-10732, doi:10.5194/acp-11-10727-
2011, 2011.

Atmos. Chem. Phys., 15, 3021-3043, 2015


http://dx.doi.org/10.1175/JCLI-D-11-00015.1
http://dx.doi.org/10.1029/2004JD005466
http://dx.doi.org/10.1002/jgrd.50220
http://dx.doi.org/10.5194/acp-14-7645-2014
http://dx.doi.org/10.5194/acp-14-7645-2014
http://dx.doi.org/10.1002/qj.2317
http://dx.doi.org/10.5194/acp-14-3479-2014
http://dx.doi.org/10.5194/acp-14-3479-2014
http://dx.doi.org/10.1029/2005JD006454
http://dx.doi.org/10.5194/acp-14-5905-2014
http://dx.doi.org/10.1002/2013JD019877
http://dx.doi.org/10.1038/nature11579
http://dx.doi.org/10.5194/amtd-5-8241-2012
http://dx.doi.org/10.5194/amtd-5-8241-2012
http://dx.doi.org/10.1002/jgrd.50874
http://dx.doi.org/10.1029/2002JD002418
http://dx.doi.org/10.1175/JCLI-D-11-00350.1
http://dx.doi.org/10.1029/2008GL036223
http://dx.doi.org/10.5194/acp-11-10727-2011
http://dx.doi.org/10.5194/acp-11-10727-2011

	Abstract
	Introduction
	Data and methods
	Merged data sets used in this study
	BUV, SBUV, and SBUV/2
	SAGE-based data sets

	Vertical coordinates and a common grid
	Multi-data-set mean
	Multiple linear regression model

	Data set intercomparison
	Annual cycle
	Interannual variability
	Interannual anomalies

	Trends
	1984--1997 trends
	1998--2011 trends

	Conclusions
	Acknowledgements
	References

