Manuscript prepared for Atmos. Chem. Phys. Discuss.
with version 2014/09/16 7.15 Copernicus papers of the IATEX class copernicus.cls.
Date: 5 February 2015

Intercomparison of Vertically Resolved
Merged Satellite Ozone Data sets:
Interannual Variability and Long-term
Trends

Fiona Tummon', Birgit Hassler?3, Neil R. P. Harris*, Wolfgang Steinbrecht®,
Johannes Staehelin’, John Anderson®, Greg E. Bodeker’, Adam Bourassa®, Sean
M. Davis®>3, Doug Degenstein®, Stacey M. Frith®, Lucien Froidevaux'®, Erkki Kyréla'',
Marko Laine'', Craig Long'?, Andreas A. Penckwitt’, Christopher E. Sioris®, Karen
H. Rosenlof®, Christopher Roth®, Hsiang-Jui Wang'®, and Jeannette Wild'"-'4

'ETH Zurich, Zurich, Switzerland

2Cooperative Institute for Research in Environmental Sciences, University of Colorado, Boulder,
Colorado, USA

3Chemical Sciences Division, NOAA Earth System Research Laboratory, Boulder, Colorado, USA
“University of Cambridge Chemistry Department, Cambridge, United Kingdom

5Deutscher Wetterdienst, Hohenpeissenberg, Germany

8Hampton University, Hampton, Virginia, USA

"Bodeker Scientific, Alexandra, New Zealand

8Institute of Space and Atmospheric Studies, University of Saskatchewan, Saskatoon,
Saskatchewan, Canada

9Science Systems and Applications, Inc., Lanham, Maryland, USA

10Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA

" Finnish Meteorological Institute, Helsinki, Finland

1

IodeJ UOISSNoSI(]

JodeJ UOISSNoSI(]

JodeJ UOISSNoSI(]

JodeJ UOISSnoSI(]



2NOAA/NWS/NCEP/Climate Prediction Center, College Park, Maryland, USA
3Georgia Institute of Technology, Atlanta, Georgia, USA
4Innovim, Greenbelt, Maryland, USA

Correspondence to: Fiona Tummon (fiona.tummon@env.ethz.ch)

IodeJ UOISSNOSI(]

IodeJ UOISSNoSI(]

IodeJ UOISSNOSI(]

IodeJ UOISSNOSI(]



20

25

Abstract

In the framework of the SI2N (SPARC (Stratosphere-troposphere Processes And their Role
in Climate) / 103G-103C (International Ozone Commission) / IGACO-OS (Integrated Global
Atmospheric Chemistry Observations - Ozone) / NDACC (Network for the Detection of At-
mospheric Composition Change)) initiative, several long-term vertically-resotved-vertically
resolved merged ozone data sets produced from satellite measurements have been anal-
ysed and compared. This paper presents an overview of the methods, assumptions, and
challenges involved in constructing such merged data sets, as well as the first thorough in-
tercomparison of seven new long-term satellite data sets. The analysis focuses on the rep-
resentation 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 agreement amongst data
sets is seen in the mid-latitude lower and middle stratosphere, with larger differences in
the equatorial lower stratosphere and the upper stratosphere globally. In most cases, differ-
ences in the choice of underlying instrument records that were merged produced larger dif-
ferences between data sets than the use of different merging techniques. Long-term ozone
trends were calculated for the period +984-26+1-0f 1984 to 2011 using a piece-wise linear
regression with a change in trend prescribed at the-end-6f-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 predominantly (or only) based on the-SAGE-Illrecord. Trends in the mid-
dle and lower stratosphere are much smaller, and, particularly 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 mid-latitude upper stratosphere.
Again, middle and lower stratospheric trends are smaller and for most data sets not signif-
icantly different from zero. Overall, however, there is a clear shift from mostly negative to
mostly positive trends between the two periods over much of the profile.
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1 Introduction

The phase-out of ozone-depleting substances (ODS) through the Montreal Protocol and
its subsequent amendments and adjustments (World Meteorological Organisation (WMO),
2014; WMO, 2011) resulted in peak stratospheric ODS concentrations in the late 1990s or
early 2000s; the exact timing of the peak depends on which part of the stratosphere is con-
sidered. 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 dur-
ing the 21st century (WMO, 2014; WMO, 2011; SPARC CCMVal, 2010; Austin and Butchart,
2003). Detecting such a response and attributing it to decreasing halogen levels requires
long-term, temporally homogeneous ozone profile measurements. This is particularly im-
portant if the attribution is being done in the context of a changing climate, with increasing
greenhouse gas concentrations and concomitant changes in stratospheric temperature and
mean meridional transport affecting ozone in addition to the decrease in stratospheric halo-
gen 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-11) and HALOE (Halogen Occultation Experiment); these provided quasi-independe

data from +984-20665-1984 to 2005 (Damadeo et al., 2013; GrooB and Russell, 2005; Mc-
Cormick 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-very few data sets extending the satellite record beyond 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 (1©3€10C), the ozone focus area of the Integrated Global Atmospheric
Chemistry Observations (IGACO-03), and the Network for the Detection of Atmospheric
Composition Change (NDACC) supported the SPARC/HO3GI0C/IGACO-O3/NDACC (SI2N)

4

IodeJ UOISSNoSI(]

JTodeJ UOISSnoSI(]

1oded uorssnosI(J

JodeJ UOISSnoSI(]



20

25

initiative, with a major aim of developing and promoting long-term verticalty-resetved-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-Il has been
merged with newer measurements (Adams et al., 2014; Davis et al., 2014; Froidevaux et
al., 20152014; Penckwitt et al., 2645;Kyrol&d-2014; Kyrola et al., 2013), as well as data
sets based on the consistently processed SBUV and SBUV/2 measurements (e.g. Frith
et al., 2014; Wild et al., 2014; Kramarova et al., 2013; McPeters et al., 2013). Constructing
these merged data sets requires careful consideration of several methodological choices for
combining two or more satellite records so as to avoid introducing artefacts that may con-
taminate derived trends. Such factors include sampling biases, the use of different native
vertical coordinate systems, a combination of different vertical and horizontal resolutions,
measurements made on different segments of the diurnal cycle in ozone, and relative cali-
bration; all of which must be considered when combining measurements from two or more
satellite records.

Issues related to merging data from several records

Sampling by an-individual-satettite-instrument-individual satellite instruments can vary in
space and/or time during its lifetime (e.g. McPeters et al., 2013; Toohey et al., 2013) and can
thereby introduce biases in analyses of single instrument records if not addressed properly
(e.g. Damadeo et al., 2014). When merging measurements from more than one instrument,
not only do changing sampling patterns need to be taken into account, but also differences
in sampling between the various instruments. 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 observed ozone (Lambert et al., 2014; Toohey et al., 2013). Ensuring
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., 2013) and has the potential to
introduce biases when merging instruments that measure at different times of the day.
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Ideally, biases between individual instruments would be traceable to fundamental dif-
ferences 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 measurements,
for example, with ground-based total column observations (e.g. Bodeker et al., 2005) or us-
ing 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 verticatty-resetved-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 sufficiently long overlap between
the instrument records to derive a statistically significant estimate of the bias, which can
then be propagated to regions (in space and time) outside of the overlap. This is particu-
larly important if the adjustments have a seasonal or spatial dependence. Such corrections
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.

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 occultation technique used by the SAGE-II instrument is geometric
altitude with ozone being retrieved in units of number density, while the thermal emission
measurements of the MLS instruments provide ozone amounts on pressure levels and in
units of mixing ratio. To combine two such data sets, one needs to be converted to the
vertical coordinate of the other, requiring 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 conversions between ver-
tical 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 ar-
tificial trend in stratospheric temperature structure, which affects the altitudes of pressure
levels, can alias into ozone trends (WMO;26+5;-McLinden and Fioletov, 2011; Rosenfield
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et al., 2005). The different vertical and horizontal resetutions—grids of each data set also

need to be taken into account; adding data with-arefativety tow-resetution-from a relatively
low-resolution grid/profile to a high-resolution data-set-grid/profile involves either a degra-
dation of the high-resolution measurement or the need for additional information to justify
interpotating-transposing the low-resolution product to a higher resolution grid.

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 de-
tailed assessment of these data sets is not only useful for analyses of long-term ozone
changes, but also because such data sets are commonly used to validate chemistry and
transport in numerical models (e.g. Eyring et al., 2010; SPARC CCMVal, 2010) and ean-be
are used to prescribe ozone boundary conditions for models that do not explicitly include in-

teractive stratospheric chemistry. We do not consider other merged vertical profile data sets
that cover shorter time periods, for example, HARMOZ (Sofieva et al., 2013), or any merged

total column data sets (e.g. Chehade et al., 2014; Frith et al., 2014). The merged data sets
and methods used in this paper are described in Section 2, while the analysis of the annual
cycles and interannual variability of each data set are covered in Section 3. A comparison
of the long-term ozone changes estimated from each data set is then presented in Section
4 and, finally, conclusions are presented in Section 5.

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

In the absence of a single perfectly calibrated satellite instrument with complete and contin-
uous global coverage and decadal stability, measurements from multiple instruments need
to be combined. A critical factor when combining multiple data sets is the relative calibration
of the measurements from the different instruments. In principle, data sets can be merged
by either combining data from a series of instruments of the same type, or by merging data
from instruments of different types. Seven merged data sets are considered here: two are
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based on the series of SBUV instruments, the other five use measurements from a number
of different recent instruments which all have the long SAGE-II record (1984-2005) as their
backbone. The seven data sets are briefly described below, while further details can be
found in the corresponding references provided. Their characteristics are summarised in
Table 1(a)-(g), the temporal coverage of the underlying satellite instruments used in each
data set are shown in Figure 1, and the spatial coverage over time as well as the number
of observations used in each data set are shown in Figure 2.

2.1.1 BUV, SBUV, and SBUV/2

A series of BUV (Backscatter Ultraviolet Radiometer) and SBUV (Solar Backscatter Ul-
traviolet Radiometer) instruments have flown on-board NASA (National Aeronautics and
Space Administration) and NOAA (National Oceanographic and Atmospheric Administra-
tion) satellites since 1970 and provide a continuous ozone record since 1978. Measure-
ments are made with the same instrument type and generally there has been a good tempo-
ral overlap between individual instruments (Bhartia et al., 2013; McPeters et al., 2013 ;-and
references therein). A new version of the retrieval algorithm (v8.6) was developed in which a
number of improvements were made, including new ozone absorption 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 the Space Shuttle (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). Compar-
isons with Aura MLS (Microwave Limb Sounder), SAGE, ozonesondes, and lidar obser-
vations show that ozone at individual levels in the stratosphere 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 algorithm, differences in data quality exist between instruments. Kramarova et
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al. (2013) report larger biases and drifts for NOAA-9, as well as portions of NOAA-11 and
NOAA-14 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 characteristics as a function
of altitude and latitude. Agreement with independent 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 smooth-
ing error due to the instrument’s limited vertical resolution, particularly in the troposphere
and lower stratosphere (Kramarova et al., 2013; Bhartia et al., 2012). The SBUV instrument
has a resolution of 6-7 km near 3 hPa, degrading-decreasing to 15 km in the troposphere
(Bhartia et al., 2012). Thus SBUV reliably measures the partial column of ozone from the
ground to the lower stratosphere, but must use a priori information, which does not include
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BhaFHere%aJ—z%Qé—'FheFSBUV resolutlon is also somewhat reduced in the upper strato-
sphere, degrading-decreasing to ~10 km above 1 hPa.

Two merged data sets, described below, have been constructed using the SBUV v8.6
reprocessed observations. We limit the vertical range of our analysis of the SBUV data sets
to pressures <20 hPa in the tropics (26-N-26-20°N-20°S) and to pressures <30 hPa outside
the tropics to exclude regions where the application of the broad SBUV averaging kernel
(or 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 covering the period +976-1976-1970-1976 (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 +979-2613-1979-2013 (McPeters et al.,
2013). Measurements from the SBUV/2 instrument on-board NOAA-9 are not included (see
Figure 2). Since the v8.6 algorithms include the aforementioned upgraded inter-instrument
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calibration, the approach taken is to average all data that meet quality standards set by cal-
ibration 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 (Kra-
marova et al., 2013; Deland et al., 2012). The Nimbus 4 BUV is included in the data set
but cannot be inter-calibrated as a result of the lack of temporal overlap with other SBUV
instruments. These data are useful for investigating pre-1980 ozone levels, but should not
be used in a formal trend analysis.

Merged Cohesive SBUV

Though the improved calibrations of v8.6 have reduced the inter-satellite differences, it
has not removed them. A second 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, 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 latitudinal coverage allowing the clean
retention of satellite characteristics 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 (Figure 2); and
(iv) measurements from BUV are excluded since there is no overlap with the subsequent
instruments (Wild et al., 2014). The resulting differences between the two SBUV-based data
sets are further described in Sections 3 and 4.

2.1.2 SAGE-based datasets

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
(Table 1(a)-(g) and Figure 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-Il was turned off.
The period from 2005 to the present has had many operational satellite instruments (Has-
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sler et al., 2014; Tegtmeier et al., 2013). To date, three single instrument extensions have
been made to the SAGE-II record. These include one case extended with limb-scattered
measurements from OSIRIS (Optical Spectrograph and Infrared Imager System) on-board
the Odin satellite (2001-present) (Bourassa et al., 2014; Adams et al., 2014; Sioris et al.,
2014), and two cases using the stellar occultation measurements from GOMOS (Global
Ozone Monitoring by Occultation of Stars) on board the ENVISAT satellite (2002-2012)
(Penckwitt et al., 26+5; Kyr6ta-2014; Kyrdl4 et al., 2013). Both OSIRIS and GOMOS have
similar vertical resolution to SAGE-II 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 mea-
surements into a continuous data series covering the period 1984-2013 (Bourassa et al.,
2014; Sioris et al., 2014). Data from each instrument are individually deseasonalised and
thereafter the differences (varying in latitude and altitude) between the two sets of anoma-
lies 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
compared to SAGE-Il (Adams et al., 2013), are then shifted by this difference to produce
a consistent time series of SAGE-II 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-Il v7.0 (using
both sunrise and sunset observations) and GOMOS IPF6.0 measurements. The data set
described and analysed by Kyréta-Kyrold et al. (2013) is constructed taking into account the
difference between SAGE-II sunrise and sunset profiles and the GOMOS night-time stellar
occultation 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 overlap
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 (Ky+6t&
Kyrdlé et al., 2013). This is hereafter referred to as the SAGE-GOMOS1 data set.
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The second SAGE-GOMOS data set was constructed using SAGE-II as reference. The
GOMOS data were adjusted to SAGE-II using latitude and altitude varying offsets, which
were estimated statistically for the overlap period from April 2002 to August 2005. The off-
sets vary with season, but not with year. At pressures <2 hPa, where the diurnal cycle in
ozone may create differences between SAGE-II and GOMOS because of differences in
the solar zenith angle of the measurements rather than because of instrument/retrieval-
related biases between instruments, the SAGE-Il and GOMOS data were normalised to a
solar zenith angle of 99-90° using scaling factors derived from a high-resolution chemistry-
climate model simulation. The data were accumulated into 55° latitude bands and then
averaged to monthly means after having been corrected for zonal and monthly mean rep-
resentativeness (Penckwitt et al., 26452014). This data set will be referred to hereafter as
the SAGE-GOMOS2 data set.

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
combined 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., 26452014). Unique to
the data sets analysed here, GOZCARDS extends 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 mea-
surements (see Table 1(a)-(g) for details). The SAGE-II version 6.2 ozone number density
versus height profiles were converted to mixing ratios on pressure levels using interpolated
NCEP (National Center for Environmental Prediction) temperature profiles obtained and
archived by the SAGE-II instrument team. The converted SAGE-Il 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, SWOOSH (Stratospheric Water and OzOne Satel-
lite Homogenized) combines SAGE-II {+70)-0zone measurements with data from several

12

IodeJ UOISSNoSI(]

JTodeJ UOISSnoSI(]

JodeJ UOISSnosI(]

JodeJ UOISSnoSI(]



20

25

other satellite instruments (Davis et al., 26452014). The choice of instruments and data
versions used are, however, slightly different than-GOZGCARDS-(see Table 1(c)). Data sets
originally in number density and altitude coordinates were converted to mixing ratios on
pressure levels using the MERRA (Modern Era Retrospective analysis for Research and
Applications) 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 observations 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
geographical and equivalent latitude coordinates. Here we use the unfilled version on geo-
graphical coordinates averaged into +6-10 ° |atitude bins.

Each of the five SAGE-Il-based records use a different data set to fill in the recent and
pre-1984 data (if extending back that far) and/or a different merging approach; differences
between them will therefore reflect the use of these different instrument records, some
differences in data versions, as well as 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 sections 3 and 4.

2.2 \Vertical coordinates and a common grid

The natural vertical coordinate of the limb and solar/stellar occultation techniques is ge-
ometric altitude with ozone concentration calculated as number density, while the nadir
viewing backscatter technique used by the SBUV instruments and thermal emission mea-
surements by the MLS instruments provide ozone amounts in mixing ratio on pressure lev-
els. 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 coordinates
using the MERRA reanatysis-Reanalysis (Rienecker et al., 2011). Sensitivity tests using
the JRA-55 reanalysis-analysis (Ebita et al., 2011) for conversion showed negligible differ-
ences between monthly mean profiles compared to conversion with MERRA (not shown).
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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 common grid to facilitate
comparison.

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-simpte-an unbiased average of all available data, rather than favouring one par-
ticular merged data set. It is calculated by simply averaging all available data for each time
step and latitude/pressure bin, with no weighting applied.

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 update of the model used by Bodeker et al. (1998). To quantify ozone vari-
ability and trends we include basis functions representing: the QBO, specified as monthly
mean 50 hPa Singapore zonal wind and a synthetic basis function orthogonal to this -
to allow for a time-lag at different latitudes and altitudes (Austin et al., 2008); ENSO (El
Nine-Seuthern-Nifo-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 follow-

|ng the eruptlon (see Bodeker et aI (1998) for further detalls) Ftetete»%%%%ere\ﬂdes

ereaees—a#eeteezeﬂeﬂfanalemthquatlon 1 presents the S|mplest form of hewthe~medehs
apptiedthe model:

Q =Ana=a)t
B( NB=2) X t+
C(Nc=2) X tt=0fort<inflectionpoint+
D(np=2) x QBO(t)+
E(nE=2) X @BOgrthog(t)+
F x F10.7(t)+
G x Pinatubo(t)+
H x ENSO(t)+
R(t) (1)

where €, is the model calculated ozone for a particular month tfer-a-particutardata-set;
A-E-; A-H are the model coefficients corresponding to an-effset-term{to-aceount-for-the

annual-average-ozone-amount)ineartrend;-and-otherthe annual cycle offset term, linear
trends, and basis functlons used; while R(t) represents the re&duals{dt#ereﬁee%etweeﬁ

HAVA REH—O o d O

?he%ubsenpt—eweaeh%em%&—l% The subscn t of each term A- H |nd|cates how many

Fourier pairs the term was expanded into to account for the-seasonal-dependence-of-the
ozene—anomalies—on-the-basis-funections-seasonality (Bodeker et al., 1998);for-exampte
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NB=2-indicates-twoFourierpairs{two-sine;-two-cosine). An autoregressive model is applied

to the residuals R(t) following equation 2:

R(t) = ex(t) x R(t —1)+eat) x R(t—2) + e 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 et al., 1994).

Piecewise linear regression is chosen for the analysis because a central point of interest
is whether there is any evidence 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 1997, as has been used in a number of other recent studies (e.g. Beturassa-Jones
et al., 261+42009; Chehade et al., 2013 KyretatgyArQIAaet al., 2013; Laine et al., 2013; Jones
Bourassa et al., W
pfessw&gﬁdaﬂd#eﬁdaW%were only estlmated |f more than 50% of the data
for a particular level were available (i.e. more than half of all months-monthly had data). We
also calculate the uncertainty associated with each trend estimate based on the variance
in the residual time series and present the 2-sigma-2-sigma_uncertainties on the trends
throughout this paper.

3 Dataset 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 Section 4. Results are shown for three latitude zones: northern mid-latitudes (35-
60°CN), tropics (20°CN-20°CS), and southern mid-latitudes (35-60°CS) similar to those
used in WMO (2014) and WMO (2011). To ensure representativeness, data were area
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weighted by the cosine of latitude and averaged for each region only if more than two thirds
of the data for each latitude band were available.

3.1 Annual Cycle

Figure 3 presents the annual cycle averaged over 1984-2011 for three selected levels in
the three latitude regionsf, i.e. not the-annuat-eyete-derived-coefficient A from the multiple
linear regression model}. These levels were chosen because they represent a spread of
the variability between regions and are particular levels of interest. Ozone at 2 hPa (upper
stratosphere) in the mid-latitudes has been most strongly affected by chemical depletion
by ©BSsODS. In the equatorial regions at 50 hPa (lower stratosphere) measurements are
most uncertain because of the strong vertical ozone gradient (Tegtmeier 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-individuat-data

set,—whﬂe—ﬂ%&grewshadeﬂegﬁﬁmdleates—th&the one standard deV|at|on Fang&e%eaﬁ

meﬂth—avefagedaeress—alﬁfstem&mfefages—staﬁdardeﬁe%s read as calculated over
the entire period. Averages and standard deviations were only calculated for months that
had data for more than +4-20 of the 28 years avallable for anaIyS|s

regions the seven merged data sets show similar annual ¢ cles articularly in terms of
the amplitudes. This is, however, somewhat to be expected since most of the underlyin
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individual instruments have been shown to have similar annual cycles (Tegtmeier et al.,

yHowever-2 013 In fact, in aII regions and at all Ievels the mer ed dat sets show smaIIer
g@tervevrlgegvlwerms of abselute%ue&%he%qwte&smea&be%een%heﬂa{&seﬁhe

ITodeJ uOISSNoSI(]

each-otherin-al-moenths-annual cycles than seen on an instrument-by-instrument basis b
Tegtmeier et al. (2013). This is perhaps due to the effect of having averaged multiple data
sets to produce each merged data set.

ITode UOISSNOSI(]

mlddle stratos here Flgure3

dﬁaﬁ&sﬁ%ﬂ—%@&%&pﬂﬁ%ﬂf&ln the e uatonal Iower stratos here F| ure 3 b)) and
the northern mid-latitude upper stratosphere (Figure 3)—Fhis-is-atleastinpart-because-of
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(a)). Although, in_nearly
mwwmm
overlap between data sets. SWOOSH and GOZCARDS show almost exactly the same
annual cycles in all three regions, and the same can be said of the two SBUV data sets in
the northern and southern mid-latitudes (as mentioned above, the SBUV data sets are not

shown at H%ls—pfessufe—lev%

w&kw&#eaehﬂheﬁhfeﬂghetﬁheﬁeaﬁthe 50 hPa Wwﬁgure 3( eky

DQ@MD&LWFMWS%WCMOSWM
upper stratosphere and tropical lower stratosphere, although for all months the error bars
between data sets overlap. The differences between the two SAGE-GOMOS data sets
JQJLKQWMM@NH the upper stratosphere {Hdetmf%eewemskke{—ak

WMWM&MMM
SAGE-OSIRIS tend to be most similar despite SAGE-GOMOS1 using GOMOS as reference
and SAGE-OSIRIS using SAGE-Il as reference; in the tropical lower stratosphere, on the
other hand, it is more likely the different choice of reference instrument that plays a role
(SAGE-GOMOS!1 using GOMOS and SAGE-GOMOS?2 using SAGE-Il). SAGE-OSIRIS is
the only data set that shews-significantly-different-ozone-valuesfor-much-of-the-yearis
SAGE-OSIRISwhich-has-vatues-up-te—1+-does not show a consistent offset compared to
the other data sets, but rather differences that vary from month to month. In the southern
mid-latitude winter months, the error bars do not overlap from July to September, when the
SAGE-OSIRIS values are up to 0.8 ppmv (~15 %) higher in-the-austral-winter-season-and
stighttytewer-vatues-in-February-and-Marehthan all other data sets. This feature is also
evident in the northern mid-latitudes during winter{ret-shewn}, although to a lesser extent,
and is likely due to the reduced sampling of the-OSIRIS-nstrument-OSIRIS in the winter

hemisphere (see Figure 2), which seems-to-quite-strongly-may affect the mid-latitude zonal
19
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error bars are large and overlap in all months with those from all other data sets.

3.2 Interannual variability

Figure 4 shows the time series of monthly mean ozone values for the same three regions
and pressure levels as shown in Figure 3. As for the mean annual cycles, the consistency
between data sets varies somewhat from fecation-totoecatien—region to region and with
pressure but, in general, agreementisbestdata sets based on the same source instruments

are most similar to each other, for example the two SAGE-GOMOS data sets. As for the
nnual cycles, the best agreement is observed in the mid-latitude mlddle stratosphere while

sets—areksemewhaHargeHﬁtheﬂerther&mMaﬂtude F| ure4 c whrle larger drfference

are seen in the upper stratosphere (Figure 4(a)) and the lower stratosphere (Figure 4(b)).
In the upper stratosphere differences between data sets range up to approximately 1 ppmv

(~15%) and are larger prior to abeut-1995-1991. Differences are of similar magnitude (up
to 0.25 ppmv or ~15%) in the equatorial lower stratosphere and tend to be more consistent
over time{Figure-4{b}). What is also particularly noticeable in this region is the large number
of missing data in the SAGE-GOMOS-and-SAGE-OSHRIS- SAGE-based data sets, which is
in part due to the 1991 Pinatubo eruption ;-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-

I sampling in the tropics ;particutarly-in-the-post-Pinatube-peried;-through the inclusion of
HALOE and UARS-MLS observations after 1991. Thesetwo-data-sets-show-a-considerably
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result-of-the-Pinatubo—eruption—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 the OSIRIS instrument clearly visible in the mid-latitudes{see

especially-Figure-4{e))— The SBUV data sets are in general fairly similar to each other,
although in the northern mid-latitude upper stratosphere prior to 1991 the v8.6 SBUV MOD
data set shows higher ozone values than SBUV Merged Cohesive in most months, while
the opposite is true in the southern mid-latitude middle stratosphere. Overall, SWOOSH
and GOZCARDS show the least missing data and are the two data sets most similar to

each other over the entire period in all regions.
Figure 5 shows the monthly mean percentage differences from the MDM (multi-data set

mean; see section 2.3) for the same three regions and pressure levels. Relative differences
are estimated by dividing the difference between a particular 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 more than seven of the 13 months are available. In the upper strato-
sphere (Figure 5(a)), 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-GOMOS2, 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 Figure 4(a) but that is made more evi-
dent in terms of % 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 agreement with the MDM also continues past
the end of the SAGE-II record, so it is not simply the better spatial sampling when com-
bining two instruments (see Figure 2) that causes this. SAGE-OSIRIS shows a somewhat
opposite tendency, with initially better agreement with the MDM during the overlap period
between SAGE-Il and OSIRIS (2001-2005), but then an increased difference from the MDM
after 2005 when the SAGE-II record comes to an end. This may, as mentioned above,
be related to the sparser sampling of the OSIRIS instrument during the winter months.
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Again, as discussed previously, despite SAGE-GOMOS1 using GOMOS as reference 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 1984-2005 (Figure 5(a)). The SAGE-
GOMOS2 data set, despite being referenced to SAGE-II, similar to SAGE-OSIRIS, shows
lower values for the whole 1984-2011 period, again, perhaps because of the different treat-
ment of the diurnal cycle of ozone in the upper stratosphere.

In the equatorial lower stratosphere (Figure 5(b)), 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 positive differences from the MDM, which
increase only slightly over time. The main difference between these two data sets is in the

post Pinatubo perlod (1992 1995) ﬂfvheﬂ%MDIVH&basedﬁm%eﬂ%h&meaweHhese

thaH%W@GSt-then GOZCARDS continues to show a positive d|fference from the MDM
while SWOOSH shows negative differences. 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 GOMOS1 data set is closest to the mean,

WWM%MW% As already mentioned, agreement
between data sets is best in the mid-latitude middle stratosphere. This can again clearly be
seen in Figure 5(c) where-thefor the southern mid-latitudes at 10 hPa. Here, the seven data
sets agree to within =+5 % and even to within ++3 % from-abeut-of each other towards the
end of the record after 2000 enwards-(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 Section 3.3 and will be further discussed there, in particular in terms of the implications
these might have on derived trends.
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3.3 Interannual anomalies

TFhe-Interannual variability is analysed using the time series of the ozone anomalies (all
proxies used in the multiple linear regression, except the linear trend, are removed over the

entire period 1984-2011)arepresented, in particular 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 region 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-Gohesive;—show a clear downward trend in anomalies until about 266+-1998 in
both the monthly and annual mean values (Figures 6(a) and 7(a), respectively). Thereafter,
the anomalies remain mostly negative but show a slight tendency to less negative and
even-some-positive-values, which is perhaps more evident in the annual mean valuesand

inparticutar—for—. By the end of the period SBUV Merged Cohesive and SAGE-OSIRIS
and-GOZCARDS~which-both show a return to posrtlve anomalles for most months of the

(KW)W% larger than the other data setswﬂthanemahe&starﬂﬁere#negatweand%heﬁ

datavset% Slmllar but more pronounced features are aIso shown in the southern mid-
Iatltude upper stratosphere (Flgures 6(d) and 7(d))4neentrast,emeseeethe+edatarsetsshew

, where again

the anomalles show a decreasrn tendenc aII the wa through unt|I about 2000 and then
a slight tendency towards more positive values thereafter. At the beginning of the record

in the upper stratosphere both SBUV data sets show smaller positive anomalies than the
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other data sets, consistent with what was seen in the absolute ozone values discussed in
In the equatorial lower stratosphere the anomalies—of-al-five-SAGE-H-based-data—sets

become-more-negative-five SAGE-based data sets all show larger negative anomalies with
time. Buring-the-The first five years of the record nearly-at-data-sets-show almost exclusively
positive anomalies, while during-the-lastsix-years-of-therecord-most-data-sets-the last five

years show negative anomalies for most months of the year (Figure 6(b)). This trend is
even clearer in the annual means (Figure 7(b)). The two SAGE-GOMOS data sets follow
very similar trajectories, except for the last three years of the record where differences
gAlfngrgQgAeN between the two dat&se%&are somewhat Iarger with-the-SAGE-GOMOS2-data

—particularly for the

xggNrVZVQQAQMSWOOSH and GOZCARDS are also mostly similar to each other, but perhaps
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.

In the southern mid-latitude middle stratosphere changes in anomalies tend to be small

(Frgures 6(c) and 7(c))ﬂv&h~the—SAGI%GGMGS—aﬂd—SAGBGSH?4%da{a%e%&she\Mﬁg

anemahes—agarﬁaeeerﬁeelese—t&zerek Dur|n the flrst art of the record from 1984 unt
1995 anomalies tend to be positive while thereafter they fluctuate more around zero, with

more month-to-month variability after about 2005. The largest changes 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 (Figure 7(c)). This is also true in the northern mid-fatitude-middie
stratosphere-mid-latitudes (not shown). The v8.6 SBUV MOD data set in contrast shows a
more similar tendency to the other data sets, with anomalies becoming more negative and
then more positive, although at the end of the record anomalies are more positive than any
other data set.
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In terms of both monthly and annual mean anomalies, differences 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 differencesfrom-each-other{particularly-SAGE-OSIRISfrom-the
two-SAGE-GOMOS-data-sets), indicating that the different merging processes have an-a
significant impact on the estimated trendsozone concentrations. 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-Il was turned off, the data
sets are based on different instrument records (see Figure 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

records. The exception to this are the two SBUV data sets, which tend to differ notably from
one another despite relying 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
input to the SBUV-based datasets, 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 section 4.

4 Trends

The multiple linear regression model used to estimate the trends discussed in this section
is described in Section 2.4. As above, the MDM is calculated, this time as the mean trend
and uncertainty for all data sets available (again unweighted), the multiple linear regression
is not applied separately to the MDM eenstructed-ane-as shown in figures 6 and 7.
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4.1 1984-1997 trends

For the 1984-1997 period, the data sets show relatively similar trend profiles in all latitude
bands, most with maximum negative trends in the upper stratosphere (top row Figure 8
and Table 2). In the southern mid-latitudes (Figure 8(ac)), SWOOSH, SAGE-OSIRIS, and
both SAGE-GOMOS data sets show largest negative trends at 2 hPa (between -8 to -6
%/decade), 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 2).
Trends in the northern mid-latitudes show a similar shape{Figure-8{e)}, with maximum nega-
tive values at 2 hPa, and are also of similar magnitude. All five SAGE-based data sets agree
to within 2 %, with maximum negative trends ranging between -6 to -7 %/decade, while v8.6
SBUV MOD again shows less negative trends, peaking at -4 %/decade. In the equatorial
region, trends are somewhat smaller, up to -3 to -5 %/decade at 2 hPa, with GOZCARDS
and the SBUV Merged Cohesive data set even showing zero trend at this level. The large
difference between GOZCARDS and SWOOSH, which are based on similar underlying in-
strument records, likely results from the different temperature record used to convert the
different 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
etal., 261+52014); in most other regions, the GOZCARDS and SWOOSH results shown here
tend to be quite similar. The MERRA reanalysis used to convert the SAGE-II v7.0 data set
used in SWOOSH produces 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 struc-
ture from the other data sets, with maximum negative trends of nearly similar magnitude, but
considerably lower down in the stratosphere (between 5-10 hPa rather than at 2 hPa). As
seen in the annual mean anomalies in Figure 7, this data set shows somewhat higher/lower
mean values than the other data sets, particularly at the beginning of the record, which
may influence the overall trend calculated for the 1984-1997 period. The difficulty lies in the
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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 et al., 2014). The assumption that NOAA-11 ascending and
descending have the same properties may not be warranted and this may influence the
trends from this dataset for the 1984-1997 period. The different trends highlight the influ-
ence of using different 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.

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 2). 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, and quite large nega-
tive trends in the tropics, almost of similar magnitude to the mid-latitude stratosphere (-5 to
-7 %/decade), although uncertainties are significantly larger. Nonetheless, at 50 hPa in the
northern mid-latitudes and tropics all five data sets indicate significant negative trends (see
Table 2(c)). In contrast, in the southern mid-latitudes, trends are small and insignificant in
all data sets.

The trends calculated for this period agree very-weltwith-a-wide-range-of{o a large extent
with previous studies (e.g. WMO,—1999,-Hassler et al., 2013; WMO 2011, and references
thereiniHarris—et-al—1998)—In—particularmore—recent-studies—using-some-of-the-same
data-sets—as-here-show-simitar-results—or-example,—using-the-same-), including several
QWWW%SAGE -GOMOS1 data set We%e%&keeﬁ%deﬁve

teehmqu&gLalne et aI ﬁ 2014%&%%@&&%%9&%%%&@4%%@%8
ela{arse%als&usedﬂfﬂaﬁstudeewass&mﬂpig et al. %%ﬂﬁeﬁﬁﬁﬁeafﬁ—ﬁeﬁds
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Obviously there is still some uncertainty regarding the trends in the tropics during this
period and further work is needed to fully resolve this issue.

4.2 1998-2011 trends

For the 1998-2011 period, calculated trends are somewhat less consistent among the
data sets but overall show a general shift towards increasing ozone in the middle and
upper stratosphere (bottom row Figure 8 and Table 3). The smaller change in trends is
somewhat to be expected given that the lifetimes of most ODS species are long (sev-
eral 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
726152014). Trends in the northern mid-latitude upper stratosphere are mostly—positive

also mostl osmve although much smaller in ma nitude (Flgure B(H%altheughﬂﬂetatrvety

SAGE OSIRIS shows the Iargest posmve Heﬁdsmmmgm% peaklng
at +5 %/decade at 2 hPa. This is unsurprising given the relatively large positive tendency
in the annual mean values presented in Figure 7(a) and agrees well with the findings of
Bourassa et al. (2014)who-shew-trends—of-similar-magnitude-in-thisloecation. Both SBUV
data sets also show significant positive trends (up to 4 %/decade) but at-differentlevels

eak much lower down than SAGE-OSIRIS, abeve%»(wheflehe%AerE-GSJrRl%dataﬂs

v between
10 7 hPa Both SAGE GOMOS data sets GOZCARDS and SWOOSH all show almost
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no significant trend in the upper stratosphere, except SAGE-GOMOS2, which shows large
negative trends but only above 0.5 hPa. At pressures <1 hPa differences between calcu-
lated trends are large in all three latitude regions. For example, in the northern mid-latitudes,
SAGE-GOMOS2 shows negative trends of upte—7 %/decade whereas and GOZCARDS

and SAGE-GOMOSH1 indicate no significant trendand-the-SBUV-data-sets-indicate-positive
sighificanttrends-upto-4-/decade. It is very likely that the diurnal cycle in-ozene-plays a role

at these altitudes, affecting the estimated trends-0zone quite strongly depending on how,
and if, this is treated in the merging process. Whether and how the diurnal cycle of ozone is
treated in all data sets is shown in Table 1(f). The differences between data sets are more
strongly evident in this later period (1998-2011) particularly since a wide range of different
instruments 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 (Figure 8(d))-alt-data—sets;besides+forf)) SWOOSH and
SAGE-GOMOST indicate-significantpositive-trends-in-the-upper-stratosphere,-show small

and insignificant trends at pressures <10 hPa. In contrast, all other data sets indicate
positive trends although they vary in where maximum trends are located in the vertical.

SAGE-OSIRIS, GOZCARDS, and SAGE-GOMOS2 shew-trendsranging frerm-all show largest

osmve trends in the upper stratos here ranging between +3 to 45 %/decadebetweeﬁ

aﬂd%emewha%hrghewp SBUV Merged Cohesive shows trends of srmllar magnrtude to

SAGE-G@M@SQ—bHPﬁG&HHgﬂf&FfG#G&Hy—&E%&WMhPa% while v8.6
SBUV MOD y W

%ﬁdﬁﬁ%ﬁ%ﬁ%&ﬂﬂ%@%&gﬁm@g@
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ositive trend at 5 hPa. As in the northern mid-latitudes at pressures <1 hPa, the trends
vary W|der between data sets, agaln Ilkely due to the diurnal cycle in ozone

mewmmm%mﬁss&ww@gwmw
small and for the most part insignificant, while in the lower stratosphere at pressures greater
than 50 hPa SAGE-GOMOS data sets show large_negative trends, which, despite the
large uncertainty bars, both are still significant. Similar negative and significant trends are
g@geggegv@cmet al., (20+4)yusing-the-same-SAGE-OSIRIS dataset-as-well-asKyrbta

WW%&WM@@%@@Q&%@M
negative trends, but they are insignificant and overall the MDM shows insignificant trends
in the southern mid-tatitude-tippersiratospheremid-latitudes at pressures >5 hPa.

In the equatorial region, trends are not significantly different from zero for most data
sets over the entire profile presented here. It is only in the least-eonsistent—tn-the-up-

per stratosphere between-where small significant trends are seen. Between 5-2 hPa beth
SAGE-GOMOS-datasets-as-wellas-SAGE-GOMOS1 and SBUV Merged Cohesive suggest

small positive trends of approximately +2 %/decade peaking near 2 hPa—, while SAGE-

OSIRIS also-shows—positive-trends,—but-muchtargerin-magnitude—{shows much larger
positive trends up to +5 %/decade }—Fhese-estimates—agree-welt-from 5-1 hPa, again in
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VgAreeArpgnwwnh the work of Bourassa et al., (2014);-atthough;taking-inte-aceeunta-potentiat

V&G%BWM@D*G&%&-SGPSHGWS—S@HI@IG&HFPGS&N&%FGHGS‘ In the mlddle stratosphere 3
between-approximately-between 10-5 hPa, GOZCARDS, SWOOSH, and the two SAGE-

GOMOS data sets show small negative trends up to -3 %/decade, but at 10 hPa only the
trends from SWOOSH at-16-are significant (see Table 3). For the same period and levels
Kyrta-Kyréld et al. (2013) also show significant riegative-trends even larger in magnitude,
up to -5 %/decade, but only between +0-N-10-10°N-10°S. The larger latitude band used
here (20-N-26-20°N-20°S) likely accounts for the difference in magnitude and significance
in trends since the underlying data sets are the same. Looking at the same latitude band as
used here, Gebhardt et al. (2014) also found targe-negative trends in thisregion-ofthe mid-
dle stratosphere (astarge-as-up to -10 %/decade) for-the-at altitudes from about 32-38 km,

1odeJ UOISSNOSI(T

1odeJ UOISSNOSI(T
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however, the consider a shorter erlod of observatlons from SCIAMACHY coverin 2002-

1odeJ UOISSNOSI(]

comparison is dlfflcult In the Iower troplcal stratosphere trends are |n3|gn|f|cant for nearly

all the-data-setsshown-herelargely-as-aresult-data sets, as for the other regions, because
of the large uncertainties in this part of the atmosphere. Finally, as in the mid-latitudes, at

pressures <1 hPa there are large divergences between the trends derived from the various
data sets.
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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. Weﬂts&preseﬂ%aﬁﬂverwew

OU cl v oo -- v vVorved PFOoGuU

m#partteutaHeﬁg-teﬂm%reﬁd%Overall the data sets are most S|m|Iar in the mid- Iatltude

lower and middle stratosphere, remaining largely within +5 % of the mean of all datasets
(MDM). Larger differences between data sets are found in the tropical lower stratosphere,
where the spread between data sets is +10% from the MDM, and in the upper stratosphere
globallyin all regions, 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 en-differences-than the choice of merging 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. The SBUV v8.6 records on

the other hand, despite being based on the same underlying data, show some significant

differences resulting from the merging techniques applied. In general, it also appears that
the inclusion of a greater number of instrument records in an individual merged data set

and the potential for bias cancellation. 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

Piecewise linear regression was used on the entire time period (1984-2011) to cal-
culate 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-negativetrends-and the most negative trends occur in the mid-
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latitude upper stratosphere rangmg between -4 to SWo/decade%lgﬁmeaﬁtﬂegawetreﬁds

magﬂttude in agreement W|th many previous and recent studles WMO, 2014; WMO 2011
and references therein). In the middle and lower stratosphere, trends are small and for

the most part insignificant, but depend critically on the uncertainties. The good agreement
between data sets is, however, somewhat unsurprising given that most data sets are pre-
dommantly (or onIy) based on the SAGE Il record for the 1984-1997 perlod :Fhe%reﬁds

For the second period (1998-2011), calculated trends vary more between data sets, rang-
ing from -1 to +5 %/decade in the upper stratosphere in all three latitude regions consid-
ered. There is, however, a clear shift from mostly negative to mostly positive trends, which-is

treads—aad%heMBM#endﬂseelwustarewgmﬂeaﬁthmeﬁtwealthou h not aII calculate
trends are significant. In the middle and lower stratosphere trends are again mostly small

and not significantly different from zero.

Recent studies have alse-demonstrated that it remains difficult to identify stable, statisti-
cally significant positive trends in global ozone (Frith et al., 2014; Harris et al., 26+52014).
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., 26+52014) are contributing factors, as well as
uncertainty related to the proxies chosen for the regression model (de Laat et al. 26+52014).
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This study, using an ’ensemble’ of recently produced long-term, vertically resolved, merged
satellite ozone data sets, shows a fairly wide range of estimates of long-term ozone trends;
not all data sets unequivocally indicate significant positive trends in the upper stratosphere
for the 1998-2011 'recovery’ period. However, the mean trend of all data sets (MDM) is sig-
nificant and positive in the southern mid-latitudes between 5-0.5 hPa, in the tropics between
3-1 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.,
2014), may help better constrain estimates of long-term ozone trends. As newer individual
satellite data sets are better understood and merging techniques become more refined, dif-
ferences between data sets and derived trends may be reduced. In this context, continued
high quality long-term ozone profile measurements are essential to unambiguously identify
an ozone recovery in response to decreasing ODSs within a changing climate.
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