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Abstract

The ozone profile records of a large number of limb and occultation satellite instru-
ments are widely used to address several key questions in ozone research. Further
progress in some domains depends on a more detailed understanding of these data
sets, especially of their long-term stability and their mutual consistency. To this end,5

we make a systematic assessment of fourteen limb and occultation sounders that,
together, provide more than three decades of global ozone profile measurements. In
particular, we consider the latest operational Level-2 records by SAGE II, SAGE III,
HALOE, UARS MLS, Aura MLS, POAM II, POAM III, OSIRIS, SMR, GOMOS, MIPAS,
SCIAMACHY, ACE-FTS and MAESTRO. Central to our work is a harmonized and10

robust analysis of the comparisons against the ground-based ozonesonde and strato-
spheric ozone lidar networks. It allows us to investigate, from the ground up to the
stratopause, the following main aspects of data quality: long-term stability, overall bias,
and short-term variability, together with their dependence on geophysical parameters
and profile representation. In addition, it permits us to quantify the overall consistency15

between the ozone profilers. Generally, we find that between 20–40 km, the satellite
ozone measurement biases are smaller than ±5 %, the short-term variabilities are bet-
ter than 5–12 % and the drifts are at most ±5 % decade−1 (and ±3 % decade−1 for a
few records). The agreement with ground-based data degrades somewhat towards the
stratopause and especially towards the tropopause, where natural variability and low20

ozone abundancies impede a more precise analysis. A few records deviate from the
preceding general remarks, in part of the stratosphere; we identify biases of 10 % and
more (POAM II and SCIAMACHY), markedly higher single-profile variability (SMR and
SCIAMACHY), and significant long-term drifts (SCIAMACHY, OSIRIS, HALOE, and
possibly GOMOS and SMR as well). Furthermore, we reflect on the repercussions of25

our findings for the construction, analysis and interpretation of merged data records.
Most notably, the discrepancies between several recent ozone profile trend assess-
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ments can be mostly explained by instrumental drift. This clearly demonstrates the
need for systematic comprehensive multi-instrument comparison analyses.

1 Introduction

Long-term global observations of the distribution and evolution of ozone are vital to im-
prove our current understanding of atmospheric processes, and thereby to allow more5

robust projections of the recovery of the ozone layer and climate change. Measure-
ments of the vertical profile of ozone have been carried out over the last few decades by
a large number of instruments, operating in-situ or from remote vantage points, on the
ground and in space (for an overview, see Hassler et al., 2014). These indisputibly show
globally declining ozone levels during the 1980s and a large part of the 1990s in the10

lower and upper stratosphere (∼5–7 % decade−1), and to a lesser extent in the middle
stratosphere as well (1–2 % decade−1) (WMO, 2014; Harris et al., 2015). Furthermore,
the observed loss rates are in excellent agreement with expectations for the chemi-
cal destruction of ozone by man-made halocarbons (WMO, 2014). The abundancies
of these substances have decreased significantly over the past 15–20 years (WMO,15

2011), as a result of the Montreal Protocol and its subsequent adjustments and amend-
ments. It is therefore generally expected that the recovery of the ozone layer is currently
ongoing, albeit in an atmosphere with concomitant increases in greenhouse gas con-
centrations and changes in residual circulation (Waugh et al., 2009; Oman et al., 2010).
While observations provide substantial evidence for the levelling off of the downward20

trend around 1997 at most latitudes and altitudes, i.e. the first phase of recovery, it is
less clear whether they support an upward trend in recent years (Harris et al., 2015).
Whether the onset of the second stage has been detected (or not) is one of the key
questions in current ozone research, a debate that is hampered by two factors. First,
the small magnitude of the increases in ozone (a few percent) when compared to its25

natural variability. This can only be remedied by longer time series. And second, the
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lack of appropriate knowledge of the uncertainties in the observational records. Shed-
ding more light on the latter issue is the main objective of this paper.

Limb and occultation sounders are of prime interest for e.g. ozone profile trend as-
sessments, as they provide near-global coverage at reasonably high vertical resolution.
However, satellite instruments are rarely operational for much more than a decade, so5

their records are generally combined for long-term studies. The uncertainties (overall
bias, short-term variability and long-term stability) in the resulting combined data set
are an intricate combination of the uncertainties inherited from the contributing data
sets and those introduced by the merging algorithm. Tummon et al. (2015) recently
noted that the former source of error tends to dominate over the latter, thereby demon-10

strating the need for a detailed characterization of each individual record and especially
of their mutual consistency.

Numerous validation studies have been published in recent years (for an overview,
see Lambert et al., 2015), but some important gaps remain. First of all, there are no
comprehensive multi-instrument assessments of most limb/occultation sounders using15

ground-based data as a reference. Also satellite intercomparison studies rarely cover
more than a handful of records (see e.g. Dupuy et al., 2009; Jones et al., 2009; Laeng
et al., 2014). Tegtmeier et al. (2013) conducted perhaps the most complete assess-
ment so far, of the ozone climatologies from 18 sounders. Like most works, it was
dedicated to the quantification of bias patterns and shorter-term variability, but not to20

a detailed assessment of the stability on decadal time scales. However, precise es-
timates of instrumental drift are crucial for a sound determination of the significance
of trend results. Just a few (in some cases indirect) drift estimates are available from
ground-based comparisons (e.g. Terao and Logan, 2007; Nair et al., 2012), and from
satellite intercomparisons (e.g. Jones et al., 2009; Mieruch et al., 2012; Adams et al.,25

2014; Eckert et al., 2014). Moreover, no works comprise all the records considered in
the recent trend assessments, by e.g. the World Meteorological Organisation (WMO,
2014) or within the SPARC/IO3C/IGACO-O3/NDACC (SI2N) initiative (for an overview,
see Harris et al., 2015). Finally, the quality of auxiliary pressure and temperature pro-
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files plays a role too, as it unavoidably affects the quality of ozone data when used for
the conversion to another profile representation, a typical step in the merging process.
At the moment, very little information on this latter aspect of data quality is available.

Our objective is to shed more light on these three missing pieces of information. We
therefore perform an exhaustive assessment, from the ground up to the stratopause,5

of the latest operational Level-2 ozone profile data sets collected by 14 limb/occultation
instruments over the period 1984–2013: SAGE II (v7), SAGE III (v4), HALOE (v19),
UARS MLS (v5), Aura MLS (v3.3), POAM II (v6), POAM III (v4), OSIRIS (v5.07), SMR
(v2.1), GOMOS (IPF 6), MIPAS (ML2PP 6), SCIAMACHY (SGP 5), ACE-FTS (v3)
and MAESTRO (v1.2). Each satellite data set is compared to the observations by the10

ground-based ozonesonde and stratospheric ozone lidar networks, thereby acting as a
pseudo-global, independent and well-characterized transfer standard. The robust anal-
ysis of co-located satellite-ground profile pairs allows us to quantify overall bias, short-
term variability and long-term stability of the satellite records, and their dependence on
altitude, latitude and season. Methodology and results for the native profile represen-15

tation of each record are described in Sects. 3–5. In Sect. 6 we investigate whether the
accompanying ancillary meteorological data impact ozone data quality in non-native
representations.

The adoption of a harmonized analysis framework permits us to bring all single-
instrument results together, and examine the mutual consistency between instruments20

of each quality indicator (Sect. 7). We report the general tendencies and several pecu-
liarities, most notably a few instruments that drift significantly at some altitudes. Finally,
we frame our findings within the broader context (Sect. 8), by commenting on current
challenges related to verifying user requirements, and by highlighting the implications
of our results for the design of merging schemes. Perhaps the most tangible outcome25

of our study is the successful interpretation of discrepancies in recent trend studies
in terms of instrumental drift. It demonstrates that our work can contribute to a better
exploitation of the limb and occultation ozone profile data sets. This should, in the end,
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be beneficial not only for trend assessments and the related merging activities, but also
for other applications, such as trend attribution studies or model evaluations.

2 Ozone profile records

What follows is a description of the ozone profile data sets used in this work, to-
gether with a compilation of the results of previous validation and intercomparison5

studies. We start by introducing the central data sets of this analysis, those collected by
ozonesonde and stratospheric lidar instruments. Tables 1 and 2 list the ground stations
considered for this work. Then, we describe the latest operational records of fourteen
limb and occultation sounders, together spanning nearly three decades (October 1984
to May 2013). Table 3 summarises technical details of the satellite records. An exhaus-10

tive review of both satellite and ground-based instruments can be found in Hassler et al.
(2014).

2.1 Ground-based network observations

2.1.1 Ozonesondes

In-situ measurements of ozone are carried out regularly by ozonesondes onboard15

small meteorological balloons launched at numerous sites around the world (Smit and
ASOPOS-panel, 2014). The ozonesondes measure the vertical profile of ozone par-
tial pressure with 100–150 m vertical resolution from the ground to the burst point of
the balloon, typically between 30–35 km. An interfaced radiosonde provides the pres-
sure (P ), temperature (T ) and GPS data necessary to geolocate each measurement or20

to convert ozone partial pressure to other units.
Different types of ozonesondes were developed over the years. Those still in use

today are based on the electrochemical reaction of ozone with a potassium iodide
sensing solution. Nowadays more than 80 % of the stations launch an electrochemical
concentration cell (ECC) sonde (Komhyr, 1969). The Brewer-Mast (BM) sonde (Brewer25
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and Milford, 1960) has mostly been used by the early sounding stations with long data
records, while the Japanese stations fly a carbon iodine cell (KC) sonde (Kobayashi
and Toyama, 1966).

Laboratory tests and field campaigns indicated that between the tropopause and
∼28 km these three sonde types produce consistent results when standard operating5

procedures are followed (Smit and ASOPOS-panel, 2014). The bias is smaller than
±5 % and the precision remains within ∼3 % (Smit et al., 2007; Thompson et al., 2007;
Deshler et al., 2008). Above 28 km, the bias increases for all types but the ECC instru-
ments seem most reliable. At these altitudes the ECC sondes exhibit a small positive
bias, whereas the BM and KC sondes tend to have a large negative and positive bias,10

respectively, and should therefore be used with care. Below the tropopause, because
of lower ozone concentrations, the precision worsens slightly to 3–5 % for ECC and
more for the other types. The tropospheric bias also becomes larger, ranging between
±5–7 %. Other factors besides ozonesonde type influence the data quality by up to a
few percent. For a detailed overview we refer to Smit and ASOPOS-panel (2014).15

We use the ozonesonde data acquired by the Network for the Detection of At-
mospheric Composition Change (NDACC, http://www.ndacc.org), WMO’s Global At-
mospheric Watch network (GAW, http://www.woudc.org) and the Southern Hemi-
sphere Additional Ozonesondes network (SHADOZ, http://croc.gsfc.nasa.gov/shadoz,
Thompson et al. (2012)). Together these networks cover 82.5◦ N to 90.0◦ S, with the20

earliest ozonesonde flights dating back to the 1960s. Many participating stations pro-
vide soundings at least once a week. The sonde stations considered in this work are
listed in Table 1, together with the total number of profiles over the analysis period.

2.1.2 Stratospheric ozone lidars

A differential absorption lidar (DIAL) operates mostly during clear-sky nights, emitting25

quasi-simultaneously two pulsed laser beams at wavelengths with a different ozone
absorption cross-section. The backscattered signal is integrated over a few hours to
retrieve the vertical distribution of ozone (Mégie et al., 1977). A stratospheric ozone
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lidar system operates at 308 nm and 353 or 355 nm, which makes it sensitive from
the tropopause up to about 45–50 km with a vertical resolution that worsens with alti-
tude from 0.3 to 3–5 km, depending on the system. The profiles are reported as ozone
number densities versus geometric altitude. We convert the data to other profile repre-
sentations using P/T fields from the ERA-Interim reanalysis (Dee et al., 2011).5

The DIAL technique is in principle self-calibrating since the ozone profile is retrieved
directly from the returned signals without introducing instrumental constants, and there-
fore attractive for long-term monitoring. However, some artefacts can degrade the
quality of the measurements, e.g. in the lower stratosphere interference by volcanic
aerosols and saturation of the data acquisition system, and in the high stratosphere10

presence of signal-induced noise (Godin-Beekmann et al., 2003). Unreliable measure-
ments can be discarded based on the reported precisions, which have been shown
to be realistic (Godin et al., 1999). The bias and precision are about ±2 % between
20–35 km, increasing to ±5–10 % outside this altitude range where the signal-to-noise
ratio deteriorates (Keckhut et al., 2004). The NDACC lidar retrieval algorithms were15

extensively intercompared, and the profile measurements validated against the mo-
bile reference lidar (McGee et al., 1991), ozonesondes, microwave radiometers and
various satellite instruments (Keckhut et al., 2004; Nair et al., 2012). The network ap-
pears homogeneous, with biases between stations within about 2 %. The agreement
with space-based observations over the range 20–40 km is within ±5 %, with a decadal20

stability better than ±5 % decade−1 (Nair et al., 2012).
We consider data from thirteen stratospheric ozone lidars that have been or still are

operational in the NDACC network, since the beginning of the 1990s. The lidar network
covers 80.0◦ N to 66.7◦ S, but most sites are located in the Northern Hemisphere. The
lidar stations considered in this work are listed in Table 2, together with the total number25

of profiles over the analysis period.
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2.2 Satellite observations

2.2.1 SAGE II v7.0

The second Stratospheric Aerosols and Gas Experiment (SAGE II) (Mauldin et al.,
1985) was deployed by the National Aeronautics and Space Administration (NASA) on
its Earth Radiation Budget Satellite (ERBS) in a 57◦ inclined orbit. The seven-channel5

photometer recorded absorption spectra during solar occultations from which vertical
profiles of ozone are retrieved using the onion-peeling technique, primarily using data
from channel 3 (centered on 600 nm). Observations were made from October 1984 to
August 2005 and cover 80◦ N to 80◦ S.

In this paper we use the v7.0 data set, produced with an algorithm primarily derived10

from the SAGE III v4.0 algorithm (Damadeo et al., 2013). Ozone number densities
are reported on a fixed altitude grid with step 0.5 km. The retrieved profiles have 1 km
vertical resolution and are recommended for scientific use from the cloud top up to
60 km. The data set includes pressure and temperature profiles from the Modern-Era
Retrospective Reanalysis for Research and Applications (MERRA), extended to higher15

altitudes using the shape of profiles from the Global Reference Atmosphere Model
(GRAM-95).

Early studies indicate that the v7.0 algorithm produces on average 1–2 % lower
ozone values than its predecessor, v6.2, primarily as a result of changed spectro-
scopic data. In addition, it provides improved consistency in the vertical dependence20

of the comparisons to SAGE III v4.0, and it is expected to be more robust for trend
analysis (Damadeo et al., 2013). Sunrise profiles tend to be biased low by 8–10 % rel-
ative to sunset data above 35 km (Kyrölä et al., 2013; Damadeo et al., 2014; Sakazaki
et al., 2015). The interfering effect of aerosols and clouds on the v7.0 data quality can
be reduced by applying a slight modification of the Wang et al. (2002) data screening25

(https://eosweb.larc.nasa.gov/project/sage2/sage2_release_v7_notes).
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2.2.2 SAGE III v4.0

The third Stratospheric Aerosols and Gas Experiment (SAGE III) (Mauldin et al.,
1998) was deployed by NASA on the Russian METEOR-3M platform in a polar sun-
synchronous orbit, crossing the equator northward around 09:15 local time (LT). This
SAGE II successor has a significantly improved spectral resolution and also exploits the5

solar occultation technique to retrieve vertical profiles of ozone, from measurements in
the Chappuis band. Observations were made from March 2002 to November 2005,
covering 50–80◦ N for sunset and 30–50◦ S for sunrise events.

In this paper we use the v4.0 data set (Thomason et al., 2010). In particular, we
consider the product retrieved with the multiple linear regression technique. It should10

perform better in the lower stratosphere and troposphere than another, SAGE II v6.2
like retrieval technique (Wang et al., 2006). Ozone number densities are reported on a
fixed altitude grid with step 0.5 km. The profiles have about 1 km vertical resolution and
are suitable for scientific use between 6–85 km. The data set includes P/T profiles from
reanalyses by the National Centers for Environmental Prediction (NCEP), extended at15

high altitudes using the shape of GRAM-95 profiles.
Comparison of the previous data set, v3.0, to ground- and space-based observa-

tions showed agreement within 5 % down to 17 km and a high bias up to 10 % at
13 km (Wang et al., 2006). The v3.0 record furthermore appears stable relative to that
of SAGE II v6.2. Unreliable measurements were removed by the SAGE III team, so no20

additional screening is required (NASA LaRC, 2004).

2.2.3 HALOE v19

The Halogen Occultation Experiment (HALOE) (Russell III et al., 1993) was launched
by NASA on the Upper Atmosphere Research Satellite (UARS) in a 57◦ inclined orbit.
The solar occultation technique is exploited to retrieve vertical profiles of ozone from25

the broadband radiometer measurements in the 9.6µm band. Observations were made
from October 1991 to November 2005 and cover 80◦ N to 80◦ S.
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We consider the latest data release, version 19. Ozone volume mixing ratio (VMR)
is reported on a fixed pressure grid with 30 levels per decade. The retrieved profiles
have about 2–3 km vertical resolution (Nazaryan et al., 2005) and are recommended
for scientific use between 15 and 60 km. The data set includes P/T profiles, composed
of retrieved and NCEP reanalysis information.5

Validation studies show a general agreement with other satellite and ground-based
instruments within 5–10 % above 20 km (Morris et al., 2002; Nazaryan et al., 2005).
In the upper stratosphere a bias of ∼5 % exists between sunset and sunrise occulta-
tions (Sakazaki et al., 2015). Furthermore, the drift of HALOE relative to SAGE II is in
general insignificant and remains below 10 % decade−1 (Morris et al., 2002; Nazaryan10

et al., 2005). Cirrus clouds were found to have an interfering effect on the data qual-
ity, and this effect was reduced by applying the screening suggested by Hervig and
McHugh (1999).

2.2.4 UARS MLS v5

The UARS platform also carried the Microwave Limb Sounder (UARS MLS) (Barath15

et al., 1993), whose three radiometers recorded the microwave emission spectrum at
the limb. The data from the 205 GHz radiometer are used to extract vertical profiles
of ozone with an optimal estimation method. Observations over a latitude range of
34–80◦ were carried out from September 1991 to July 1999, but with a much reduced
duty cycle after 1994.20

In this paper we use the data set produced with the version 5 algorithm (Livesey et al.,
2003). Ozone VMR is reported on a fixed pressure grid with 6 levels per decade. The
retrieved profiles have about 3–5 km vertical resolution and are suitable for scientific
use between 100–0.22 hPa. The data set includes retrieved profiles of temperature
and geopotential height (GPH).25

Comparisons to correlative measurements indicate a positive ozone bias of 2–4 %
for pressures less than 50 hPa, increasing to 10–15 % at lower altitudes (Livesey et al.,
2003). The absolute pointing of UARS MLS drifted upwards by 600 m from 1991 to
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1997 (Livesey et al., 2003, Fig. 1). This may impact ozone if the GPH profiles are used
for conversions between vertical coordinates. Prescriptions to screen ozone data of
lower quality are detailed in Livesey et al. (2003). In particular, data after the 15 June
1997 switch-off of the 63 GHz radiometer should be discarded for trend analyses, due
to possible biases between both operational modes.5

2.2.5 Aura MLS v3.3

The second Microwave Limb Sounder (Aura MLS) (Waters et al., 2006) is deployed by
NASA on its EOS-Aura platform in a polar sun-synchronous orbit, crossing the equator
northward around 13:45 LT. Its five radiometers record microwave emission at the limb
from which vertical profiles of ozone are retrieved, mainly using the 240 GHz radiometer10

data. Observations are ongoing since August 2004 until today and cover 82◦ N to 82◦ S.
In this paper we investigate the v3.3 data set (Livesey et al., 2013b). Ozone VMR is

reported on a fixed pressure grid with 12 levels per decade up to 1 hPa and coarser at
higher altitudes. The retrieved profiles have about 2.5–4 km vertical resolution and are
suitable for scientific use from 262–0.02 hPa. The data set includes GPH and T profiles15

retrieved by the same processor.
The previous data release, v2.2, was extensively compared to satellite and ground-

based instruments, showing agreement within 5–10 % in most of the stratosphere, and
a positive bias up to 20–30 % at 216 hPa (Jiang et al., 2007; Froidevaux et al., 2008).
The v3.3 ozone data are within 1–2 % of v2.2, except in the tropical upper troposphere20

lower stratosphere (UTLS) (Livesey et al., 2013a). Although the high bias at 216 hPa
is now much reduced, a persistent vertical oscillation pattern appears in the overlying
levels, in particular at low latitudes. Comparisons to MIPAS and OSIRIS data indicated
relative drifts in ozone less than ±3 % decade−1 (Eckert et al., 2014; Adams et al.,
2014). However, the absolute pointing of Aura MLS v3.3 drifts downwards, but not at a25

constant rate. The 100 hPa level decreased by 100 m in GPH between 2005 and 2009,
and stabilized after that (Livesey et al., 2015), corroborating an earlier report for v2.2
data of a large drop in GPH at the start of the mission (Schwartz et al., 2008). This
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may impact ozone if the GPH profiles are used for conversions between vertical coor-
dinates. Recommendations for data screening are described in Livesey et al. (2013b),
and implemented for this work.

2.2.6 POAM II v6

The second Polar Ozone and Aerosol Measurement (POAM II) instrument (Glac-5

cum et al., 1996) was deployed by the Naval Research Laboratory (NRL) on the
third French Satellite Pour l’Observation de la Terre (SPOT-3) platform in a polar
sun-synchronous orbit, crossing the equator southward at 10:30 LT. The nine-channel
photometer recorded absorption spectra during solar occultations from which verti-
cal profiles of ozone are retrieved using measurements from channel 4 (centered on10

601.4 nm). Observations were made from September 1993 to November 1996, at mid
to high latitudes.

In this paper we use the latest data release, version 6 (Lumpe et al., 1997). Ozone
number densities are reported on a fixed altitude grid with step 1 km. The retrieved
profiles have about 1 km vertical resolution and are recommended for scientific use15

between 15–50 km. The data set includes P and T profiles from UKMO.
Comparisons to satellite and ground-based observations indicate a negative bias of

about 5 % above 20 km, and possibly larger at lower altitudes (Rusch et al., 1997; De-
niel et al., 1997; Danilin et al., 2002). Large polar stratospheric clouds (PSC) interfere
with the retrieval, but have been screened by removing outliers that correlate with large20

1µm aerosol extinction measurements.

2.2.7 POAM III v4

The third Polar Ozone and Aerosol Measurement (POAM III) instrument (Lucke et al.,
1999) was deployed by NRL on the fourth French Satellite Pour l’Observation de la
Terre (SPOT-4) platform in a polar sun-synchronous orbit, crossing the equator south-25

ward at 10:30 LT. The instrument design and solar occultation measurement principle
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are similar to that of POAM II. Vertical profiles of ozone are retrieved using measure-
ments from channel 4 (centered on 603 nm). Observations were made from March
1998 to December 2005, at mid to high latitudes.

In this paper we use the latest data release, version 4 (Lumpe et al., 2002). Ozone
number densities are reported on a fixed altitude grid with step 1 km. The retrieved5

profiles have about 1–2 km vertical resolution and are recommended for scientific use
between 10–60 km. The data set includes P and T profiles from UKMO.

Version 4 offers minor improvements relative to the previous release v3. The latter
was extensively validated using observations from aircraft, balloons and satellite in-
struments (Randall et al., 2003), showing an agreement of ±5 % from 13 to 60 km and10

a 15–20 % high bias below 12 km. However, there are indications that the Northern
Hemisphere (orbital sunrise) data are biased low by up to 5 % relative to the Southern
Hemisphere (orbital sunset) data between 25–50 km. No signs of long-term drifts rela-
tive to other instruments were noticed so far. A description of the screening procedure
for data contaminated by sunspot and aerosol feedback errors can be found in Naval15

Research Lab (2005).

2.2.8 OSIRIS v5.07

The Optical Spectrograph and InfraRed Imaging System (OSIRIS) (McLinden et al.,
2012) is deployed by the Canadian Space Agency (CSA) on the Swedish Odin plat-
form in a polar sun-synchronous orbit, crossing the equator southward around 06:30 LT.20

The optical spectrograph records limb-scattered sunlight from which vertical profiles
of ozone are retrieved using a multiplicative algebraic reconstruction technique that
combines measurements from the Chappuis and Hartley-Huggins bands. Observa-
tions have been ongoing since October 2001 until today, and cover mainly the sunlit
hemisphere up to 82◦ latitude.25

In this paper we use the v5.07 data set (Degenstein et al., 2009). Ozone number
densities are reported on a fixed altitude grid with step 1 km. The retrieved profiles
have about 1–2 km vertical resolution and are suitable for scientific use from the cloud
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top up to 60 km. The data set includes P and T profiles from operational ECMWF
analyses.

Version 5.07 ozone was compared to several satellite and ground-based data
records (Adams et al., 2013, 2014), with a general agreement better than 5 % above
21 km. At lower altitudes a positive bias of up to 20 % appears. The positive bias of5

2–4 % around 22 km at high latitudes is possibly a result of the interference of aerosols.
In addition, the data set seems to be stable relative to other data records, mostly re-
maining within 3 % per decade (Adams et al., 2014). Any data affected by clouds or
cosmic rays were removed by the OSIRIS team from the released data set, following
the procedure in Adams et al. (2013).10

2.2.9 SMR v2.1

The Sub-Millimetre Radiometer (SMR) (Frisk et al., 2003) is the second instrument on
the Swedish Odin platform. Its four receivers record microwave emission at the limb
from which vertical profiles of ozone are retrieved with an optical estimation method.
Observations cover 82◦ N to 82◦ S and are ongoing since June 2001 until today. Before15

April 2007 half of the observations were dedicated to astronomical purposes, with less
atmospheric data as a consequence.

In this paper we use the Chalmers v2.1 ozone profiles retrieved from the 501.8 GHz
receiver data (Urban et al., 2005). Ozone VMR is reported on a variable altitude grid
with a step of ∼1.5 km in the stratosphere. The retrieved profiles have about 3 km20

vertical resolution and are suitable for scientific use from ∼18 up to 60 km. The data
set includes P and T profiles from operational ECMWF analyses.

Comparisons to ground-based, balloon and satellite data show a typical agreement
within 10 % in the stratosphere, with a small negative bias (Urban et al., 2005; Jones
et al., 2007; Jégou et al., 2008). Due to the weak ozone line the signal-to-noise ratio25

is quite low and the resulting single-scan precision considerable (about 0.25–1.5 ppmv
or 20–25 %). When noise is an issue, Urban et al. (2005) suggest to average profiles
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in the logarithmic VMR domain. Lower quality measurements were screened with the
prescriptions found in Jones et al. (2009).

2.2.10 GOMOS IPF 6.01

The instrument Global Ozone Monitoring by Occultation of Stars (GOMOS) (Bertaux
et al., 2010) was deployed by the European Space Agency (ESA) on its Environmen-5

tal satellite (Envisat) in a polar sun-synchronous orbit, crossing the equator southward
around 10:00 LT. Its medium resolution spectrometer recorded absorption spectra be-
tween 250–680 nm during stellar occultations from which vertical profiles of ozone are
retrieved using the onion-peeling technique. Observations covered 90◦ N to 90◦ S be-
tween July 2002 and April 2012. An instrument problem in January 2005 decreased10

the measurement frequency until the end of the mission.
In this paper we use the latest data set by ESA’s operational IPF 6.01 proces-

sor (Kyrölä et al., 2010). Ozone number densities are reported on an altitude grid with
variable spacing of 0.2–1.6 km, depending on the obliquity of the occultation. The re-
trieved profiles have about 2–3 km vertical resolution and are recommended for scien-15

tific use between 15–100 km. The data set includes P and T profiles from operational
ECMWF analyses (below 1 hPa) and from the MSIS90 model (above 1 hPa).

Validation studies of the IPF 6.01 data set are under way, indicating slightly lower
ozone values and fewer outliers relative to IPF 5.00. Studies of the previous data re-
leases showed that the data quality depends on the illumination condition. Although20

the star characteristics are expected to be important as well, this could so far not be
confirmed by comparisons to ground-based data (van Gijsel et al., 2010). The high-
est quality profiles, obtained from occultations of hot and bright stars on the dark
limb, agree with correlative data within 5–10 % from 20 km up to 40 km. Below 20 km,
a large positive bias appears due to the interference of ozone and aerosol retrieval25

with aerosol models (Tamminen et al., 2010). Nair et al. (2011) reported negative
drifts up to 18 % decade−1 near 20 km relative to the lidar at Observatoire de Haute-
Provence (43.9◦ N, 5.7◦ E), while van Gijsel et al. (2010) found no obvious drift rela-
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tive to ozonesonde, lidar and microwave network data in the yearly bias results. The
screening procedure recommended by the GOMOS team is implemented here (ESA,
2012a).

2.2.11 MIPAS ML2PP 6.0

The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) (Fischer5

et al., 2008) was another ESA instrument aboard the Envisat platform. Its Fourier
transform spectrometer recorded thermal IR emission at the limb from which verti-
cal profiles of ozone are retrieved by means of a non-linear least-squares fit modified
by the Levenberg Marquardt method for minimization of the chi-square function and
using a global fit strategy. Observations covered 90◦ N to 90◦ S between July 2002 and10

April 2012. In March 2004, the instrument experienced a major anomaly, but opera-
tions resumed in January 2005 with reduced spectral resolution and increased vertical
sampling. The second part of the mission is typically referred to as the Optimized Res-
olution1 (OR)phase, whereas the first part is called the Full Resolution (FR) phase.

Several MIPAS ozone profile data sets exist (Laeng et al., 2015), here we focus on15

the latest version of ESA’s operational ML2PP 6.0 processor (Raspollini et al., 2013).
We furthermore consider only the nominal measurement mode profiles, which consti-
tute about 70 % of the total data set. Ozone VMR is reported on a variable pressure grid
(corresponding to retrieved pressure values at the measurement tangent altitudes) with
spacing between 2–4 km in the stratosphere. The retrieved profiles have about 2–4 km20

vertical resolution, depending on whether in OR or FR phase, and are suitable for sci-
entific use between 6–68 km. The data set includes P and T profiles retrieved by the
same processor. In addition, vertical averaging kernels are provided for each profile.

Extensive validation studies of ML2PP 6.0 data pointed to a positive bias of roughly
5 % in most of the stratosphere, which is also present for three other scientific MIPAS25

processors (Laeng et al., 2015). Ceccherini et al. (2013) anticipate a bias between

1Some authors prefer the term Reduced Resolution (RR).
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the observations in the OR and FR phase, as the reduction in spectral resolution ne-
cessitated the selection of different retrieval microwindows. Such a possible jump in
the timeseries needs to be considered in trend studies that use the complete data
set (Raspollini et al., 2013). Eckert et al. (2014) reported a small negative drift of up to
−3 ppmv decade−1 (∼2–4 % decade−1) between scientific MIPAS data from Karlsruhe5

Institute of Technology and other satellite instruments such as Aura MLS and OSIRIS.
Since the bias between FR/OR profiles is included in their regression model, the drift
is believed to be related to detector aging effects. We implemented the screening rec-
ommendations of ESA (2012b).

2.2.12 SCIAMACHY SGP 5.0210

The SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY
(SCIAMACHY) (Bovensmann et al., 1999) was the third atmospheric chemistry instru-
ment onboard the Envisat platform. Vertical profiles of ozone are retrieved from mea-
surements of limb-scattered UV-visible sunlight. Observations were made from August
2002 to April 2012 and covered 82◦ N to 82◦ S.15

Several SCIAMACHY limb ozone profile data sets exist (Rozanov et al., 2007). Here
we focus on the latest version of the operational SGP 5.02 processor (Lichtenberg,
2011). Since it does not exploit the UV measurements the ozone retrieval is limited
to 40 km. Ozone number density is reported on a fixed altitude grid with 1.75–3.5 km
spacing in the stratosphere. The retrieved profiles have about 3 km vertical resolution20

and are suitable for scientific use between 15–40 km. The data set includes P and
T profiles from the climatology by McLinden et al. (2002). In addition, vertical averag-
ing kernels are provided for each profile. A detailed bottom-up analysis of the error
budget of the scientific ozone data set by IUP Bremen indicated a random component
of 10–15 % (Rahpoe et al., 2013).25

Early validation studies on a limited data set indicated that the SGP 5 profiles agree
within 5–10 % with ground-based measurements, with no signs of very large significant
drifts (ESA, 2013). In the Tropics the bias is larger, peaking up to +20 % around 18 km.
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2.2.13 ACE-FTS v3.0

The Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS)
instrument (Bernath et al., 2005) is deployed by CSA on its SCISAT platform, in a 74◦

inclined orbit. The Fourier transform spectrometer records high resolution absorption
spectra in the mid infrared during solar occultations, from which vertical profiles of5

ozone are retrieved using measurements around 10µm. Operational observations are
ongoing since February 2004 until today and cover 85◦ N to 85◦ S, but mostly high
latitudes.

In this paper we study the latest v3.0 data set (Boone et al., 2013) reporting ozone
VMR on a fixed altitude grid with step 1 km. The data on a coarser, profile-dependent10

measurement grid are not considered here. The retrieved profiles have about 3–4 km
vertical resolution and have an altitude range from the cloud top up to 95 km. The data
set includes P and T profiles retrieved by the same processor.

Initial ACE-FTS intercomparison studies show that v3.0 data between 15–35 km is
similar to that of the previous data release, v2.2 update. Outside this altitude range the15

new ozone data is reduced on average by 5–10 % (Waymark et al., 2013). It is antic-
ipated that the lower ozone above 35 km will decrease the positive bias identified in
extensive comparisons of the v2.2 update release to satellite and ground-based mea-
surements (Dupuy et al., 2009). These indicated a typical positive bias of about 5 % be-
tween 15–45 km, increasing to 20 % in the upper stratosphere. Sakazaki et al. (2015)20

recently reported sunrise-sunset biases in the upper stratosphere of about 5 %. Due to
problems with auxiliary inputs the v2.2 and v3.0 data products from after September
2010 should be discarded (Boone et al., 2013). New versions (v2.5/3.5) have been pro-
duced that correct this issue and continue these data sets to the present. Comparisons
to MIPAS data do not indicate a large relative drift, although the uncertainty is quite25

large due to a short overlap period (Eckert et al., 2014).
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2.2.14 MAESTRO v1.2

The Measurements of Aerosol Extinction in the Stratosphere and Troposphere Re-
trieved by Occultation (MAESTRO) (McElroy et al., 2007) is the second instrument
onboard SCISAT, and optically nearly co-aligned with ACE-FTS. Its dual spectropho-
tometer records absorption spectra in the visible and ultraviolet during solar occulta-5

tions from which vertical profiles of ozone are retrieved. Operational observations are
ongoing since February 2004 and cover 85◦ N to 85◦ S, but most data are taken at high
latitudes.

In this paper we study the v1.2 data set from the visible (VIS) spectrometer, which is
in agreement with the UV ozone profile data below 30 km but provides better data at10

higher altitudes (McElroy et al., 2007). Ozone VMR is reported on a variable altitude
grid with step between 0.3–2 km in the stratosphere, depending on the obliquity of the
occultation. The retrieved profiles have about 1.5 km vertical resolution and cover from
the cloud top up to 50 km. The data set does not include P and T profiles, these can
be obtained from coincident, co-aligned ACE-FTS measurements.15

Comparisons of the VIS ozone profiles to ozonesonde and satellite measurements
indicated a mean agreement of about 5–10 % over 20–40 km (Kar et al., 2007; Dupuy
et al., 2009). In the UTLS MAESTRO underestimates ozone by up to 50 % with respect
to all correlative instruments. Above 35 km, sunrise ozone measurements are up to
20 % lower than sunset observations. This bias could be caused by an error in the20

altitude registration due to timing errors between MAESTRO and ACE-FTS. All data
after September 2010 should be discarded because the ACE-FTS P and T data, used
for the tangent pointing of MAESTRO, are affected by problems with auxiliary inputs.
The procedure used by Kar et al. (2007) can be used for data screening.
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3 Analysis approach and data preprocessing

A careful design of the analysis allows us not only to obtain robust estimates of the
data quality of the individual satellite records but also, and this is one of our primary
objectives, to assess their mutual consistency. Prerequisite to achieving these goals is
a good understanding of the metrological aspects. Our analysis approach is therefore5

based on three principles that reduce confounding methodological biases. First of all,
we use a single analysis and software framework. Second, all satellite records are
compared to the same reference data, from ground-based observations. And finally,
the manipulation of satellite data is kept to a strict minimum. In this section we describe
the general aspects of the analysis. A detailed account of how decadal stability, bias10

and short-term variability are estimated follows in Sects. 4 and 5.
The ozonesonde and lidar networks provide vertical ozone profiles of well-

documented quality and serve as suitable transfer standards on a pseudo-global scale
and from the ground up to the stratopause. We compare the satellite profiles to co-
located ground-based measurements in relative units15

∆xi j (l ) = 100×
xi j , sat(l )−x′

i j , gnd(l )

x′
i j , gnd(l )

. (1)

Here, xi j , sat(l ) and x′
i j , gnd(l ) represent respectively satellite and (vertically smoothed

and representation-transformed) ground-based ozone at grid level l of co-location pair
i for correlative instrument j . The advantage of relative over absolute differences is
that atmospheric cycles are mostly divided out and that it allows a direct comparison20

between the results in different ozone coordinates. A disadvantage, however, is that
relative differences are sensitive to low ozone values, often leading to pronounced
values in and below the UTLS and in the upper stratosphere.

The uncertainty on ∆x is determined by several factors besides pure measurement
and retrieval uncertainties (Sxsat

, Sxgnd
) because satellite and ground-based instruments25

perceive the variable atmosphere differently. Vertical and horizontal resolutions differ
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and the probed air masses rarely coincide perfectly in space and time. In addition, the
comparison can only be done when both profiles are expressed in the same represen-
tation. As a result, the total comparison error budget contains terms related to the differ-
ences in smoothing, the spatio-temporal mismatch of the co-locations and the auxiliary
data used to transform between profile representations. When correlations between5

the terms are disregarded, the total error covariance matrix (including systematic and
random components) becomes S∆x = Sxsat

+Sxgnd
+Ssmoothing+Smismatch+Sauxiliary (von

Clarmann, 2006). When ∆x data are averaged or regressed the co-located profile sam-
ple may not be sufficiently representative of the actual state of the studied parameter
(ozone differences). Toohey et al. (2013) recently showed the importance of Ssampling10

for trace gas climatologies. Estimating the sampling uncertainty for our purposes re-
mains outside the scope of this work however.

The next paragraphs describe the data preprocessing scheme in which the reduction
of smoothing, mismatch and auxiliary uncertainties play a central role. Preprocessing
starts off by removing the unreliable measurements following the guidelines of the data15

providers. Table 3 lists the recommended screening procedure references for the satel-
lite records. Ground-based data are filtered using general criteria, removing measure-
ments with larger uncertainties: below the 5 hPa level (∼33 km) for ozonesondes and
outside the 15–47 km range for lidars. In addition, we reject measurement levels with
clearly unphysical readings (O3 < 0, p < 0 hPa, T < 0 K or T > 400 K) or during unreal-20

istic jumps in pressure (dp/dt > 0 and dz > 0.1 km). Entire profiles are discarded from
further analysis when (a) more than half of the levels are tagged bad, or (b) less than
30 levels are tagged good.

The definition of the co-location window is a trade-off between mismatch and sam-
pling uncertainties. We found that a maximum horizontal distance ∆r of 500 km be-25

tween the profiles is optimal, given the typical horizontal resolution of order a few
hundred km of the satellite and ground-based measurements. The maximal tempo-
ral separation ∆t is 6 h for UARS MLS, Aura MLS, MIPAS and SMR, and 12 h for the
other instruments. When multiple satellite profiles are present in the co-location win-
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dow around a ground-based profile only the pair closest in space and time is retained,

defined by
√

∆r2 + v2
wind∆t

2 with vwind = 100 kmh−1. Multiple co-locations occur mostly
between polar orbiting instruments and high latitude stations. Mismatch uncertainties
Smismatch increase when and where atmospheric inhomogeneities are larger. The sys-
tematic component is generally less than a few percent, while the random component is5

typically 5 % but can reach 20 % during Antarctic ozone hole conditions (Cortesi et al.,
2007; De Clercq, 2009).

There is no well-established method in the community to remove the horizontal com-
ponent of the smoothing error. Instead we refer to the model-based estimates for the
specific case of MIPAS comparisons (Cortesi et al., 2007; De Clercq, 2009), which10

showed that the horizontal smoothing uncertainty mainly has a random nature and is
of similar magnitude as the mismatch uncertainty. The vertical component on the other
hand can be mostly removed by smoothing the ground-based profiles. We use a tri-
angular response function with base width that follows the altitude-dependent satellite
resolution. The exception is the MIPAS analysis, for which we smoothed with the ver-15

tical averaging kernel (AK) and a-priori of the co-located MIPAS profile. Such an AK
smoothing was initially also tried for the SCIAMACHY analysis. Unfortunately it intro-
duced peculiar and unexpected vertical oscillations in the comparisons, so we resorted
to the triangular method for SCIAMACHY. The comparison results are somewhat sen-
sitive to the shape of the smoothing function (we also tried rectangular and Gaussian20

windows), but most of the vertical smoothing error is removed. We estimate that the
residual vertical smoothing uncertainty is less than a few percent.

In a final preprocessing step the data are transformed to the same profile representa-
tion, defined by the ozone coordinate (number density or VMR), the vertical coordinate
(altitude or pressure) and the levels of the vertical grid. Here, we focus on the satel-25

lite instrument’s native representation, see Fig. 1. Mainly because it is closest to the
retrieved information, but also because users will use it as a starting point to convert
to another representation if their application requires that. They can use the auxiliary
pressure and/or temperature profiles provided along with the ozone profiles in many
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satellite records for this purpose. As we have seen in Sect. 2.2, these auxiliary data
originate from different sources which may lead to a representation-dependence of the
mutual consistency of the satellite data quality. This is discussed further in Sect. 6.
Until then, only the correlative data are converted when needed. Ozonesonde data are
transformed with the help of P and T measurements from the attached radiosonde,5

and lidar data using ERA-Interim fields. The quality of these ancillary data has been
investigated by various authors (e.g. Sun et al. (2013); Stauffer et al. (2014); Simmons
et al. (2014); Inai et al. (2015)). The regridding to the satellite’s vertical grid is based on
a pseudo-inverse interpolation method (Calisesi et al., 2005). Since the ground-based
grid is more finely resolved than the satellite grid, the associated regridding uncertain-10

ties are generally negligible. We note that the SMR, GOMOS, MIPAS and MAESTRO
profiles are inevitably regridded as well, since the grid is variable. In these cases the
levels of the comparison grid are selected to reflect the average spacing between two
lines of sight.

To conclude this section we repeat the importance of using a single analysis and15

code framework. Apart from some unavoidable preprocessing steps, the data and
analysis flow is identical for all fourteen satellite comparison studies. In this, way the
methodological biases are mostly identical and, hence, unlikely responsible for eventu-
ally observed differences between the satellite records. This approach will be exploited
in Sect. 7. The next two sections present a detailed assessment of the bias, the short-20

term variability and the decadal stability of each satellite record individually.

4 Decadal stability

We estimate the decadal stability of satellite data through a robust analysis of the
satellite-ground comparison time series. This is a two-step process, in which the drift is
first estimated at each ground station and subsequently averaged over the ozonesonde25

and lidar networks. The focus of this section is on the decadal stability of the individual
satellite records, in their native profile representation. Later on we expand the discus-
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sion to the drift consistency between profile representations (Sect. 6) and between
satellite records (Sect. 7).

4.1 Methodology

4.1.1 Time series analysis at individual stations

We first estimate the drift of the satellite data at each ground station. The comparison5

time series can contain large gaps and/or outliers, see e.g. the GOMOS comparisons
in Fig. 2 (top panel). Hence robust techniques are needed to estimate not only the
drift but also its uncertainty (Muhlbauer et al., 2009; Croux et al., 2004). To this end
we use an iterative Tukey-bisquare reweighted least-squares procedure to fit the daily
averaged relative difference time series to a linear regression model10

∆xi j (l ) = αj (l ) (ti − t0)+βj (l )+ei j (l ). (2)

With ∆xi j (l ) as in Eq. (1) at time ti and grid level l , and the fit residual ei j (l ). In this
model, the fit parameter αj (l ) represents the linear drift of the satellite data relative to
the ground-based record j , whereas βj (l ) is the bias between both records at reference
time t0. Time series with less than ten data points are not regressed. The significance of15

the estimated α̂(l ) is tested using a robust estimate of its standard deviation σ̂α(l ) pro-
posed by Street et al. (1988), a slightly modified version of the ordinary least-squares
expression. Figure 2 illustrates three time series with superimposed regression results
(left panels, blue line) and the corresponding 95 % confidence level intervals for α̂(l )
(right panels, vertical dashed blue lines).20

4.1.2 Aggregation into ground network average

In a second step, the drift estimates α̂j (l ) are averaged over various ground stations
j = {1, . . .,N}. None of the satellite records exhibit a clear latitudinal structure of drift
(see for instance HALOE and Aura MLS at 25 km in Fig. 3). Therefore, we average
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the results over the entire sonde and over the entire lidar network. The figure also
shows a clear variability in the regression uncertainty across the network, so each
station estimate is weighted by the inverse of its variance wj (l ) = σ̂−2

α,j (l ). The network-
averaged drift

ᾱ(l ) =

∑

jwj (l ) α̂j (l )
∑

jwj (l )
, (3)5

has a standard deviation σᾱ(l ) = 1/
√

∑

jwj (l ).

The single-site drift uncertainties alone do not always explain the observed variability
of the drift estimates over the network. When the number of stations is large enough
(N&20) the distribution of νj (l ) = (α̂j − ᾱ)/σ̂α,j should have unit variance for realistic
estimates σ̂α of the variance of α̂. That is typically not the case for the dense sam-10

plers, that tend to have larger variance as illustrated for instance for Aura MLS in Fig. 3
(right). This suggests an unaccounted for source of uncertainty, likely related to inho-
mogeneities or differences in sampling across the ground-based network. We follow an
ad-hoc approach to incorporate this unknown component, by scaling the uncertainty up

σ∗
ᾱ
(l ) = κ(l )×σᾱ(l ), (4)15

so that the reduced χ2(l ) =
√

1
N−1

∑

jνj (l )
2 becomes unity. We also assume, conser-

vatively, that the original regression uncertainty does not overestimate the true uncer-

tainty, hence κ(l ) = max
{

χ2(l ),1
}

. In the following, this adjusted standard deviation

σ∗
ᾱ(l ) is used to test the significance of the drift averages at the 5 % level.

4.1.3 Sensitivity to analysis parameters20

The importance of correct single station uncertainties σ̂α,j (l ) is evident for the calcula-
tion of both the weighted mean and its uncertainty. The analytic expression of Street
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et al. (1988) was therefore cross-checked with a bootstrapping technique (Efron and
Tibshirani, 1986). For every time series, we regressed 500 bootstrapped samples to re-
construct the distribution of α̂j (l ) (Fig. 2, right). The 2.5 % and 97.5 % quantiles define
the 95 % confidence interval (light red area) that is compared to the analytic expression
(vertical dashed blue lines). The results confirmed the validity of the analytic uncer-5

tainties. Replacing the latter by the bootstrap-derived uncertainties in Eq. (3) typically
changes ᾱ by less than 0.3 % decade−1. Figure 2 (left) also illustrates the outcome of
other sensitivity checks, such as changing the temporal resolution of the time series
prior to regression (from daily to monthly, green curve) or adding a 1-year harmonic
component to the regression model (orange curve). The results were very consistent10

as well, which shows the robustness of the baseline method.

4.2 Selection of ground sites

Several lidar stations were discarded from the stability analysis, either because of
poorer sampling or because of less well understood features in the time series. All high
latitude sites (no data during polar summer) and several mid-latitude records fall in the15

first category. Two stations were assigned to the second category, based on the verti-
cal drift structure of various satellite instruments (Fig. 4). The six ozone lidar records
in this figure were also studied by Nair et al. (2012). At Hohenpeißenberg (47.8◦ N,
11.0◦ E) and Tsukuba (36.0◦ N, 140.1◦ E) the earlier SAGE II data exhibit a near-zero
drift (grey line), whereas the more recent satellite records all drift in a similar way rela-20

tive to the lidar data above 25 km (coloured lines). This suggests a systematic change
in both lidar records in recent years. Inspection of the time series indeed showed that
the Hohenpeißenberg lidar reported more ozone for a few years after 2007. Similarly,
the Table Mountain lidar (34.4◦ N, 117.7◦ W) (McDermid et al., 1990) measured higher
ozone relative to satellite instruments during 2007–2008 (Nair et al., 2012). This bias25

disappeared again in later years to leave the satellite drift estimates nearly unchanged.
One exception is Aura MLS since the temporary lidar bias occurred close to the start of
the mission. We nevertheless keep this lidar station for the drift analysis, together with
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the data from Observatoire de Haute-Provence (43.9◦ N, 5.7◦ E), Mauna Loa (19.5◦ N,
155.6◦ W) (McDermid et al., 1995) and Lauder (45.0◦ N, 169.7◦ E). A similar procedure
was followed to discard about 20 ozonesonde records from the drift analysis. Since
there are many sonde stations the network-average should be quite representative of
the actual satellite drift. Later on, we describe the remarkable agreement between the5

ozonesonde and lidar-derived drift results, strengthening the confidence in the stability
of these ground networks (Fig. 5). Tables 1 and 2 list the stations used for the drift
analysis (last column).

4.3 Results

Below we report on the vertical structure of the network-averaged drift (and its signifi-10

cance) of each satellite record, summarised in Fig. 5 and Table 4.

4.3.1 SAGE II

The very long record of SAGE II, spanning 21 years, allows a detailed analysis of
its stability. The most precise estimates have 1σ uncertainty of 0.8 % decade−1 and
1.6 % decade−1 at sonde and lidar stations respectively. On average the single station15

drift uncertainty is ∼4 % decade−1. The drift results are furthermore very consistent
from one station to another, with a spread of 2–3 % decade−1 at 25 km (Fig. 4, grey
line). The sonde and lidar derived estimates are very consistent as well. When aggre-
gated over the entire ground network a significant SAGE II drift should be detectable at
the 1–2 % decade−1 level, depending on altitude.20

In the middle and upper stratosphere, between 20–40 km, the average drift is gener-
ally slightly negative (Fig. 5). The negative drift remains smaller than 1–2 % decade−1

and is therefore not significant. At lower altitudes the drift becomes gradually more pro-
nounced, but is never significant either as a result of the increased atmospheric vari-
ability or noise in the SAGE II record. We therefore conclude that the SAGE II record is25

stable relative to the ground measurements, at least within 2 % decade−1.
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4.3.2 SAGE III

SAGE III collected data for only 3.5 years, which excludes the upper stratosphere from
our study as no lidar sites provide sufficient statistics. Between 20–30 km the minimal
drift uncertainty is 6 % decade−1, while that of most stations is easily twice as high.

SAGE III ozone decreases relative to ground measurements, by −(2–10) % decade−1
5

in the middle stratosphere and somewhat more at lower altitudes (Fig. 5). The sig-
nificance is by far insufficient however for a 2σ detection. The detection limit for the
network-averaged drift is at best 6 % decade−1 between 20–30 km. In the lower strato-
sphere the threshold rapidly worsens to 10–20 % decade−1 due to the increased com-
parison noise from natural variability and instrumental noise. We therefore conclude10

that SAGE III is stable within about ±10 % decade−1.

4.3.3 HALOE

The 14-year HALOE record allows a quite detailed study of the stability as well. The
typical uncertainty at single stations is 5 % decade−1, which is comparable to the vari-
ability of the spread between stations (Fig. 3, top left, light grey band). The 2σ detection15

threshold for the network average is 2–3 % decade−1 or more.
Above the 100 hPa level we observe a negative drift of about −(2–7) % decade−1

(Fig. 5). The result is significant between 10–50 hPa for both the ozonesonde and the
lidar comparisons. Figure 3 demonstrates that negative drifts are found across the en-
tire ground network (left panel), all centered around the network-averaged value (right).20

At lower and higher altitudes the drift is less than ±5 % decade−1 with an uncertainty of
2–7 % decade−1 and hence not significant. No coordinate dependence was found for
the HALOE drift results (Fig. 9), so it can not be explained by drifting auxiliary data of
the correlative records (Sect. 6).

Two earlier studies concluded that HALOE does not drift significantly relative to25

SAGE II, at least not more than ±10–15 % decade−1 (Morris et al., 2002; Nazaryan
et al., 2005). Due to the longer data record considered here, the more frequent sam-
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pling and the stability of the ground networks we obtain a significant result already
at the 3 % decade−1 level between 10–50 hPa. Our result is consistent with the ear-
lier reports, although a direct comparison is not straightforward due to the different
timespan and vertical coordinate (we come back to this in Sect. 6). From Fig. 5 we
infer that the middle stratospheric drift of HALOE relative to SAGE II must range be-5

tween 0 and −5 % decade−1, which is comparable in sign and in magnitude with the
−(0-10) % decade−1 reported by Morris et al. (2002, Fig. 4a) and −(2-4) % decade−1 by
Nazaryan et al. (2005, Fig. 8).

4.3.4 UARS MLS

The UARS MLS record is somewhat short. This limits the drift study, especially at10

low altitudes and relative to the lidar instruments. Between 5–50 hPa (20–35 km) the
single station drift uncertainty is 5 % decade−1 at best, but typically twice as large.
When the results are averaged over the ground network the 2σ detection threshold is
4–12 % decade−1. At other altitudes the threshold increases rapidly, by a factor of at
least two.15

Below the 10 hPa level the ozonesonde comparisons show a positive drift of up to
+5 % decade−1, which is not significant (Fig. 5). At these altitudes the average drift rel-
ative to lidar is mostly negative on the other hand. The sonde and lidar results are not
discrepant however, due to the large uncertainties for the lidar comparisons. In fact, it
is difficult to conclude anything from the lidar results; the results at different sites tend20

to be somewhat discrepant, especially above the 10 hPa level. While the upper strato-
spheric drift of UARS MLS goes up to +10 % decade−1 relative to the OHP and Table
Mountain lidars, it goes down to −10 % decade−1 relative to the Mauna Loa and Lauder
lidars. The error bars are about 10 % decade−1. We conclude that between 10–50 hPa
the UARS MLS instrument is stable within about ±5–10 % decade−1, perhaps slightly25

worse. In the upper stratosphere the discrepancy between the lidar results is too large
to assess the stability. We report later on that the UARS MLS ozone drift results depend
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on profile representation due to the ascending drift of the accompanying GPH profiles
(Fig. 9). More details and mitigation follow in Sect. 6.

4.3.5 Aura MLS

The stability of the Aura MLS instrument can be studied in great detail, thanks to
its excellent temporal and spatial sampling. Single site drift uncertainty is at best5

0.6 % decade−1 and 2 % decade−1 on average. The regression uncertainties are sub-
stantially smaller than the observed standard deviation of the drifts over the network,
which is about 4–6 % decade−1 above the 50–100 hPa level (Fig. 3, bottom). This leads
to a considerable χ2-adjustment (Eq. (4)) of κ ≃ 2.5 in the middle stratosphere and
κ ≃ 3 in the upper stratosphere. The resulting 2σ detection limit for drift averages is10

2–3 % decade−1 and it increases rapidly in the lower stratosphere.
In the upper and middle stratosphere the average drift is slightly positive, but not

more than +(1.5–2) % decade−1 (Fig. 5). The ozonesonde and lidar derived results are
also very consistent. Below the 100 hPa level a more important negative drift seems to
develop, although the uncertainty is quite large. We therefore conclude that Aura MLS15

v3.3 is stable in the entire stratosphere, certainly within 1.5 % decade−1 (MS) and
2 % decade−1 (US). Due to an overall descending drift of the accompanying Aura MLS
GPH profiles, there is a dependence of the Aura MLS ozone drift results on profile
representation (Fig. 9). More details and mitigation follow in Sect. 6.

4.3.6 POAM II20

The analysis of POAM II is extremely limited due to its low sampling and short record,
merely three years. The regression requirement of at least ten data points was met at
just seven polar ozonesonde stations. There were not enough collocations with lidar
instruments to study the upper stratosphere. Drift uncertainty is about 30 % decade−1

at most sites and 20 % decade−1 in the best case. The resulting 2σ detection threshold25

for the network average is 25–40 % decade−1 in the middle stratosphere. This is much
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larger than the observed drifts, which range from −15 % decade−1 at 20 km and 30 km
to +15 % decade−1 at 25 km (Fig. 5). We therefore conclude that the stability of POAM II
is better than ±(20–25) % decade−1 in the middle stratosphere.

4.3.7 POAM III

The POAM III data record spans 7.5 years and can therefore be studied in greater detail5

than that of its predecessor. In addition to the seven polar stations in the POAM II drift
analysis, five ozonesonde sites at northern mid-latitudes provide a sufficiently sampled
time series. Again, the regression was not feasible for lidar comparisons, limiting the
altitude of our analysis to 30 km. The single station uncertainty is 4 % decade−1 at
best and about 6 % decade−1 on average. When the results are averaged, the 2σ drift10

uncertainty becomes 4–8 % decade−1 in the middle stratosphere and rapidly grows to
10 % decade−1 at 15 km. Overall, POAM III tends to drift to lower ozone values between
20–30 km, at a rate of −(0-10) % decade−1 (Fig. 5). At lower altitudes the drift changes
sign. None of these results are significant, which leads to the conclusion that POAM III
is stable within about ±(10-15) % decade−1 in the middle and lower stratosphere.15

4.3.8 OSIRIS

The OSIRIS time series are densely sampled at many ground stations. In the mid-
dle and upper stratosphere the minimal drift uncertainty is 1.3 % decade−1 and typi-
cally amounts to 3–4 % decade−1. The regression errors do not fully explain the ob-
served variability of 5–6 % decade−1 between stations above 20 km. The correspond-20

ing χ2-adjustment factor increases to κ ≃ 2 above 30 km. The 2σ detection limit for the
network average becomes 3 % decade−1 at 15 km, 1.6 % decade−1 between 20–30 km
and 5 % decade−1 at 45 km.

In the lower stratosphere the OSIRIS drift relative to the correlative measurements
is negative, at most −5 % decade−1 and not significant (Fig. 5). Around 20–25 km the25

drift turns positive and remains about +(2–3) % decade−1 up to 35 km, close to the
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2σ threshold. Ozonesonde and lidar results provide a very consistent picture. Above
37 km, the drift becomes more pronounced and very significant. Its presence is easily
visible in the comparison time series, e.g. at the Observatoire de Haute-Provence lidar
(Fig. 2). At three of the four lidar stations we find a > 2σ drift of up to +8 % decade−1 at
42 km (Fig. 4, blue curves). This is consistent with findings by Adams et al. (2014) who5

reported a +(3–6) % decade−1 drift of OSIRIS relative to Aura MLS (which drifts slightly
to higher ozone relative to ground-based measurements) around these altitudes, de-
pending on how the Aura MLS data (pressure-VMR) are converted to the native OSIRIS
system (altitude-number density). In summary, OSIRIS ozone drifts very likely to higher
values above 25 km. The drift is quite small up to 35 km and barely significant. In the10

upper stratosphere the presence of a +(5–8) % decade−1 drift is evident.

4.3.9 SMR

Even though the SMR record spans 12 years and has good sampling properties, the
ability to assess its stability is limited by the noise of the profiles. In Sect. 5 we show
that the single SMR profile noise exceeds 20 % in the Tropics and 30 % at higher lati-15

tudes, which is substantially larger than for any other satellite record in this study. As a
result, the drift uncertainty is at best 5–6 % decade−1 and typically ∼10 % decade−1 at
individual ground sites. The regression errors cover the observed drift variability across
the ground network, so the χ2-adjustment is close to one. In the end, the 2σ threshold
to detect averaged drifts ranges from 3–10 % decade−1 between 25–40 km.20

The SMR profile drifts slightly to higher values in the middle stratosphere, although
by no more than +5 % decade−1 which is insignificant (Fig. 5). Above 30 km the drift
changes sign and increases rapidly in magnitude, topping out at −12 % decade−1 and
more above 40 km. The drift in this altitude region has highest significance, crossing
the detection threshold above 40 km. We therefore conclude that SMR is stable within25

about ±(5–10) % decade−1 over most of the stratosphere. Trend results in the upper-
most stratosphere, however, should be interpreted cautiously.
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4.3.10 GOMOS

The constraints on the stability of GOMOS are weaker than for its contemporary limb
sounders, due to sparser sampling and, below ∼20 km, the larger noise of GOMOS.
This is, for instance, clear from the comparison time series at the Payerne ozonesonde
station (Fig. 2). In the middle stratosphere, the drift variability between stations is5

about 10 % decade−1, which is larger than the error bars at individual sites, about
3 % decade−1 at best and 7 % decade−1 in general. The χ2-adjustment increases the
uncertainty on the network averages by κ ≃ 1.5. The resulting 2σ detection threshold
is 4–6 % decade−1 above 20 km and ∼20 % decade−1 at 15 km.

Below 25–30 km a pronounced negative drift develops with decreasing altitude, from10

−2 % decade−1 at 30 km to −5 % decade−1 at 20 km (Fig. 5). The drift is significant
between 18–25 km, and the ozonesonde and lidar-derived estimates are consistent.
At lower altitudes, the negative drift is not significant due to marked increased noise.
These observations are qualitatively consistent with Tegtmeier et al. (2013, Fig. 8).
In the upper stratosphere the lidar results are scattered, but point on average to a15

positive drift above 35 km (Fig. 4, green line). The maximal drift is +3 % decade−1 at
45 km, which remains much below the 2σ threshold.

4.3.11 MIPAS

The MIPAS FR data (2002–2004) are not considered here, due to an altitude-
dependent bias versus the OR data taken during 2005–2012. Nevertheless, the loss of20

a quarter of the MIPAS record does not affect the sensitivity of our analysis too much,
since the sampling is sufficiently high. In the middle and upper stratosphere, the small-
est single-site regression uncertainty is 1.5 % decade−1 and typically ∼3 % decade−1.
These errors do not fully cover the observed variability between sonde stations. They
are therefore scaled by a factor of κ ≃ 2 between 20–50 hPa and ≃1 below 100 hPa.25

The resulting 2σ detection limit for the network average is 3–4 % decade−1 between
10–100 hPa and 4–8 % decade−1 in the upper stratosphere.
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The stability of the MIPAS OR record relative to ground measurements is better than
±2 % decade−1 in the middle and upper stratosphere, and better than ±5 % decade−1

at lower altitudes (Fig. 5). None of the results are significant and we therefore conclude
that the MIPAS OR record is stable up to 1 hPa. If the user wants to include FR data
as well for trend analyses, the additional (altitude-dependent) drift can be avoided as5

long as the FR-OR bias is accommodated for as a free parameter in the regression
analysis (Eckert et al., 2014).

4.3.12 SCIAMACHY

The excellent sampling of SCIAMACHY allows us to probe its stability down to
0.8 % decade−1 at some ground sites, and on average down to ∼2 % decade−1. Again,10

these statistical uncertainties do not cover the variability of 6 % decade−1 observed
between the stations. The χ2-adjustment factor is therefore higher than for other in-
struments, κ ≃ 2 over most of the middle stratosphere. The drift averages become sig-
nificant when they cross the 3–6 % decade−1 bar in the middle and upper stratosphere.

Below 30 km the SCIAMACHY profiles drift to higher values relative to ozonesondes15

and lidars (Fig. 5). The drift is nearly independent of altitude and amounts to about
+(2-3) % decade−1, right at the detection threshold. The sign changes around 30 km,
above which a highly significant negative drift develops relative to all lidar stations
(Fig. 4, purple line). The drift reaches maximal significance, more than 4σ, around
38 km with a magnitude of −8 % decade−1. Figure 2 illustrates the negative drift at20

38 km in the comparison time series for the Mauna Loa lidar station (19◦ N, 156◦ W).
The large drift of SCIAMACHY ozone explains, at least partially, the more negative

trends derived from the IUP Bremen v2.5 data set than those found from other records
like Aura MLS and OSIRIS (Gebhardt et al., 2014). It should be noted that the latter
study considers a different Level-2 processor than here, but there have been reports25

of a negative drift at 30–40 km of −5 % decade−1 for the IUP Bremen processor as
well (Tegtmeier et al., 2013; Lambert et al., 2014). Since both processors digest the
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same Level-1 data, it is plausible that the degradation of the instrument is not entirely
corrected for by the Level-1 calibration scheme (Krijger et al., 2014).

4.3.13 ACE-FTS

The solar occultation instruments aboard SCISAT sample mainly high latitudes where
the analysis lacks a lidar site. Our study is therefore limited to the lower and middle5

stratosphere. The best single-site drift uncertainty is 3 % decade−1, whereas it amounts
to about 10 % decade−1 in general, close to the observed variability between stations.
The observed drifts remain within ±5 % decade−1, consistent with the no-drift hypoth-
esis (Fig. 5). The ACE-FTS data record can therefore be considered stable to within at
least ±8 % decade−1. A more precise analysis down to the ±5 % decade−1 level should10

be possible when the ACE-FTS profiles taken after September 2010 are included in
the analysis.

4.3.14 MAESTRO

The uncertainty on the stability of the MAESTRO record is slightly poorer than that
of ACE-FTS. The larger single-station uncertainties, at least 5 % decade−1 and typ-15

ically 12–14 % decade−1, lead to a 2σ detection at a level of 8–14 % decade−1 and
8–40 % decade−1 in the middle and lower stratosphere. The results never cross these
thresholds: below 20 km we find a drift between −5 and +10 % decade−1, above 20 km
the drift is mainly positive around +4 % decade−1 (Fig. 5). So the MAESTRO record
is stable within ±10–15 % decade−1. Again, like for ACE-FTS, the uncertainty will de-20

crease once the post-September 2010 profiles can be added to the analysis.

5 Bias and short-term variability

After studying decadal stability, we address the overall bias and short-term variability
and search for patterns in altitude, latitude and season. As in the previous section,
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we focus here on the individual satellite records in their native profile representation.
Later on we expand the discussion to the consistency between profile representations
(Sect. 6) and between satellite records (Sect. 7).

5.1 Methodology

Again, robust statistics are adopted that protect against outliers. We define the bias5

b(l ) as the median of the difference distribution at grid level l

b(l ) = q50
i

(∆xi (l )), (5)

where i runs over the pairs in the comparison sample. The 68 % interpercentile of the
difference distribution

s(l ) =
1
2

[

q84
i

(∆xi (l ))−q16
i

(∆xi (l ))
]

(6)10

is referred to as comparison spread s. We stress that s should not be confused with
an estimate of the precision of the satellite data, as other, non-negligible terms enter
the comparison error budget. These include the precision of the ground-based data
and random metrological uncertainties related to the difference in sampled air masses
(Sect. 3). In principle a similar remark is valid for the bias b as well, but systematic15

metrological uncertainties are expected to play a smaller role, except perhaps in the
UTLS.

5.2 Results

The vertical and meridional structure of bias and comparison spread, relative to
ozonesonde measurements, is shown in Figs. 6 and 7. Since there is more resem-20

blance between the instruments, we only showed a few typical cases for the compar-
ison spread. Table 5 summarises the sonde and lidar-derived bias estimates in four
layers of the atmosphere.

6699



AMTD

8, 6661–6757, 2015

Ground-based

assessment of limb

and occultation

ozone profile data

records

D. Hubert et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
is

c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|

5.2.1 SAGE II

Between 20–40 km SAGE II ozone remains mostly within ±3 % of the correlative mea-
surements. Above 30–35 km, however, the sunrise profiles have a ∼5 % more negative
bias relative to lidars than the sunset profiles (not shown here). Hence, SAGE II sun-
rise ozone is lower than sunset ozone in the middle and upper stratosphere, confirming5

earlier studies (Randall et al., 2003; Kyrölä et al., 2013). In the lowermost stratosphere,
and below, ozone is underestimated by up to −(10–15) %. The spread in the com-
parisons is lowest between 25 and 40 km and shows poleward increases, 5 % at the
Equator and ∼10 % at the high latitudes. Below 20 km the observed spread increases
rapidly to 20–30 %, and especially under Antarctic ozone hole conditions.10

5.2.2 SAGE III

The stratospheric bias of SAGE III is mostly less than ±3 %, like its predecessor. The
bias is negative below ∼15 km and in the Arctic between 10–35 km. Elsewhere, ozone
is slightly overestimated. The difference in bias relative to northern and southern li-
dars is small, so any sunrise (30–50◦ S) versus sunset (50–80◦ N) bias can not be15

large above 30 km. The short-term variability seems a few percent better than that of
SAGE II, about 5 % at mid-latitudes and 8 % in the Arctic. Below 20 km and above
35/40 km the variability in the comparisons increases markedly.

5.2.3 HALOE

In the upper stratosphere and tropical middle stratosphere HALOE overestimates20

ozone by up to +3 %. In contrast, a negative bias is noted over the rest of the at-
mosphere. In the middle stratosphere it is not more than −5 %, and decreases rapidly
below the 50 hPa level, reaching at least −25 % at 200 hPa. The variability in the com-
parisons is similar to that from the SAGE instruments, ranging from 5–10 % in the
middle and upper stratosphere, and peaking at 30–40 % around the tropopause. Dur-25
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ing the Antarctic ozone hole season, the volume mixing ratios are overestimated by
+25 % and the spread increases to 35 %.

5.2.4 UARS MLS

Our findings corroborate most of those by Livesey et al. (2003): (a) above 50 hPa
UARS MLS slightly overestimates ozone by up to +5 %, (b) the 68 hPa and 100 hPa5

levels exhibit larger biases up to +10 %, and (c) the bias peaks at 68 hPa. How-
ever, negative biases up to −5 % are seen between 10–50 hPa relative to southern
ozonesondes and above 5 hPa relative to northern lidars. The short-term variability is
similar to the previous records, but reaches the 5–10 % range somewhat higher up in
the middle stratosphere, around 20 hPa. At lower altitudes the comparison spread in-10

creases fast, topping at more than 40–50 % at the tropopause. We noted furthermore
that the UARS MLS bias depends on the profile representation if one uses the GPH
and temperature data included in the MLS product to perform conversions. This will be
discussed in more detail in Sect. 6.

5.2.5 Aura MLS15

Aura MLS ozone remains within ±3 % of correlative measurements between 5–50 hPa,
except in the Arctic where a clear negative bias of −5 % is noted. The most striking
bias characteristics are the stationary vertical oscillations found in the finer vertical
retrieval grid results (version 3.3/3.4 data, see Livesey et al. (2013a)). They are very
pronounced in the tropical UTLS where the amplitude reaches 10–15 %, but extend to20

higher latitudes and altitudes as well, with amplitudes of 3–5 %. The previous data re-
lease, v2.2, has a coarser grid in the UTLS and displays fewer oscillations. The recent
new release of Aura MLS data (version 4.2) mitigates these oscillations to some ex-
tent (Livesey et al., 2015). The comparison spread shows that the single-profile noise
is better than 4–7 % in the middle and upper stratosphere, and starts to degrade below25

the 50 hPa level. The Aura MLS bias furthermore depends on the profile representa-
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tion if one uses the GPH and temperature data included in the MLS product to perform
conversions. We discuss this in Sect. 6.

5.2.6 POAM II

We observe a negative bias of about 5–10 % between 20–30 km, which becomes
rapidly more pronounced in the Antarctic lower stratosphere. In the northern lower5

stratosphere, however, the bias remains between 0 and −5 %. Above 30 km, there is a
positive bias of 5–10 % or more relative to the polar lidars. The small lidar comparison
sample did not allow us to study sunrise versus sunset results. The comparison spread
is 5–10 % in the middle and upper stratosphere, and increases below 20 km.

5.2.7 POAM III10

The POAM III bias is less than 5 % in MS and US, and has a negative sign between
18–30 km and positive elsewhere. Here, the spread in the comparisons is also similar to
its predecessor, ranging between 5 and 10 %. In the LS the overestimation becomes at
least +10 %, and, again, the spread is more pronounced. The small lidar comparison
sample did not allow us to confirm the 5 % sunrise/sunset bias reported by Randall15

et al. (2003).

5.2.8 OSIRIS

Our bias results are very consistent with those of a comprehensive comparison of
OSIRIS to GOMOS and Aura MLS (Adams et al., 2013). OSIRIS ozone mostly re-
mains within ±4 % from correlative measurements above 20 km. Two features stand20

out. First and foremost, a marked peak in bias around 22 km is observed at all lati-
tudes, which is possibly related to biases in the aerosol retrieval preceding the ozone
retrieval (Adams et al., 2013). The comparison to southern lidars shows a second jump
towards a persistent +5 % high bias, occurring between 30–35 km. Such a feature is
not seen in the Northern Hemisphere. In the lower stratosphere, below 20 km, OSIRIS25
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underestimates ozone by 5–10 % at mid and high latitudes and by more than 20 % in
the Tropics. Comparison spreads range from 6 to 11 % between 20 and 35/40 km. In
the UTLS these increase to 20–40 % at 15 km, depending on latitude.

5.2.9 SMR

Our analysis confirms earlier reports of a systematic underestimation by 5 to 10 %5

relative to sonde and lidars in the upper and (most of the) middle stratosphere. The
bias changes sign at lower altitudes and peaks at +5 to +10 % around 20 km. The
most notable characteristics is the high comparison spread. It ranges between 20 % to
30 % from the tropical to the polar middle stratosphere, and is larger at other altitudes
(Fig. 7). The large single-profile variability is caused by the weak 501.8 GHz ozone line10

used for the retrievals. Another SMR ozone profile data set, retrieved from the stronger
544.6 Ghz line, is less noisy, but this comes at the cost of a more important negative
bias.

5.2.10 GOMOS

The GOMOS ozone bias above 20 km is generally less than ±3 %. The exception is15

the Arctic where a −7 % bias is found relative to ozonesonde and lidar at 25 km and
again at 40 km. Another notable feature is that the sign of the bias in the extratropical
UTLS is opposite in both hemispheres. It reaches −20 % in the North and +20 % in the
South at 10 km. In the middle and upper stratosphere the comparison spread ranges
from 7 % in the Tropics to 11 % at high latitudes (Fig. 7). Below 20–25 km GOMOS data20

becomes notably more noisy, at 15 km the observed spreads amount to 25–50 %, as a
result of the increasing opaqueness of the atmosphere.

5.2.11 MIPAS

MIPAS OR data overestimate ozone relative to sondes and lidars over most of the
stratosphere, except in the Arctic. At mid and low latitudes there are two bias peaks of25
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+(5–10) % around 50 hPa and 5 hPa. At other altitudes the bias remains below 5 %. At
the bottom of the profile, below 200 hPa, ozone is overestimated by at least 20 %. In
the Tropics the bias briefly flips sign between 50–200 hPa, here a very negative bias
is found. From 20–40 km, the observed spread ranges from 4 % in the Tropics to 8 %
at higher latitudes. Again, in the UTLS a sharp increase is observed (Fig. 7). We also5

noted a dependence of the MIPAS bias on the profile representation, if one uses the
pressure and temperature data included in the MIPAS product to perform conversions.
More details follow in Sect. 6.

5.2.12 SCIAMACHY

The SCIAMACHY bias is considerably positive over most of the atmosphere and10

manifests a very rich structure in altitude, latitude and season. The agreement with
ozonesonde and lidar is better than 10 %, and best at mid-latitudes (between 0 and
+5 % over 15–40 km). However, the bias easily reaches +15 % over a large part of the
stratosphere, stretching from 30◦ N–60◦ S (> 25 km) to 60◦ S–90◦ S (> 35 km). The Arctic
data are peculiar as well. There is a clear vertical dependence of the bias, peaking at15

+10 % around 20 km and at −10 % at 15 and 30 km. Also, both bias and comparison
spread vary strongly with season. The bias at 20 km reaches a maximum of +25 %
during local winter and a minimum of 0 % in summer. Similarly, the mean comparison
spread is about 20 %, but it peaks at 30 % in winter and shrinks to 10 % in summer.
At other latitudes the observed spread is never below about 10 %. Furthermore, in20

Sect. 6 we will show that the SCIAMACHY bias depends on the profile representation,
if one uses the pressure and temperature data included in the SCIAMACHY product to
perform conversions.

5.2.13 ACE-FTS

ACE-FTS ozone remains generally within about ±3 % from ground-based measure-25

ments over the entire stratosphere. The bias is only negative relative to Arctic ozone
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sondes, everywhere else the ozone mixing ratios are overestimated. Above 30 km, the
comparisons to mid-northern and high-southern lidars indicate a slightly larger posi-
tive bias, but not more than +5 %. The relative bias exceeds the 5 % very low in the
atmosphere, just around the tropopause. The record performs also well in terms of
short-term variability. The comparison spread is at most 7 % (10 %) at high latitudes in5

the middle (upper) stratosphere. It increases strongly below 20 km.

5.2.14 MAESTRO

The MAESTRO data set is typically biased low in the Northern Hemisphere (3 to 5 %)
and high in the Southern Hemisphere (0 to 10 %). Ozone is clearly underestimated
below 15 km, by at least 20 % at all latitudes. The observed comparison spreads range10

from 7 % at mid-latitudes to 10 % in the Arctic.

6 Impact of auxiliary data on non-native representations

So far, we have considered the quality of the satellite records in their native pro-
file representation. But a user may actually desire another representation depending
on his/her application (e.g. model comparisons, merging or assimilation of different15

records). In this case coincident altitude, pressure and/or temperature profile data are
necessary for the conversion between ozone VMR and number density or between alti-
tude and pressure. Users may prefer measurements, climatologies or reanalysis fields,
all of which bring along uncertainties (e.g. Thorne et al., 2011; Seidel et al., 2011;
Stauffer et al., 2014; Simmons et al., 2014). These ultimately add uncertainty Sauxiliary20

to the transformed ozone profile, which may have structure in space (altitude, lati-
tude) and time (season, decades). Moreover, the currently observed negative trend of
1 K decade−1 in upper stratospheric temperature data already leads to representation-
dependent differences of up to 1 % decade−1 in the ozone trends (McLinden and Fi-
oletov, 2011). It is important to realise that a drift in temperature data will, in a simi-25
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lar fashion, introduce extra (altitude-dependent) drift in non-native ozone representa-
tions. Here, we consider the auxiliary data provided in the satellite data files, see Ta-
ble 3. The auxiliary profiles for ground-based data are taken from actual measurements
(ozonesonde: coupled radiosonde) and reanalysis fields (lidar: ERA-Interim).

Below about 35 km (∼5 hPa) there is generally no clear change in bias or compari-5

son spread (both < 0.5–1 %) and drift (< 1 % decade−1) after the conversion to another
representation. There is hence no considerable difference in bias, short-term variability
or long-term stability of the auxiliary data for most satellite and ground-based profiles.
Examples are shown for SAGE II bias (Fig. 8) and HALOE and OSIRIS drift (Fig. 9).
Temperature records are generally less consistent in the upper stratosphere (Simmons10

et al., 2014), so it is not surprising to observe considerable changes in ozone bias (up
to ∼5 %) or drift (up to ∼5 % decade−1) around 45 km (∼1 hPa).

For a few records we find clear indications that the accompanying auxiliary data have
a more important impact. MIPAS bias changes by about 3 % when switching between
VMR and number density, except between 25–30 km (∼10–20 hPa), see Fig. 8. The ef-15

fect is slightly more pronounced in the Tropics and slightly less in the polar regions (not
shown). It is not impossible that this dependence is actually a result of the conversion of
the averaging kernels used to smooth the correlative profiles. Interestingly, transform-
ing the vertical coordinate does not influence the MIPAS bias. The SCIAMACHY bias
depends on both vertical and ozone coordinate over the entire stratosphere, by 3–5 %20

(Fig. 8), likely as a result of P/T uncertainties in the McLinden climatology. Both MLS
records on the other hand exhibit clear representation dependences of the drift (Fig. 9),
and to a lesser extent of the bias as well (although the ozonesonde and lidar results
are somewhat discrepant, Fig. 8). The Aura MLS drift changes by about 3 % decade−1,
similar to earlier reports (Adams et al., 2014). The dependence has opposite sign for25

UARS MLS and is more pronounced, up to ∼10 % decade−1. These observations are
consistent with the known drifts in absolute pointing of the MLS records. Whereas
UARS MLS geopotential height profiles drift upwards, by ∼1000 m decade−1 (Livesey
et al., 2003), the Aura MLS v3.3/v2.2 GPH data drift downwards by ∼120 m decade−1,
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especially between 2005–2009 (Livesey et al., 2015). Obviously, if a more stable and
less biased source of auxiliary data were used for the conversion, the reported issues
for MIPAS, SCIAMACHY and the MLS records could be easily avoided. Our results
suggest that radiosonde data, reanalysis fields by ERA-interim (lidar) and MERRA
(SAGE II), and ECMWF operational data (SMR, OSIRIS, GOMOS) allow for consis-5

tent conversions.

7 Consistency between satellite records

Until now we discussed each satellite Level-2 data set individually. Here, we take ad-
vantage of the specific design of the analysis to compare the satellite records directly.
What follows is an evaluation of their mutual consistency in terms of bias (Fig. 10),10

short-term variability (Fig. 11), decadal stability (Fig. 12) and auxiliary data.

7.1 Bias

Figure 10 shows a superimposed view of the vertical structure of satellite bias in five
latitude bands, in the native representation of each satellite record. The smallest bi-
ases and best mutual consistency are found between 20–40 km (∼2–50 hPa). Here,15

satellite and ground-based measurements agree within 5 % or better (grey shaded
area). Furthermore, the inter-satellite bias is not more than about 5 %. This illustrates
the excellent consistency of all satellite and ground records in this part of the atmo-
sphere. The consistency appears slightly poorer in the uppermost stratosphere (above
40 km/∼2 hPa), perhaps due to the lower ozone abundances or due to larger system-20

atic uncertainties in the lidar measurements. In the lower stratosphere and below the
tropopause (grey horizontal line) there is a clear degradation of the percentage bias
and consistency, due to declining ozone levels and increasing interference by clouds
and aerosols (Wang et al., 1999, 2002; Randall et al., 2003). The bias relative to son-
des easily reaches 15 % and more, and the inter-satellite biases can be more than25
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twice as large. Exceptions to this general picture are POAM II (dashed green) and
especially SCIAMACHY (solid yellow). POAM II ozone is systematically low by about
−5 to −10 % in the middle stratosphere, except in the Arctic. The SCIAMACHY bias
reaches 10 % and more over a large part of the stratosphere, with a peculiar merid-
ional structure, and a seasonal dependence that is very pronounced in the Arctic (not5

shown). Section 5 presented noteworthy bias features for other records as well, but of
smaller magnitude and at smaller atmospheric scales: SMR (crosses the −5 % thresh-
old above 35 km or ∼5 hPa), Aura MLS (distinctive vertical oscillations in the UTLS),
MIPAS (persistent positive bias of ∼5 %), OSIRIS (sudden bump in bias around 22 km)
and GOMOS (larger negative bias in Arctic).10

Some bias features in Fig. 10 are common to the satellite measurements, and,
hence, possibly related to the ground-based data quality. Perhaps the most striking,
and not understood at the moment, is that the Arctic middle stratospheric bias is nega-
tive for most satellite records, relative to both sonde and lidar. This may indicate that the
Arctic ground-based ozone values are too high. Secondly, there is a systematic posi-15

tive upper stratospheric bias at tropical and southern mid-latitudes, possibly caused by
a small negative bias of the dominating lidar record (Mauna Loa and Lauder). These
∼3 % biases remain within the systematic uncertainty due to uncertainties on the ab-
sorption cross sections used for the lidar retrievals. Thirdly, a ∼10–15 % negative bias
seems present in the early Dumont d’Urville lidar record (1991–1998) (Godin et al.,20

2001). Indeed, all satellite records that started before 1999 (dashed lines) are biased
high with similar magnitude in the Antarctic middle and upper stratosphere, while that
is not the case for the more recent comparisons at this lidar site (2008–2013, solid).
And finally, we systematically note a curved vertical structure of the bias relative to
ozonesondes: sonde ozone values are decreasing by up to 5 % between 25 km and25

the top of the profile. This may be related to an incomplete sonde correction scheme
for the reduced pump performance or the increased bias in pressure readings. Apart
from these differences, the ozonesonde and lidar results are highly consistent, high-
lighting the suitability of these ground-based networks as a transfer standard.
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7.2 Comparison spread

The comparison spread results in Fig. 11 are more straightforward than those of the
bias. There is a consistent dependence on latitude and altitude for all records. Between
20–35/40 km the spread ranges between 5–12 % and increases slightly from the Trop-
ics towards the poles, qualitatively consistent with a larger co-location mismatch uncer-5

tainty due to higher natural variability at high latitudes. Above 35–40 km the precision
of the lidar measurements degrades, leading to a ∼5 % and more increase in compar-
ison spread. Below 20 km the spread increases rapidly, easily more than 40 % at the
tropopause, due to the higher natural variability. But here the lower signal to noise ratio
(clouds, aerosols) plays a role as well and differences between records become obvi-10

ous. GOMOS and UARS MLS appear less sensitive to ozone in the lower stratosphere.
The most precise measurements over the entire stratosphere, on the other hand, are
done by ACE-FTS, Aura MLS and MIPAS, although the comparison spread results for
the latter two records may include a smaller co-location mismatch component due to
the tighter time window (6 h instead of 12 h). SCIAMACHY and SMR are clearly dif-15

ferent. The single-profile variability in the SMR comparisons is more elevated over the
entire stratosphere (20–30 %). For SCIAMACHY this is seen in the upper stratosphere
(10–15 %), and particularly in the Arctic (25–40 %) where a clear bump is discerned
around 25 km, together with a very strong seasonal dependence (10 % in boreal sum-
mer, more than 30 % in winter). During the Antarctic ozone hole season, the extremely20

low ozone conditions blow the comparison spread of all records up to 40 % or more
around 20 km (not shown here in detail). The low signal to noise ratios thus pose a real
challenge for all limb/occultation sounders.
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7.3 Decadal stability

Figure 12 presents a superimposed view of the vertical structure of the ground-
network averaged decadal stability of all satellite records2, in their native represen-
tation. The drift relative to ground observations is generally not significant and less
than 5 % decade−1 in the middle and upper stratosphere, for some records even bet-5

ter than 3 % decade−1 over a large part of the stratosphere. The relative drift between
satellite records can be twice as large however. A few records deviate from this general
tendency. Either seemingly so because of large drift uncertainty (UARS MLS, SAGE III,
POAM II), or because of the presence of a significant drift (HALOE between 20–35 km,
SCIAMACHY between 30–45 km, OSIRIS between 35–45 km). The GOMOS (below10

25 km) and SMR (above 35 km) records may drift as well, although the results are
close to the detection threshold. Another peculiarity is the possible presence of a com-
mon, weak vertical dependence of the drifts in the middle stratosphere. These tend to
become gradually more positive with increasing altitude, by 1–2 % decade−1 between
20–30 km, see Fig. 5 (e.g. SAGE II, Aura MLS, OSIRIS, GOMOS). This unexplained15

feature is observed independently of satellite record, or of type of correlative instru-
ment, and deserves further study.

7.4 Impact of auxiliary data

Satellite ozone profile data quality is generally not affected by the conversion to another
representation with the help of the accompanying pressure and temperature profiles.20

Bias, spread or decadal stability typically change by less than 1 % or 1 % decade−1

respectively in the lower and middle stratosphere, and somewhat more in the upper
stratosphere. This demonstrates the good mutual consistency of the meteorological
data by ozonesonde, MERRA and ERA-Interim. The exceptions are MIPAS and SCIA-

2To avoid clutter in Fig. 12 SAGE III and POAM II are not shown in the panels on the left.
These can be seen in Fig. 5.
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MACHY (3–5 % change in bias) and the Aura MLS and UARS MLS records (respec-
tively 3 and 10 % decade−1 change in drift). Obviously, the introduction of these artificial
effects can be avoided by using less biased or more stable sources of auxiliary data.

8 Discussion

The patterns in bias, short-term variability and decadal stability of the Level-2 ozone5

profile records identified in the preceding sections will affect higher-level products if not
properly accounted for. Many studies within the community are based on gridded Level-
3 data (e.g. monthly zonal means from single or a series of instruments) or assimilated
Level-4 fields. In this section we discuss the relevance of our Level-2 assessment for
the construction and analysis of these derived records, and focus in particular on im-10

plications for recent ozone profile trend assessments.

8.1 Can end-user requirements be verified?

We start the discussion by reflecting on the requirements of end users. Naturally,
these depend on the envisaged application, so various sets of requirements have been
drafted by the community3. We focus here on climate applications which rely on stable15

data sets spanning multiple decades on a global scale. The Global Climate Observ-
ing System (GCOS), for instance, requests an accuracy (Joint Committee for Guides
in Metrology, 2012) better than 10 % in the UTLS and 5–20 % above, and a stability
better than 1 % decade−1 (GCOS, 2011). Within ESA’s Climate Change Initiative pro-
gram (Ozone_cci) similar requirements were set for accuracy (< 8–15 %) and some-20

what looser targets for stability (< 1–3 % decade−1) (van der A et al., 2011).
In practice, the accuracy and stability of a particular record can of course only be

tested to a level determined by the accuracy and stability of the reference data and
by metrological constraints. From Figs. 10 and 11 we conclude that ground-based

3For an overview, see http://www.wmo-sat.info/oscar/variables/view/108.
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studies are indeed able to verify an accuracy of 5–10 %, and resolve altitude-latitude-
season patterns, in the middle and upper stratosphere. This is much more challenging
in the UTLS, where metrological uncertainties become important due to increased nat-
ural variability and imperfect co-locations or differences in smoothing. Model data can
help to reduce these, e.g. Verhoelst et al. (2015) showed recently that MACC (IFS-5

MOZART) and MERRA reanalysis fields allow them to close the error budget for total
ozone column validation studies. However, further work is needed in the context of
vertical profile validation.

It is even more challenging to verify the GCOS requirements for stability. Figure 12
(right panels) shows that the verification of the 1 % decade−1 targets with 95 % confi-10

dence is possible for just a few records (SAGE II, Aura MLS) and only in the middle
stratosphere. In general, the analysis is not sensitive to network-averaged drifts below
2–3 % decade−1 in the middle stratosphere. In the upper and lower stratosphere, focal
regions for current trend studies, the 2σ uncertainty on the drift is 3–4 % decade−1 or
worse. In addition, a ground-based assessment of the meridional structure of satellite15

drift is currently infeasible. This is due to a lack of stations in certain latitude bands
and the considerable observed scatter in the single-station drift estimates. However,
there is some room for improvement. The best sampled comparison time series yield
1σ drift uncertainties as low as 0.7 % decade−1 at individual sites. But the dominant
contribution to the network-averaged drift uncertainty of some recent satellite records20

comes from the scatter in the drift estimates at individual sites (Fig. 3). More ho-
mogeneity across the network will surely be beneficial, and this is one of the aims
of the Ozonesonde Data Quality Assessment initiative (O3S-DQA). New correction
schemes are being developed for the few percent biases introduced by (station- and
time-dependent) changes in instrumental and post-processing set-ups, which may, ul-25

timately, lead to more homogeneous sonde time series in time and space (Smit et al.,
2012). When successful, this may perhaps allow an exploration of meridional drift struc-
ture as well. Also longer time series will help, but not to the full extent of what is actu-
ally desired. And finally, with the help of current models part of the comparison spread
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could be removed statistically, which should, at least in the UTLS, lead to reduced drift
uncertainties. Nevertheless, we consider it improbable that in the next few years suf-
ficient progress can be made to demonstrate that single satellite records are stable
within 1 % decade−1 relative to ground-based network observations. At the moment,
2–3 % decade−1 seems a more realistic target.5

8.2 Implications for merging schemes

Space-based instruments are rarely operational for much more than a decade. Vari-
ous groups have therefore produced multi-decade data sets from a series of individual
records. Those based on limb/occultation instruments include SAGE-GOMOS (Kyrölä
et al., 2013; Penckwitt et al., 2015), SAGE-OSIRIS (Bourassa et al., 2014; Sioris10

et al., 2014), GOZCARDS (Froidevaux et al., 2015), SWOOSH (Davis et al., 2015) and
Ozone_cci (Sofieva et al., 2013), all listed in Table 6. These Level-3 data are typically
reported as monthly averaged ozone over 5–10◦ latitude bins. A recent intercompar-
ison by Tummon et al. (2015) showed that the differences between the merged data
sets are dominated by the differences between the underlying data sets and to a lesser15

extent by differences between the merging algorithms. This shows the importance of
a detailed understanding of the consistency between the Level-2 records in order to
understand the merged product. In addition, comprehensive intercomparison studies
(such as Jones et al. (2009); Dupuy et al. (2009); Nair et al. (2012); Tegtmeier et al.
(2013); Adams et al. (2014); Laeng et al. (2014) and this work), can guide the design20

of the merging algorithms so as to reduce the impact of unfavorable Level-2 character-
istics.

Although it is well known that the bias correction scheme should be altitude-latitude
dependent, further improvements could be made. The inclusion of a diurnal and sea-
sonal component may be pertinent, as we found sunrise-sunset bias differences for a25

few solar occultation instruments and a pronounced seasonal dependence of the bias
and short-term variability of e.g. Arctic SCIAMACHY data. We also reported that the
single Level-2 profile noise of SMR and SCIAMACHY is considerably higher than that

6713



AMTD

8, 6661–6757, 2015

Ground-based

assessment of limb

and occultation

ozone profile data

records

D. Hubert et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
is

c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|

of other records. Averaged profiles will be sufficiently precise over large bins (monthly,
5◦ latitude) since both instruments are dense samplers, but this may not be the case
at finer spatio-temporal resolutions. Our assessment of stability furthermore demon-
strates the potential of drift correction schemes, especially when HALOE, OSIRIS or
SCIAMACHY data are involved (and likely GOMOS and SMR as well). Eckert et al.5

(2014) have recently explored this approach, by correcting MIPAS trends for a drift rel-
ative to Aura MLS. In practice, however, the uncertainty of the drift estimate between
two satellite records is often larger than the actual drift, especially for a short over-
lap period, which makes it very challenging to obtain robust corrections. Finally, the
impact of the auxiliary data should not be forgotten, since profile representation con-10

versions are typically required. We observed considerable changes in bias (MIPAS,
SCIAMACHY and UARS/Aura MLS to a lesser extent) and stability (UARS/Aura MLS)
due to the auxiliary data provided along with the ozone data sets. The use of a common
source of stable auxiliary profiles eliminates additional discrepancies between the con-
tributing records. Our results suggest that ECMWF (operational and ERA-interim) and15

MERRA fields impact ozone trends in a consistent way over the entire stratosphere.

8.3 Are observed trend differences due to drift?

Recently, a number of regression analyses were carried out on gridded ozone pro-
file data from a variety of limb and occultation instruments. A few studies considered
single records (Eckert et al., 2014; Gebhardt et al., 2014), others a combination of20

two (Kyrölä et al., 2013; Laine et al., 2014; Bourassa et al., 2014; Sioris et al., 2014) or
more data sets (Tummon et al., 2015; WMO, 2014; Harris et al., 2015). The resulting
profile trends are generally in reasonable agreement, but notable differences are ob-
served in some parts of the stratosphere. The scientific SCIAMACHY data set by IUP
Bremen, for instance, suggests a 2004–2012 trend in the Tropics around 35 km that25

is 4–6 % decade−1 more negative than OSIRIS and Aura MLS data (Gebhardt et al.,
2014). A combined SAGE-OSIRIS record, on the other hand, produces more positive
post-1998 trends in the uppermost stratosphere, by 3–4 % decade−1 at mid northern
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latitudes (Bourassa et al., 2014; Tummon et al., 2015; Harris et al., 2015). Two records
that combine SAGE and GOMOS data lead to considerably more negative trends than
other data sets in the lower stratosphere (Tummon et al., 2015; Harris et al., 2015).

Many of the ozone trend differences can not be explained by statistical uncertainty.
Our ground-based assessment of decadal stability suggests that these may be inter-5

preted, at least for the better part, in terms of instrumental drift. Indeed, we noted
a +8 % decade−1 drift above 40 km for OSIRIS and a −8 % decade−1 drift for SCIA-
MACHY4 around 35 km. Additionally, we found indications of a −5 % decade−1 drift of
GOMOS below 20 km. These quite successful interpretations of some recent ozone
trend differences builds additional confidence in our single-instrument drift estimates,10

which could therefore be employed as 1σ systematic uncertainty for long-term trend
results for the corresponding records.

No studies have been performed so far of the decadal stability of the merged data
sets. Yet, there is a clear need for realistic drift estimates for such data sets as well (Har-
ris et al., 2015). We therefore make a first attempt to provide these for the merged15

records used by the recent WMO and SI2N assessments (WMO, 2014; Harris et al.,
2015). Table 6 presents drift estimates for three stratospheric layers and for two time
periods typically differentiated in trend analyses. Before 1997 all merged records rely
on SAGE II observations, which are stable to within 1–1.5 % decade−1 depending on
altitude. Since GOZCARDS and SWOOSH include HALOE data, the drift is possibly20

somewhat larger in the middle stratosphere. Producing post-1998 estimates is a more
intricate problem, due to the increasing number of contributing instruments, and due
to the fact that none of these cover the entire period. We are inclined to a conserva-
tive approach, giving figures that should be considered upper limits to the actual drift.
The SAGE-GOMOS record will be impacted by negative GOMOS drifts in the lower25

stratosphere. The SAGE-OSIRIS trends should be considered more uncertain in the
upper stratosphere due to drifting OSIRIS data. Records that use Aura MLS as back-

4Our analysis is based on the operational SCIAMACHY SGP v5.02 data set. The scientific
v2.9 data set by IUP Bremen drifts by −5 % decade−1 between 30–35 km (Lambert et al., 2014)
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bone (GOZCARDS, SWOOSH) should not be more unstable than about 2 % decade−1

in the stratosphere. A merged Ozone_cci data set is likely also prone to larger un-
certainty in the upper stratosphere (drifting OSIRIS, SCIAMACHY, SMR) and to some
extent in the lower stratosphere as well (GOMOS). We stress that a more rigorous as-
sessment is needed, since the estimates in Table 6 may well overestimate the actual5

drift. This work is currently on-going, following an approach similar to that by Frith et al.
(2014).

9 Conclusions

Ground-based network observations by ozonesonde and stratospheric lidar instru-
ments allowed us to assess the quality of fourteen records of the vertical distribution of10

ozone, collected by limb and occultation instruments over the past three decades. We
considered three aspects of satellite data quality: the stability at decadal time scale (or
drift), the overall bias, and the short-term variability. Further investigation of the vertical,
meridional and seasonal structure of these parameters, together with their dependence
on auxiliary data, revealed common and distinguishing features between satellite in-15

struments. Such a comprehensive analysis serves two main objectives. First, to verify
whether the spatio-temporal patterns of atmospheric ozone are correctly reproduced
by the individual instruments at different scales. Second, to assess the consistency be-
tween satellite records, which is vital for their synergistic exploitation, a topic that has
received increased interest in recent years.20

We start our concluding remarks by distilling the general tendencies, saving some
prominent exceptions for the folowing paragraph. Typically, we found a satellite-based
bias better than ±5 % between 20–40 km (∼2–50 hPa), increasing slowly towards the
stratopause (±10 %) and quite rapidly towards the tropopause (±15 % and more). A
similar vertical dependence was observed for the comparison spread. It generally25

ranges from 5 to 12 % between 20–40 km and increases towards the stratopause
(15–20 %) and tropopause (40 % and more). The precision of the records is actually

6716



AMTD

8, 6661–6757, 2015

Ground-based

assessment of limb

and occultation

ozone profile data

records

D. Hubert et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
is

c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|

better than suggested by the observed spread in the comparisons, since the latter also
includes the precision of the ground-based record and, especially in the UTLS, the ran-
dom uncertainties due to differences in co-location and horizontal smoothing. Never-
theless, the altitude at which the quality of UTLS observations starts to degrade rapidly
is clearly not only determined by the tropopause. It depends on the measurement tech-5

nique and instrument as well (e.g. UTLS observations of UV-visible star occultations
being less sensitive than those of infrared emissions at the limb). There were further-
more no evident signs of seasonal patterns, except for the Arctic SCIAMACHY data
which exhibit a 10 % increase (decrease) in bias and spread in boreal winter (summer).
We found no significant drifts at decadal time scales, most records are stable within10

about ±5 % decade−1 in the middle and upper stratosphere, and, for some records,
even within ±3 % decade−1 (SAGE II, Aura MLS and MIPAS). However, the drift uncer-
tainty should not be neglected, as our analysis is typically not sensitive (at 2σ) to drifts
smaller than 2–3 % decade−1 in the middle stratosphere and 3–4 % decade−1 at lower
and higher altitudes. The auxiliary data that accompany the satellite ozone data sets15

are generally well suited for the conversion between ozone and vertical coordinates.
Bias, spread and drift of ozone do not change by more than about 1 % or 1 % decade−1

due to quality features in the pressure and/or temperature information, and somewhat
more in the uppermost stratosphere.

There are of course exceptions to previous general observations. We noted more20

important biases (∼10 %) over much of the stratosphere for POAM II and SCIA-
MACHY, the latter also exhibits a clear hemispheric asymmetry. Two records show
markedly poorer single-profile precision: SMR (entire atmosphere) and SCIAMACHY
(upper stratosphere and Arctic). And three records drift significantly: HALOE in
the middle stratosphere (−5 % decade−1), and, in the upper stratosphere, SCIA-25

MACHY (−8 % decade−1) and OSIRIS (+8 % decade−1). There are also indications of
a −5 % decade−1 or more negative drift in the lower stratosphere for GOMOS, and in
the upper stratosphere for SMR. Further confirmation is needed however, in the mean-
time, we advise caution when using these two data sets at these altitudes. Finally, we

6717



AMTD

8, 6661–6757, 2015

Ground-based

assessment of limb

and occultation

ozone profile data

records

D. Hubert et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
is

c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|

observed for a few records a considerable impact of the accompanying auxiliary data
(e.g. GPH retrievals) on ozone quality in non-native profile representations. The ozone
bias changes by 3–5 % for MIPAS and SCIAMACHY; both MLS records (UARS and
Aura) show a coordinate dependence of the drift (by 3 % decade−1 or more) and per-
haps of the overall bias as well. We stress that these representation-dependent quality5

issues are unrelated to the satellite ozone retrievals themselves, and can be avoided by
using another, external source of auxiliary information for any necessary conversions.

Overall, the observing system of limb and occultation instruments produces ozone
profiles that meet the ∼10–15 % accuracy requirements by climate users, most cer-
tainly over 20–40 km, and perhaps in the lower stratosphere as well. However, it re-10

mains unclear whether the current Level-2 records comply with the 1–3 % decade−1 tar-
get on decadal stability. The combination of different data sets has received widespread
interest in recent years, but also poses several challenges. Our results show that the
merging schemes should be sufficiently refined to temper additional artefacts in the
Level-3 data sets. Even then, the characteristics of merged records remain mostly de-15

fined by those of their contributors (Tummon et al., 2015). Multi-instrument comparison
studies are therefore prerequisite to establish observational evidence. Indeed, we could
relate the most notable differences between recent ozone profile trend studies to instru-
mental drift (WMO, 2014; Harris et al., 2015). This led us to a conservative estimate
of the decadal stability of several merged records, which, until more rigourous analy-20

ses are performed, provides essential information for the recent trend assessments by
WMO and SI2N.

Covering most limb and occultation ozone profilers of the past three decades, the
ground-based networks of sonde and lidar instruments, and all major data quality indi-
cators, this assessment is arguably the most comprehensive ground-based analysis so25

far. While bias and short-term variability of satellite records are well documented in the
literature, this is much less the case for their long-term stability, the impact of auxiliary
data and their mutual consistency. We therefore believe that this work will contribute
to an improved interpretation of observation-based studies of the long-term evolution
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of ozone and its link to climate change. However, our results represent a snapshot of
the current versions of the data sets. In the near future, improved (and for some in-
struments longer) ozone profile time series will be released by the satellite teams and
by the ground-based observers. Their efforts may lead to more stable records, which,
in turn, would increase the sensitivity to even smaller drifts. In addition, the inclusion5

of microwave radiometer measurements and model data should help to evaluate the
stability in the mesosphere and improve current estimates in the UTLS, especially in
the Tropics.
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Table 1. Overview of the 72 ozonesonde stations considered in this work, their location and the
archive the data were taken from. Period and profile statistics reflect the total, screened sample
straddling the analysis period (10/1984–5/2013), not the co-located sampled (which differs per
satellite instrument). The mark in the last column indicates whether the station is used for the
drift analysis.

Station
Lat. Lon. Data

Period Nprofile
Included in

(◦ N) (◦ E) archive∗ drift analysis

Alert 82.5 −62.5 WOUDC 12/1987 12/2011 1244 X

Eureka 80.0 −85.9 WOUDC 11/1992 9/2011 1318 X

Ny-Ålesund 78.9 11.9 WOUDC 10/1990 5/2013 2224 X

Thule 76.5 −68.7 NDACC 10/1991 1/2013 349 X

Resolute 74.7 −95.0 WOUDC 10/1984 8/2011 1020 X

Summit 72.3 −38.3 NDACC 2/2005 5/2013 427 X

Scoresbysund 70.5 −21.9 NDACC 2/1989 5/2013 1169 X

Sodankylä 67.4 26.6 NDACC 11/1991 12/2010 1085 X

Edmonton 53.5 −114.1 WOUDC 10/1984 8/2011 1193 X

Goose Bay 53.3 −60.4 WOUDC 10/1984 8/2011 1272 X

Lindenberg 52.2 14.1 WOUDC 10/1984 5/2013 1660 X

De Bilt 52.1 5.2 NDACC 11/1992 12/2012 1061 X

Vanscoy 52.0 −107.0 WOUDC 8/1990 9/2004 60
Valentia 51.9 −10.2 WOUDC 1/1994 12/2012 555 X

Uccle 50.8 4.3 WOUDC 10/1984 6/2012 3712 X

Gimli 50.6 −97.0 WOUDC 7/1985 8/1985 10
Bratt’s Lake 50.2 −104.7 WOUDC 12/2003 9/2011 402 X

Praha 50.0 14.4 WOUDC 1/1985 4/2013 1210 X

Kelowna 49.9 −119.4 WOUDC 11/2003 8/2011 432 X

Hohenpeißenberg 47.8 11.0 WOUDC 10/1984 5/2013 3586 X

Payerne 46.8 7.0 WOUDC 10/1984 12/2012 4052 X

Pellston 45.6 −84.7 WOUDC 7/2004 8/2004 5
Pietro Capofiume 44.6 11.6 WOUDC 3/1991 12/1993 95
Egbert 44.2 −79.8 WOUDC 12/2003 8/2011 373 X

Yarmouth 43.9 −66.1 WOUDC 10/2003 8/2011 394 X

Sofia 42.8 23.4 WOUDC 11/1984 12/1991 145
Trinidad Head 40.8 −124.2 WOUDC 1/1999 8/2006 197 X

Madrid 40.5 −3.7 WOUDC 12/1994 5/2013 738 X

Boulder 40.0 −105.2 NDACC 6/1991 5/2013 1097 X

Beltsville 39.0 −76.5 WOUDC 8/2006 8/2006 12
Huntsville 34.7 −86.6 WOUDC 4/1999 12/2007 574 X

Table Mountain 34.4 −117.7 WOUDC 2/2006 8/2006 35 X

Isfahan 32.5 51.4 WOUDC 7/1995 4/2011 151 X

Palestine 31.8 −95.7 WOUDC 5/1985 6/1985 26
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Table 1. Continued.

Station
Lat. Lon. Data

Period Nprofile
Included in

(◦ N) (◦ E) archive∗ drift analysis

Houston 29.7 −95.4 WOUDC 7/2004 8/2006 62 X

Santa Cruz 28.5 −16.3 WOUDC 1/1996 5/2003 322
Izaña 28.3 −16.5 NDACC 1/1995 3/2012 976 X

Taipei 25.0 121.5 WOUDC 1/2000 8/2001 64
Hilo 19.7 −155.1 NDACC 7/1991 6/2010 855 X

Tecamec 19.3 −99.2 WOUDC 3/2006 9/2006 34
Barbados 13.2 −59.4 WOUDC 7/2006 8/2006 27
Cotonou 6.2 2.2 SHADOZ 1/2005 1/2007 97
Paramaribo 5.8 −55.2 NDACC 9/1999 5/2013 534 X

Kaashidhoo 5.0 73.5 WOUDC 1/1999 3/1999 54
San Cristóbal −0.9 −89.6 SHADOZ/WOUDC 3/1998 10/2008 708 X

Nairobi −1.3 36.8 SHADOZ/WOUDC 12/1996 12/2012 1058 X

Malindi −3.0 40.2 SHADOZ 3/1999 1/2006 191 X

Brazzaville −4.3 15.2 WOUDC 4/1990 10/1992 80
Natal −5.8 −35.2 SHADOZ/WOUDC 3/1990 12/2010 650 X

Watukosek −7.5 112.6 SHADOZ 8/1999 12/2011 573 X

Ascension Island −8.0 −14.4 SHADOZ/WOUDC 7/1990 8/2010 1112 X

Porto Nacional −10.8 −48.4 WOUDC 9/1992 10/1992 15
Samoa −14.2 −170.6 NDACC 8/1995 5/2013 663 X

Cuiaba −15.6 −56.1 WOUDC 9/1992 10/1992 22
Papeete −18.0 −149.0 SHADOZ/WOUDC 7/1995 12/1999 167
Suva −18.1 178.4 SHADOZ 2/1997 12/2011 727 X

Etosha Pan −19.2 15.9 WOUDC 9/1992 10/1992 15
Réunion Island −20.9 55.5 SHADOZ 1/1998 11/2012 810 X

Irene −25.9 28.2 SHADOZ/WOUDC 7/1990 10/2007 581 X

Easter Island −27.2 −109.4 WOUDC 8/1995 6/1997 71

Broadmeadows −37.7 144.9 WOUDC 2/1999 12/2012 623 X

Laverton −37.9 144.8 WOUDC 10/1984 2/1999 344 X

Lauder −45.0 169.7 NDACC 8/1986 5/2013 1609 X

Macquarie −54.5 158.9 WOUDC 3/1994 12/2012 712 X

Marambio −64.2 −56.6 WOUDC 11/1988 5/2013 891 X

Mirny −66.5 93.0 WOUDC 7/1989 12/1991 114
Davis −68.6 78.0 WOUDC 2/2003 12/2012 282 X

Syowa −69.0 39.6 WOUDC 12/1984 5/2013 1134 X

Neumayer −70.7 −8.3 WOUDC 3/1992 5/2013 1540 X

Novolasarevskaya −70.8 11.9 WOUDC 5/1985 2/1991 374
Mac Murdo −77.8 166.6 NDACC 8/1986 10/2010 817 X

Amundsen-Scott −90.0 −24.8 NDACC 11/1990 5/2013 1463 X

∗Sources: NDACC, http://www.ndacc.org; WOUDC, http://www.woudc.org; SHADOZ, http://croc.gsfc.nasa.gov/shadoz.
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Table 2. Like Table 1, but for the 13 considered stratospheric ozone lidar stations.

Station
Lat. Lon. Data

Period Nprofile
Included in

(◦ N) (◦ E) archive drift analysis

Eureka 80.0 −85.9 NDACC 2/1993 3/2009 513
Ny-Ålesund 78.9 11.9 NDACC 11/1991 3/2011 791
Andøya 69.3 16.0 NDACC 12/1994 4/2011 594

Hohenpeißenberg 47.8 11.0 NDACC 9/1987 5/2013 2280
Observatoire de Haute-Provence 43.9 5.7 NDACC 7/1985 5/2013 2776 X

Toronto 43.8 −79.5 NDACC 5/1991 12/1997 235
Tsukuba 36.0 140.1 NDACC 8/1988 2/2010 592
Table Mountain 34.4 −117.7 NDACC 1/1989 5/2013 1758 X

Mauna Loa 19.5 −155.6 NDACC 7/1993 5/2013 2401 X

Réunion Island −20.9 55.5 NDACC 5/2000 12/2006 85

Lauder −45.0 169.7 NDACC 11/1994 6/2011 1030 X

Rio Gallegos −51.6 −69.3 NDACC 8/2005 11/2010 140

Dumont d’Urville −66.7 140.0 NDACC 4/1991 2/2013 678
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Table 3. Overview of satellite ozone profile data records.

Instrument L2 data version
Observation Spectral region

Analysis period Latitude range
geometry O3 retrieval

SAGE II v7.0 solar occ. VIS 10/1984 8/2005 80◦ N – 80◦ S
SAGE III v4.0 solar occ. UV-VIS 3/2002 11/2005 50–80◦ N (SS),

30–50◦ S (SR)
HALOE v19 solar occ. MIR 10/1991 11/2005 80◦ N – 80◦ S
UARS MLS v5 limb MW 9/1991 ∗6/1997 34◦ N – 80◦ S,

34◦ S – 80◦ N
Aura MLS v3.3 limb MW 8/2004 5/2013 82◦ N – 82◦ S
POAM II v6 solar occ. VIS 11/1993 11/1996 55–71◦ N (SR),

63–88◦ S (SS)
POAM III v4 solar occ. VIS 4/1998 12/2005 55–71◦ N (SR),

63–88◦ S (SS)
OSIRIS v5.07 limb UV-VIS 10/2001 5/2013 82◦ N – 82◦ S
SMR v2.1 (501.8 GHz) limb MW 6/2001 5/2013 82◦ N – 82◦ S
GOMOS IPF 6.01 stellar occ. UV-VIS 7/2002 4/2012 90◦ N – 90◦ S
MIPAS ML2PP 6.0 (OR) limb MIR ∗1/2005 4/2012 80◦ N – 80◦ S
SCIAMACHY SGP 5.02 limb VIS 8/2002 4/2012 82◦ N – 80◦ S
ACE-FTS v3.0 solar occ. MIR 2/2004 ∗9/2010 85◦ N – 85◦ S
MAESTRO v1.2 (VIS) solar occ. VIS 2/2004 ∗9/2010 85◦ N – 85◦ S

∗Part of the record was not considered for this analysis.
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Table 3. Continued.

Instrument Vertical Vertical Native profile Source Screening reference
range [km] resolution [km] representation P/T

SAGE II CT–60 1 (z, n) MERRA (+GRAM-95) Wang et al. (2002)
SAGE III 6–85 1 (z, n) NCEP (+GRAM-95) Done by SAGE III team
HALOE 15–60 2.3 (p, VMR) Retrieved/NCEP Hervig and McHugh (1999)
UARS MLS 15–60 3–5 (p, VMR) Retrieved Livesey et al. (2003)
Aura MLS 10–75 2.5–4 (p, VMR) Retrieved Livesey et al. (2011)
POAM II 15–50 1 (z, n) UKMO –
POAM III 10–60 1–2 (z, n) UKMO Naval Research Lab (2005)
OSIRIS CT–60 1–2 (z, n) ECMWF Done by OSIRIS team
SMR 18–60 3 (z, VMR) ECMWF Jones et al. (2009)
GOMOS 12–100 2–3 (z, n) ECMWF ESA (2012a)
MIPAS 6–68 3–4 (p, VMR) Retrieved ESA (2012b)
SCIAMACHY 15–40 3 (z, n) McLinden clim. ESA (2013)
ACE-FTS CT–95 3–4 (z, VMR) Retrieved/CMC Dupuy et al. (2009)
MAESTRO CT–100 1.5 (z, VMR) ACE-FTS Kar et al. (2007)

6742



AMTD

8, 6661–6757, 2015

Ground-based

assessment of limb

and occultation

ozone profile data

records

D. Hubert et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
is

c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|

Table 4. Overview of the drift of satellite ozone profile records relative to ozonesonde and lidar,
in the lower, middle and upper stratosphere. For each altitude region we present the range of
the network average of the drift (ᾱ) and its adjusted one-sigma uncertainty (σ∗

ᾱ). Bold values
indicate results with more than 2σ significance.

Drift SAT-GND 10–20 km 20–30 km 30–45 km
Remark

[%/decade] ᾱ 1σ∗
ᾱ ᾱ 1σ∗

ᾱ ᾱ 1σ∗
ᾱ

SAGE II [−4,−1] 0.8–3.5 [−2,0] 0.5–0.8 [−2,+2] 1–2.5 very stable
SAGE III [−15,+5] 5–10 [−10,−2] 3–6 no results record too short
HALOE [−4,+4] 1.5–7 [-7, -1] 1–1.5 [−5,0] 1.5–4 significant 20–35 km

UARS MLS no UARS MLS data [+1,+5] 2–6 [−3,+7] 6–12 record short
Aura MLS [−5,−1] 0.8–2 [−1,+3] 0.6–1 [0,+3] 1.5–5 very stable

POAM II no results [−15,+15] 12–20 no results record too short
POAM III [−3,+10] 2–6 [−10,0] 2–4 no results record sparse

OSIRIS [−4,+1] 1.3–3.5 [+1,+3] 0.8–1 [+1, +8] 1–2 significant 37–45 km
SMR no SMR data [−4,+5] 1.5–3 [−15,+3] 3–7 SMR profiles noisy

GOMOS [−10,−4] 4–30 [−5,−1] 2–3 [−2,+3] 2–3 significant 18–25 km
MIPAS (OR) [−2,+2] 2–6 [−2,+3] 1.5–2 [−4,+1] 2–4

SCIAMACHY [−5,+5] 1.5–8 [+1,+3] 1.5–3 [-8, +1] 1.5–3 significant 30–45 km,
at threshold < 30 km

ACE-FTS [−5,+2] 4–10 [−5,+5] 3–4 no results record sparse
MAESTRO [−5,+10] 4–20 [0,+6] 4–7 no results record sparse
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Table 5. Overview of the bias of satellite ozone profile records relative to ozonesonde and lidar,
in the upper troposphere and stratosphere. For each altitude range we present the median
relative difference (bias b), and whether there are any dependences on latitude and season
that depart from the general tendency.

Bias SAT-GND [%] < TP TP–20 km 20–30 km 30–45 km Remark

SAGE II < −10 ±4 [−5,0] [0,+3]
SAGE III < −20 ±3 ±5 [+3,+7]
HALOE < −20 [−15,0] [−5,+3] ±4
UARS MLS – +10 [0,+5] [−5,+2]
Aura MLS ±15 ±5 ±4 ±3 vertical oscillations in UTLS
POAM II – [−7,−5] [−7,−5] –
POAM III – [−3,+10] [−5,−3] [0,+5]
OSIRIS −10 [−10,−3] ±3 [0,+5] +5 % at 22km
SMR – +5 −5 −5 negative bias above TP+10km

GOMOS
−20 (N) [−10,0] (N)

±5 ±5 N/S sign change troposphere
+20 (S) [+5,+15] (S)

MIPAS OR > +20 [0,+5] [0,+5] [+3,+7] persistent positive bias
SCIAMACHY > +20 ±7 [−5,+20] [0,+20] (a) Arctic seasonality,

(b) large + bias towards S hemisphere
ACE-FTS > +10 ±3 ±3 [0,+5]
MAESTRO – [−15,−3] [−5,0] ±3 sharp change at 15km
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Table 6. Decadal stability of merged ozone profile records (Level-3) estimated from our ground-
based assessment of the stability of the contributing Level-2 records, in two time periods and
three layers of the stratosphere. These drift values could serve as 1σ systematic uncertainty
in trend studies. Nevertheless, in expectation of more rigourous analyses, the estimates below
should be considered with care, as they may overestimate the actual drift.

Merged record
Pre-1997 Post-1998

LS MS US LS MS US

SAGE II–GOMOS 1–1.5 1 1–1.5 3–5 1.5–2 1.5–2
SAGE II–OSIRIS 1–1.5 1 1–1.5 2 2 3–5

GOZCARDS 1–1.5 1–1.5 1–1.5 1.5–2 1.5–2 1.5–2
SWOOSH 1–1.5 1–1.5 1–1.5 1.5–2 1.5–2 1.5–2
Ozone_cci no data 2–2.5 2 2–3.5

∗LS: 10–20 km (∼50–250 hPa), MS: 20–30 km (∼10–50 hPa), US: 30–45 km
(∼1–10 hPa).
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Figure 1. Overview of the native representation of the ozone profile records. A vertical band
defines the approximate range for the ground-based data sets, while individual levels are shown
for satellite profiles. Colours differentiate between altitude versus O3 number density (orange),
altitude versus ozone VMR (purple) and pressure versus ozone VMR (blue). Vertical grids that
are profile-dependent are marked with small vertical bars. Mesospheric measurements are not
considered in this work and hence not depicted.
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Figure 2. (Left) Time series of the ozone differences for GOMOS (top), OSIRIS (centre) and
SCIAMACHY (bottom) relative to the measurements (at three altitudes) from three different
ground-based instruments. The blue line depicts the baseline regression model, while the green
and orange lines show cross-checks (see text). The estimated drift α̂ and its 1σ̂α uncertainty
is mentioned at the bottom of each panel. (Right) Distribution of the drift obtained from 500
bootstrapped samples of the time series on the left. The light red zone marks the 95 % inter-
percentile of the drift distribution, which should be compared to the analytical derivation α̂±2σ̂α

(vertical blue lines).
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Figure 3. (Left) Each marker (and associated error bar) represents the drift α̂j (and one sigma
uncertainty σ̂α,j ) of HALOE (top) and Aura MLS (bottom) around 25 km relative to a station in
the NDACC/GAW/SHADOZ ozonesonde (black) and NDACC lidar (red) networks. The network
weighted mean ᾱ (horizontal white line), its adjusted uncertainty σ∗

ᾱ (dark grey area) and the
standard deviation of the single site drifts (light grey area) are shown for the ozonesonde net-
work. (Right) Corresponding distribution of ν (defined in the text) for the ozonesonde network.
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Figure 4. Comparison of the vertical structure of the drift and its 1σ uncertainty of SAGE II
and four recent satellite records relative to six lidar stations. Only selected levels are shown to
improve the readability.
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Figure 5. Average drift of each satellite record relative to the entire ozonesonde (black) and
lidar network (blue). The shaded region indicates the χ2-adjusted 95 % confidence interval for
the drift. The analysis is performed in the native profile representation of each satellite record.
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Figure 6. Meridional structure of the bias b relative to the ozonesonde network for all fourteen
satellite ozone profile records. The analysis is performed in the native profile representation of
each satellite record. Only bins with more than 10 comparison pairs are shown.
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Figure 7. Meridional structure of the comparison spread s of six satellite records relative to
the ozonesonde network. The analysis is performed in the native profile representation of each
satellite record. Only bins with more than 10 comparison pairs are shown.
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Figure 8. Dependence on profile representation of satellite bias relative to lidar (top row) and
ozonesonde data (bottom) at northern mid-latitudes. The satellite profiles are converted using
the auxiliary information provided in the respective satellite data files.
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Figure 9. Dependence on profile representation of satellite drift relative to the lidar (top row)
and ozonesonde network (bottom) network. The satellite profiles are converted using the aux-
iliary information provided in the respective satellite data files. Shaded area represents 1σ
uncertainty.
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Figure 10. Overview of the bias b of all satellite ozone records relative to the lidar (top row)
and ozonesonde (bottom) network in five latitude bands (columns). Dashed lines indicate in-
struments that ceased operations prior to 2006. Horizontal lines indicate the average altitude of
the tropopause. The analysis is done in the native system of each satellite record. Most satellite
records agree within ±5 % with the ground-based data in the middle and upper stratosphere.
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Figure 11. Similar as Fig. 10, but for the comparison spread s. The spread is mostly between
5–12 % in the middle and upper stratosphere.
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Figure 12. Overview of the drift α (left column) and its 2σ uncertainty (right) of all satellite ozone
records relative to the lidar (top row) and ozonesonde (bottom) network. Dashed lines indicate
instruments that ceased operations prior to 2006. The analysis is done in the native system of
each satellite record. The decadal stability of most records remains within ±5 % decade−1 in
the middle and upper stratosphere. POAM II and SAGE III drift results are not displayed in the
lower left panel to avoid clutter.
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