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Although the Montreal Protocol now controls the production and emission of
ozone depleting substances, the timing of ozone recovery is unclear. There are
many other factors affecting the ozone layer, in particular climate change is
expected to modify the speed of re-creation of the ozone layer. Therefore, long-
term observations are needed to monitor the further evolution of the stratospheric
ozone layer. Measurements from satellite instruments provide global coverage and
are supplementary to selective ground-based observations. The combination of
data derived from different space-borne instruments is needed to produce homo-
geneous and consistent long-term data records. They are required for robust
investigations including trend analysis. For the first time global total ozone col-
umns from three European satellite sensors GOME (ERS-2), SCTAMACHY
(ENVISAT), and GOME-2 (METOP-A) are combined and added up to a con-
tinuous time series starting in June 1995.

On the one hand it is important to monitor the consequences of the Montreal
Protocol and its amendments; on the other hand multi-year observations provide
the basis for the evaluation of numerical models describing atmospheric processes,
which are also used for prognostic studies to assess the future development. This
paper gives some examples of how to use satellite data products to evaluate model
results with respective data derived from observations, and to disclose the abilities
and deficiencies of atmospheric models. In particular, multi-year mean values
derived from the Chemistry-Climate Model E39C-A are used to check climatolo-
gical values and the respective standard deviations.

Introduction

The depletion of the stratospheric ozone layer in recent years, particularly above
Antarctica during spring time, i.e. the ozone hole, has been one of the most obvious
changes observed in Earth’s atmosphere. The discovery of the ozone hole in 1984
(Chubachi 1985, Farman et al. 1985) was a surprising issue as well as the continuous
reduction of ozone concentrations in the succeeding years. Sustainable global
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observations with space-borne instruments play an essential role in explaining and
understanding the global changes of stratospheric ozone. Although the Montreal
Protocol (UNEP 2006) and its amendments have now regulated the production and
release of ozone depleting substances (ODSs), e.g. chlorofluorocarbons (CFCs),
which will prevent a further thinning of the ozone layer and lead to a gradual recovery
in the next decades, there are still open questions with regard to the beginning of
ozone recovery and the timing of full recovery. To answer these questions not only are
further continuous measurements needed but also numerical models describing rele-
vant atmospheric processes and their mutual effects. Atmospheric models, in parti-
cular those considering the interaction of climate and atmospheric chemistry, i.e.
so-called Chemistry-Climate Models (CCMs), have been developed recently to iden-
tify and quantify relevant processes affecting the ozone layer. Predictions of future
changes of stratospheric ozone and climate are required for international assessment
reports of the World Meteorological Organisation (WMO) and the
Intergovernmental Panel of Climate Change (IPCC) as part of the Montreal
Protocol (UNEP 2006) and the Kyoto Protocol (Kyoto 1998), respectively.

Beside the impact of ozone depleting substances, natural fluctuations (e.g. the
11-year solar activity cycle, the equatorial quasi-biennial oscillation of the lower
stratospheric zonal wind (QBO), and volcanic eruptions) are significantly affecting
the thickness of the ozone layer. Moreover, climate change due to increases in green-
house gas concentrations will influence stratospheric dynamics and chemistry, and
therefore the ozone layer. A better understanding of radiative, dynamical, and
chemical processes and the interaction between climate change and atmospheric
chemistry is highly necessary for reliable projections of future stratospheric ozone
levels. The basis for reliable model assessments is a review of model data generated for
the past time with available observations. Only models which have demonstrated their
capability to reproduce adequately recent developments can provide reasonable
estimates of future behaviour.

The present paper demonstrates the importance of a consistent multi-year dataset
of total ozone which is composed from different satellite instruments. Merging their
data is a key problem concerning the estimation of long-term ozone trends as an
accuracy of better than 1% per decade is desired. Important factors such as spatial
coverage, instrument drifts, record continuity, and long-term calibration stability are
constricted when satellite data are considered. In this study we present an example of
using merged satellite ozone time series for the validation of global atmospheric
models which are used for predictions of the future ozone evolution and its expected
recovery.

2. Total ozone datasets

Covering the period from mid 1995 to 2008 monthly means of total ozone columns
from three different data sources were used in this study: homogenized measurements
from three different satellite instruments, modelled data from a Chemistry-Climate
Model, as well as ground-based measurements from 79 individual ground stations
equipped with Dobson or/and Brewer instruments.

2.1 Satellite measurements

This work uses global ozone data provided by three European satellite instruments for
the time period from June 1995 to May 2008. Measurements from the Global Ozone
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Monitoring Experiment (GOME) onboard the ESA satellite ERS-2 launched in April
1995 (Burrows et al. 1999) are still available, but global coverage was lost in June
2003. This atmospheric composition data record was extended through May 2008 by
measurements from the Scanning Imaging Absorption spectrometer for Atmospheric
CHartographY (SCIAMACHY) onboard the ESA satellite ENVISAT launched in
February 2002 (Bovensmann et al 1999, Gottwald et al 2006), and GOME-2
onboard EUMETSAT’s MetOp-A satellite launched in October 2006 (Callies et al.
2000). The data are merged based upon comparisons during the overlap period from
July 2002 to May 2008 for GOME and SCTAMACHY, and from March 2007 to May
2008 for GOME and GOME-2, respectively. In both cases, GOME data are consid-
ered as reference standard. The algorithm used for the adjustment of SCTAMACHY
and GOME-2 is described in detail in Section 3.

Note that two other European satellites also provide ozone data in this time period,
but they are not used in this work. The Michelson Interferometer for Passive
Atmospheric Sounding (MIPAS) onboard ENVISAT (Fischer and Oelhaf 1996)
and the Ozone Monitoring Instrument (OMI) onboard the NASA satellite AURA
launched in July 2004 (Levelt et al. 2006). Data from OMI could be used to extend the
measurement time series and/or to improve the statistics. Ozone vertical distribution
from MIPAS may provide supplementary information about the evolution of ozone
concentrations in different layers of the atmosphere (Cortesi et al. 2007).

GOME, SCIAMACHY, and GOME-2 are passive remote sensing instruments whose
primary objective is the determination of the amounts and distributions of atmospheric
constituents, such as trace gases, acrosols, and clouds. All three instruments are spectro-
meters which are designed to measure sunlight reflected, and scattered by the Earth’s
atmosphere or surface in the ultraviolet, visible, and near-infrared wavelength region.
The ERS-2, ENVISAT, and MetOp-A satellites fly in sun-synchronous and near polar
orbits (inclination 98.5°) at a height of about 790 km. Each orbit takes ~100 minutes
which implies a completion of ~ 14 orbits per day. Equator crossing times in descending
node are at 10:30 a.m. local time (LT) for GOME, 10:00 a.m. LT for SCTAMACHY, and
09:30 a.m. LT for GOME-2, respectively. All three instruments provide atmospheric
measurements within about one hour. This relatively small time difference facilitates the
combination of the retrieval results. An overview of the most important instrument
properties and viewing geometries is given in table 1.

GOME observes the atmosphere in across-track nadir sounding mode using four
spectral channels covering the wavelength region from 240 nm to 793 nm. Part of the
light is branched out and recorded with three Polarization Measurement Devices
(PMDs) that measure the amount of light polarized parallel to the instrument slit. In
normal viewing mode, the GOME ground pixels have a footprint size of 320 km by
40 km covering a swath width of 960 km. Global coverage is achieved at the equator
within three days.

GOME measurements have been available since the end of June 1995, but as a
result of a permanent tape recorder failure on the ERS-2 satellite, global coverage was
lost in June 2003. Since then the availability of GOME data coverage is limited to the
north Atlantic sector and north polar region, but additional ground stations have
been brought online to increase the data gathering abilities of the satellite.

SCIAMACHY measures irradiance and radiance spectra in the ultraviolet, visible and
near-infrared from 240 nm to 2380 nm. The instrument is alternating the limb- and nadir-
viewing modes and achieves a global coverage in 6 days. The total ozone columns are
retrieved by making use of the nadir spectra with a spatial resolution of 30 km by 60 km.
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Table 1. Satellite instrument properties

Parameter GOME SCIAMACHY GOME-2

Data Availability 06/1995-today®  07/2002-today 03/2007-today

Spectral Coverage 240-790 nm 240-2380 nm 240-790 nm

Spectral Resolution  0.2-0.4 nm 0.2-1.5 nm 0.2-0.4 nm

PMD Coverage 3 p-PMD" 6 p-PMD 15 p-PMD and
300-800 nm 320-2380 nm 15 s-PMDF® 310-790 nm

Viewing Geometries nadir nadir, limb, occultation nadir

Ground Pixel Size 320 x 40km> 60 x 30 km? 40 x 80 km?

Swath Width 960 km 960 km 1920 km

Equator Crossing 10:30 a.m. LTY  10:00 a.m. LT 09:30 a.m. LT

Global Coverage 3 days 6 days almost daily

#No global coverage since June 2003.

®p-PMD: measures light polarized perpendicular to the optical plane.
°s-PMD: measures light polarized parallel to the optical plane.

9LT: Local Time

In October 2006 the first of a series of the European operational meteorological
satellites (MetOp) has been launched. One instrument on-board MetOp is GOME-2, an
enhanced version of GOME covering the same spectral range, 240-790 nm. GOME-2
measures the polarization in two planes using fifteen broad channels for each plane.
GOME-2 has a spatial resolution of 80 km by 40 km and a larger swath width of 1920
km, resulting in a daily coverage at mid-latitudes. Another two MetOp satellites will be
launched in the coming years extending in this way the GOME/SCIAMACHY/
GOME-2 atmospheric composition data record to cover a total of 25 years.

The GOME Data Processor (GDP) version 4.x is the operational algorithm for the
trace gas column retrievals from GOME, SCIAMACHY (UV-VIS nadir) and
GOME-2. GDP 4.x is a fitting algorithm for the generation of total column amounts
of ozone, NO,, BrO, SO,, H,O, HCHO, and OCIO. The GDP algorithm, based on the
scientific algorithm GDOAS, has two major steps: the Differential Optical
Absorption Spectroscopy (DOAS) least-squares fitting for the trace gas slant column,
followed by the computation of a suitable Air Mass Factor to make the conversion to
the vertical column density (Van Roozendael et al. 2006). Cloud information (frac-
tional cover, cloud-top height and cloud-top albedo) is derived directly from the
instrument measurements using the Optical Cloud Recognition Algorithm (OCRA)
and the Retrieval Of Cloud Information by Neural Networks (ROCINN) algorithm
(Loyola et al. 2007).

The operational GOME and GOME-2 total ozone products (GDP 4.x) are used in
this paper. The SCIAMACHY total ozone columns used in this work are retrieved
using SDOAS, an adaption of the algorithm GDOAS to the SCTAMACHY instru-
ment (Lerot et al. 2008). SDOAS has been implemented in the ESA SCIAMACHY
Ground Processor SGP version 3. To correct for cloud contamination, SDOAS
ingests the parameters derived off-line by the updated Fast Retrieval Scheme for
Clouds from the Oxygen A-band (FRESCO+) algorithm (Koelemeijer et al. 2001,
Wang et al. 2008). In the operational environment, the cloud parameters are retrieved
using the OCRA algorithm (Loyola 2000, 2004) and the Semi-Analytical Cloud
Retrieval Algorithm (SACURA) (Kokhanovsky et al. 2008).
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GDP 4.x has been used operationally for GOME since 2004 and for GOME-2
(Valks and Loyola 2008) since the start of data dissemination in early 2007. SGP 3.x is
being used operationally for SCTAMACHY since 2006.

Quality assessment of the operational products is guaranteed with a continuous
geophysical validation using ground-based and other satellite measurements. The
average agreement of GOME, SCIAMACHY and GOME-2 total ozone products
with ground-based and other satellite ozone column measurements is at the ‘percent
level’ (Balis et al. 2007b, 2008).

The long-term stability of the GOME total ozone record, which is a key considera-
tion for trend analysis, is demonstrated in figure 1. Monthly mean ozone differences
between GDP 4.1 and Brewer measurements at Hohenpeissenberg (48° N, 11° E) are
shown for the 12 year period from July 1995 to November 2007. A sine function has
been fitted to the time series in order to highlight seasonal variations in the differences.
The amplitude of these variations is about 0.5% and the mean bias is 0.3%. The long-
term stability of GOME and the absence of any significant time-dependent bias are
apparent. Furthermore, these results suggest that the DOAS algorithm is not strongly
influenced by the degradation of the instrument (see also Van Roozendael ez al. 2004,
their figures 4 and 95).

Lerot et al. (2008) have compared the SCIAMACHY total ozone columns from SGP
v3.01 to other products derived from different algorithms and/or instruments. Figure 2
summarizes these comparisons. Figures 2(«) and (b) illustrate the relative differences of
the SGP O; columns with respect to the GDP v4.1 columns, by considering all pixels or
only clear sky pixels respectively. As the retrieval algorithms in both operational proces-
sors are similar, the O3 columns from the two instruments are very consistent, especially
for the clear sky pixels for which the differences generally are close to 0%. It was shown
that larger differences may happen for cloud contaminated pixels due to the different
cloud algorithms used in the two processors. The comparisons with OMI columns
retrieved with the Total Ozone Mapping Spectrometer (TOMS) v8.5 algorithm and
with the scientific SCIAMACHY retrieval algorithm TOSOMI (Total Ozone retrieval
scheme for SCIAMACHY based on the OMI DOAS algorithm) show that the overall
agreement is satisfactory with differences generally lower than 2% except in specific
conditions such as ozone hole, or very high solar zenith angles (figures 2¢ and d). Also,
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Figure 1. GDP v4.1 — Hohenpeissenberg (48° N, 11° E) Brewer monthly mean ozone differ-
ences from July 1995 to November 2007. A sinusoidal fit to the time series (thick solid line)
highlights the size of seasonal variations in the differences (amplitude: 0.5%). The mean bias
over the 12 year period is 0.3%.
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Figure 2. Latitudinal and temporal dependencies of the relative differences of the SGP 3.01
total O5 columns with respect to: («) the GDP 4.1 columns (all pixels considered); (b) the GDP
4.1 columns (only clear sky pixels considered); (¢) the OMI columns retrieved with the TOMS
v8.5 algorithm (all pixels considered); (d) the TOSOMI columns (all pixels considered).

Lerot et al. (2008) have highlighted a slight decreasing trend in the SCCAMACHY total
Oj; columns with an amplitude less than 0.5% per year. The origin of this trend remains
unclear but is to look for in the instrumental degradation or in level 0-to-1 processing
inaccuracies.

2.2 E39C-A

Over the last 10 years several CCMs have been developed and applied to investigate
recent changes of stratospheric ozone concentrations (e.g. Eyring et al. 2006), and to
simulate the future evolution of the ozone layer (e.g. Eyring et al. 2007). In this paper
we concentrate on results of the CCM E39C-A (Stenke et al. 2008) which is an
upgraded version of the CCM E39C (Dameris et al. 2005) employing the fully
Lagrangian advection scheme ATTILA (Reithmeier and Sausen 2002) for tracer
transport. ATTILA is strictly mass conserving and numerically non-diffusive.
Water vapour, cloud water and chemical trace species are advected by ATTILA
instead of the operational semi-Lagrangian advection scheme of Williamson and
Rasch (1994) which has been used in the previous model version E39C. The model
system E39C (Hein ez al. 2001) has been applied for several chemistry-climate studies
based on time-slice (e.g. Schnadt ez al. 2002), Grewe et al. 2004, Stenke and Grewe
2005) as well as transient simulations (Dameris ez al. 2005, 2006, Grewe 2007).
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E39C-A consists of the dynamic part E39 and the chemistry module CHEM. E39 is
a spectral general circulation model, based on the climate model ECHAM4
(Roeckner et al. 1996). It has a vertical resolution of 39 levels up to the top layer
centred at 10 hPa (Land et al 2002). A spectral horizontal resolution of T30
(m6° isotropic resolution) is used. The corresponding Gaussian transform grid, on
which the tracer transport, model physics and chemistry are calculated, has a mesh
size of approximately 3.75° x 3.75°. The chosen time step is 24 min.

The chemistry module CHEM (Steil ez al. 1998) is based on the family concept. It
includes stratospheric homogeneous and heterogeneous ozone chemistry and the
most relevant chemical processes for describing the tropospheric background chem-
istry with 107 photochemical reactions, 37 chemical species and four heterogeneous
reactions on polar stratospheric clouds (PSCs) and on sulphate aerosols. In contrast
to previous studies with E39C the present model version considers a parameterisation
for bromine chemistry (CIO/BrO-cycle) based on the photolysis of Cl,O, (based on
Rex et al. 2003). To account for the effects of twilight stratospheric ozone chemistry
the photolysis at solar zenith angles up to 93° has been implemented (Lamago et al.
2003). Net heating rates and photolysis rates are calculated on-line from the modelled
distributions of the radiatively active gases O3, CHy4, N,O, H,O and CFCs, and the
actual cloud distribution. More details about the CCM E39C-A are given in Stenke
et al. (2008).

In the present study two transient model simulations (i.e. using transient boundary
conditions) with E39C-A have been used, R1 and R2. The R1 simulation covers the
years from 1960 to 2004, the R2 model simulation covers the extended period from
1960 to 2050. Both model simulations include various natural and anthropogenic
forcings like the 11-year solar cycle, the QBO, chemical and direct radiative effects of
major volcanic eruptions, and the increase in greenhouse gas concentrations. The
QBO is forced externally by a linear relaxation (‘nudging’) of the simulated zonal
winds in the equatorial stratosphere to a constructed QBO time series which follows
observed equatorial zonal wind profiles (Giorgetta and Bengtsson 1999). This assim-
ilation is applied between 20° N and 20° S from 90 hPa up to the model top layer. The
relaxation time scale is 7 days within the QBO core domain. Outside the core region
the time scale depends on latitude and pressure (Giorgetta and Bengtsson 1999). The
influence of the 11-year solar cycle on photolysis is parameterized according to the
intensity of the 10.7 cm radiation of the sun (Lean ez al. 1997, data available via http://
www.drao.nrc.ca/icarus/www/daily.html). The impact of solar activity on short-wave
radiative heating rates is considered on the basis of changes of the solar constant
(Dameris et al. 2005, their table 2).

For the past the boundary conditions are based on observational data. Detailed
information about the experimental set-up is given by Stenke et al. (2008). For
the future, we introduced some changes which are described in the following: the
QBO-phases observed in the past are consistently continued. The solar activity
signal (i.e. the intensity of the 10.7 cm radiation) observed between 1977 and 2007
is continually repeated until 2050. Furthermore, we do not introduce a major
volcanic eruption in the future. The most important change affects the prescribed
sea surface temperatures (SSTs). In the R1 simulation the SSTs were prescribed as
monthly means following the global sea ice and SST dataset HadISST1 derived from
observations (Rayner et al. 2003). To avoid a discontinuity at the transition point
from past to future, in R2 we use a continuous dataset derived from a coupled
atmosphere ocean model containing SST and sea ice data for the years from 1960 to
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2050. The data are taken from the HadGEMI1 model, provided by the UK Met
Office Hadley Centre (Johns et al. 2006). The HadGEM]1 simulations used are
transient simulations with prescribed anthropogenic forcing as observed in the
past, and following the SRES-A1B scenario in the future (for details on the simula-
tions see Stott ez al. 2006).

2.3 Ground-based measurements

In this work, archived total ozone column measurements from the World
Meterological Organization (WMO) — Global Atmosphere Watch (GAW) net-
work routinely deposited at the World Ozone and Ultraviolet Radiation Data
Centre (WOUDC) in Toronto, Canada (http://www.woudc.org) were utilized for
the ground-based measurements reference. The WOUDC archive contains total
ozone column data mainly from Dobson and Brewer UV spectrophotometers as
well as from M-124 UV filter radiometers from the early 1950s onwards. In
general, spatial and temporal coincidences offered by the Dobson and Brewer
networks are sufficient to cover a wide geographical extent for the validation of
a satellite sensor, however, with better coverage over land with respect to sea
and over the northern hemisphere compared to the southern hemisphere. Total
ozone column data from a large number of stations have already been used
extensively both for trend studies (e.g. World Meteorological Organization
1998, 2002, 2006) as well as for validation of satellite total ozone data
(e.g. Lambert ef al. 1999, Fioletov et al. 1999, Lambert ef al. 2000, Bramstedt
et al. 2003, Labow et al. 2004, Weber et al. 2005, Balis et al. 2007b). Van
Roozendael et al. (1998) have shown that Dobson and Brewer data can agree
within 1% when the major sources of discrepancy are properly accounted for.
Dobson measurements suffer from a temperature dependence of the ozone
absorption coefficients used in the retrievals which might account for a seasonal
variation in the error of £0.9% in the middle latitudes and £1.7% in the Arctic,
and for systematic errors of up to 4% (Bernhard et al 2005). The error of
individual total ozone measurements for a well maintained Brewer instrument is
about 1% (e.g. Kerr et al 1988). Despite the similar performance between the
Brewer and Dobson stations, small differences within £0.6% are introduced due
to the use of different wavelengths and different temperature dependence for the
ozone absorption coefficients (Stachelin et al. 2003). Dobson and Brewer instru-
ments might also suffer from long-term drift associated with calibration
changes. Additional problems arise at solar elevations lower than 15°, for
which diffuse and direct radiation contributions can be of the same order of
magnitude.

To prepare the ground-based dataset for comparison with satellite measurements,
we investigated the quality of the total ozone values of each station and instrument
that deposited data at WOUDC for any time period after 1995. For detailed discus-
sion on the selection process and the exclusion procedures please refer to Balis et al.
(2007a). Using the methodology described in great detail in that publication, 32
Brewer and 47 Dobson stations were considered as potentials for the comparisons
with GOME, SCIAMACHY, and GOME-2 total ozone column data. These stations
are sorted with decreasing latitude and listed in Appendix A in table Al for northern
high and mid latitudes and in table A2 for low latitudes and the southern hemisphere,
respectively.
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The monthly mean averages were then created using the daily comparison measure-
ments with two different sets of only coincident datasets being considered: the
monthly mean and associated standard deviation of the ground-based measurements
and the equivalent one for the satellite measurements. Due to the differences in time-
span and spatial resolution between the three satellite datasets considered, not all of
the above shown ground-based stations were utilized in the comparisons of all three
satellite instruments.

3. Merged GOME/SCIAMACHY/GOME-2 total ozone time series

The single GOME, SCIAMACHY, and GOME-2 ozone total column measurements
are averaged to monthly means for each satellite using a grid of 0.33° x 0.33°. The
satellite measurements are first projected on to this regular grid using the Lambert
Azimuthal equal-area projection, and the normalized area of the intersecting polygon
(1j_area) 1s computed. A daily composite is then created from forward scan measure-
ments only (the backward scan measurements cover the same area as the forward
scans, but with bigger ground pixel size). For each point of the globe only one
observation is used per day. The metric m is computed for all grid points having
more than one satellite observation per day

m = 2(sec(SZA) + sec(VZA))2 +(1 - ni_ma)z7 (D)

where SZA and VZA are the Sun and Viewing Zenith Angles, respectively. The
measurement with the smallest 1, i.e. the one with the smallest geometrical air mass
factor and the largest normalized intersecting area, goes into the daily composite. The
monthly means are finally computed as the area-weighted average of the daily
composites, following the algorithm proposed by West (1979). The area_weight is
computed from the normalized intersecting area and the geographical area as a
function of latitude ¢ of each grid point as

area_weight = n;_yea 1/ (c0s(0)). (2)

This area_weighting is important for the computation of the latitudinal means.

As a result of the analysis in section 2.1, we decided to use the very stable
long-term ozone time series from GOME as a reference standard, whereas
SCIAMACHY and GOME-2 data will be adjusted to GOME in periods of
instrument overlap. The temporal evolution and spatial variation of the differ-
ences between SCIAMACHY and GOME has been investigated for the period
from July 2002 to January 2008 in terms of 1° latitudinal means. The ratio
GOME/SCIAMACHY total ozone is depicted in the top panel of figure 3.
White areas since mid 2003 denote missing GOME data due to the tape recorder
failure. The drift of SCTAMACHY data compared to GOME is clearly visible.
In 2002-2003 SCIAMACHY ozone values are about 2% larger than GOME
data (dark green and blue areas). Until 2006 the ratio obverts and
SCIAMACHY ozone data become smaller than GOME retrieval results (yellow
and red areas in northern and southern mid latitudes). In both hemispheres,
poleward of 50°, very large ratios are found around the polar night under high
solar zenith angle conditions.
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Figure 3. Ratio GOME/SCIAMACHY I°latitudinal monthly total ozone columns before (a)
and after (b) adjustment of SCTAMACHY according to equations (3)—(8). See text for more
details.

The adjustment applied to SCTAMACHY data comprises of two parts, a basic
latitudinal correction for each month of the year, and a time-dependent correction
for each individual month from July 2002 to January 2008, which is then an offset
averaged over latitude from 60° N to 60°S. This is in contrast to the approach used for
the combination of several TOMS (Total Ozone Mapping Spectrometer) and SBUV(/2)
(Solar Backscatter Ultraviolet) instrument data records, where temporal and/or latitu-
dinal variations in the instrument differences are neglected (Miller ez al. 2002, Stolarski
and Frith 2006). The merged ozone dataset (MOD) which combines Version 8 total
ozone measurements from TOMS (Nimbus 7 and Earth Pobe (EP)), SBUV/SBUV?2
(Nimbus 7, and NOAA 9/11/16), and recently OMI (Ozone Monitoring Instrument on
EOS-AURA)—available via http://code916.gsfc.nasa.gov/Data_services/merged—is
composed using the temporal mean of the differences averaged from 50° S — 50° N
over the available overlap period as adjustment to each dataset, where EP TOMS data
from 1996 through mid-1999 are selected as the reference standard (Stolarski and Frith
2006). Temporal variation of the differences between the instrument systems compar-
able to the SCIAMACHY drift (see left panel of figure 3) is also neglected for the
cohesive SBUV(/2) time series (Miller ez al. 2002).

For the latitudinal correction, monthly averages of the differences between
SCIAMACHY and GOME have been calculated as a function of latitude ¢ as:

13" GOME(m,, ¢)

mean.diff (m, ) = 7, 255, SCAMACHY (. 9)

()

with month m from January to December, year y from 2002 to 2008, and m,, from July
2002 to January 2008. The latitudinal correction is then a third-order polynomial fit
over latitude for each of those 12 monthly differences as:

lat_corr(m, ¢) = polynomial_fit_3rd(mean_diff (m, ¢)). 4

As the differences between SCIAMACHY and GOME, as well as SCTAMACHY
and OMLI, respectively, show some drift during the last six years (see figure 2), whereas


http://code916.gsfc.nasa.gov/Data_services/merged%E2%80%94is

Remote sensing and the Montreal Protocol 4305

the GOME data remain stable compared to ground-based data (see figure 1), the
adjustment requires also a time-dependent component. For this temporal contribu-
tion to the overall correction the mean difference between GOME and
SCIAMACHY over all available N, latitudes from 60° N to 60° S is computed for
each month m, as:

1 &Y GOME(m,, ¢)
iff = 7
diff 60(m,) = 7~ ¢:26<;OS SCIAMACHY (m,, $). v

This difference is compared to the monthly mean difference over all years for the same
latitude range:

|8 0N GOME(m,, 6)
mean_diff_60(m) = - — 24 (6)
7y§02 N, ¢:26(;°s SCIAMACHY (im,, 9)

with month m from January to December. The time-dependent correction (or offset)
is then given by:

time_corr(m,) = dift_60(m,) — mean_diff_60(m,,). (7)

Finally the overall adjustment for SCTAMACHY data is the sum of the latitudinal
correction and the time-dependent offset:

corr(m,, ¢) = lat_corr(m, ¢) + time_corr(my,). (8)

Figure 3(b) shows the ratios GOME/SCIAMACHY with adjustment applied to
SCIAMACHY according to equations (3)—(8). The general agreement is much better,
and the drift has diminished, but some extreme values poleward of 50° still remain.

The differences between GOME and GOME-2 1°zonal ozone means are more
homogeneous than the differences between SCIAMACHY and GOME. GOME-2
ozone columns are on average 2-3% lower than GOME ozone values. As the overlap
period between GOME-2 and GOME is limited to 15 months from March 2007 to
May 2008, the GOME-2 adjustment comprises one part only. For each month a third
order polynomial fit over latitude from 90° N to 90° S is performed similar to the
SCIAMACHY adjustment, and then applied as correction factor for GOME-2
columns. With extension of the time series, also for GOME-2 a two-step time-
dependent correction is planned.

Finally, the complete and homogenized ozone time series comprises GOME
data from June 1995 to May 2003, SCIAMACHY data from June 2003 to
February 2007, and GOME-2 data from March 2007 to May 2008. Although
SCIAMACHY data have already been available since July 2002, we used
GOME data until May 2003, because of (1) the excellent GOME data stability
and (2) the final flight conditions of SCIAMACHY, which were achieved in
January 2003 (Mieruch er al. 2008). Figure 4 shows the monthly mean ozone
values averaged over 60° N to 60° S for the merged dataset including adjusted
SCIAMACHY and GOME-2 data, and additionally the original SCIAMACHY
and GOME-2 data. Apparent level shifts between the original time series have
been diminished in the merged dataset.
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Figure 4. Monthly mean ozone values averaged over 60°N to 60°S for the merged data set
including GOME, as well as adjusted SCTAMACHY and GOME-2 data (solid black, grey, and
broken black lines respectively). Additionally, the original SCIAMACHY data (dashed grey
line) and GOME-2 data (dashed black line) are plotted.

4. Comparison

Figure 5 shows a comparison of multi-year means (June 1995 to May 2008) of zonal
mean total ozone values for each season from satellite instruments, ground-based
measurements, and results from E39C-A. There is an excellent agreement between
satellite and ground-based measurements for all seasons and latitudes. The E39C-A
model results indicate a general shift to higher total ozone values ranging from 5 DU
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Figure 5. Zonal mean (June 1995 to May 2008) total ozone values for each season from
satellite instruments (mean values in red with standard deviations as background surfaces),
ground-based measurements (green points with mean values and standard deviations), and
results from E39C-A (blue curves with mean and standard deviation).
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in high northern latitude during winter (DJF) to about 100 DU in high southern
latitude during winter (JJA). The general overestimation of ozone values in E39C-A is
a well-known feature, but so far, the exact reasons for this bias are not known.
Nevertheless, it was demonstrated by Stenke et al. (2007) that the model performance
in predicting the temporal evolution of the ozone layer is not affected by the over-
estimation of total ozone values. Also from the comparison presented here, it is
obvious that in E39C-A the meridional structure in total column ozone is well
represented in all seasons.

Seasonal mean values of total ozone derived from satellite instrument mea-
surements and E39C-A are presented in figure 6. Please note that the colour bars
are different for satellite and model data: since the E39C-A total ozone values
have a positive bias (figure 5), we have done this to allow a better comparison of
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Figure 6. Seasonal mean values of total ozone (June 1995 to May 2008) from satellite
instruments (top), the E39C-A simulation R2 (middle), and the difference between satellite
measurements and model results (bottom).
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the two-dimensional patterns of the total ozone fields. The overall seasonal
changes are well reproduced by the model. Particularly in the northern
hemisphere (NH), the latitudinal structure compares in a reasonable way. For
example, the position of the polar vortex during winter and spring, which is
indicated by lower ozone values over Eurasia, is correctly simulated by E39C-A.
While the northern hemisphere is dominated by a clear wavenumber 1 pattern,
the distribution of ozone in the Southern Hemisphere (SH) has a much more
zonally symmetric structure during all seasons which is also well captured by the
model.

Another important diagnostic is the standard deviation. Figure 7 shows seasonal
means of the standard deviation of total ozone, again for satellite data and model
results. The overall seasonal change and the hemispheric patterns of the standard
deviation in the model follows quite well the respective values from observations, but
there are some differences in details, for example in the distribution of the standard
deviation in northern winter (DJF) high latitudes. While in E39C-A, the variability is
low in the centre of the polar vortex (approximately between northern Europe and the
North Pole) and higher in the surroundings, the satellite data show high variability in
the vortex centre and a lower standard deviation over North America and eastern
Asia. This finding can be explained by the fact that the polar vortex is too stable in the
model, i.e. that the number of minor and major warmings is lower than observed
(e.g. Stenke et al. 2008). Note that the general higher standard deviation is also due to
the absolute higher total ozone values in E39C-A compared to observations. In the
summer hemisphere (SH, DJF) the standard deviation is much higher in the model,

Standard Deviation (DU) Standard Deviation (DU) Standard Deviation (DU) Standard Deviation (DU)
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Figure 7. Seasonal mean values of total ozone standard deviations (June 1995 to May 2008)
from satellite instruments (top) and the E39C-A simulation R2 (bottom).
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but the region of maximum variability agrees fairly well with those derived from
observed values. Another clear difference is found in the SH spring time months
(SON) indicating a weaker variability in the South Polar region. This is the result of a
too cold polar lower stratosphere in E39C-A (‘cold pole problem’) reducing the
dynamical variability in this region strongly.

The evolution of the total ozone and standard deviation as a function of latitude
and time for satellite measurements and model results is presented in figure 8. Note
that the colour bars of the total ozone are different for satellite and model data (like in
figure 6) to better compare the latitude-time patterns. The overall latitude and time
variations are well reproduced by the model.

The results plotted in figure 9 should demonstrate how model data in combination
with observations can be used to investigate short- and long-term changes. Here the
temporal evolution of total ozone anomalies are presented for the near global mean, i.e.
the average between 60° N and 60°S. The model values fit well with those from
observations (see also Dameris et al. 2006) which is one hint that this model is suitable
for future estimates. It is interesting to note that the decrease of total ozone after 2004
(which was the first year after maximum solar activity) was already predicted by the
model 4 years ago (Dameris et al. 2006). In future, it will be interesting to watch if
stratospheric ozone concentrations will significantly increase during the next decades as
predicted by the model. Moreover, nearly all CCMs predict an accelerated recovery of
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Figure 8. Latitudinal evolution of total ozone (top) and standard deviation (bottom) from
June 1995 to May 2008. Satellite data on the left side (a, ¢) and E39C-A model on the right side
(b, d). Satellite measurements from April 2004 are not available; the corresponding resampled
model data is therefore also missing.
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Figure9. Total ozone anomalies over 60°N to 60°S. The mean annual cycle for 1995 to 2004 is
subtracted from satellite measurements (red) and two E39C-A model simulations R1 from 1960
to 2004 (cyan) and R2 from 1960 to 2050 (blue). The inset shows a close-up for years where
satellite measurements are available.

the ozone layer (see Chapter 6 in World Meteorological Organization 2006) and even
‘ozone super-recovery’, i.e. the appearance of total ozone values higher than in the
1970’s. The reason for this is the stratospheric cooling due to enhanced greenhouse gas
concentrations which slows the rate of photochemical ozone destruction and hence
leads to higher ozone concentrations in the extra-polar stratosphere. In contrast, ozone
concentrations in the springtime polar lower stratosphere would decrease in response to
cooling (not shown) because a cooling there would lead to more efficient chlorine
activation on aerosol and polar stratospheric clouds and enhanced ozone destruction.

5. Conclusion

Global multi-year consistent data sets of atmospheric values and quantities are much
needed to monitor changes within Earth’s atmosphere. Drawing on the example of
stratospheric ozone the paper has shown how data from different satellite instruments
can be fitted together to produce a homogeneous dataset applicable not only for the
analysis of short-term fluctuations but also for the study of long-term changes. A new
technique for combining measurements derived from different space-borne instruments
has been suggested. It allows us to compensate for drifts between sensors and is superior
to other techniques, because it takes into account latitudinal and time dependent
differences. We have demonstrated the ample possibilities of using such datasets for
the validation of results derived from a three-dimensional atmospheric model system.
The combined use of long-term datasets derived from observations and complex
atmospheric models systems is greatly required to further detect and understand
changes in atmospheric composition and dynamics. The improvement of atmospheric
models which are also used for prognostic studies is extremely important, because
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reliable assessments of future changes are needed to estimate consequences of natural
and anthropogenic effects in a future atmosphere.
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Appendix A: Ground Stations

Geographical position of all 79 selected ground stations are given in Table Al for
northern high and mid latitudes and in Table A2 for the tropics and southern hemi-
sphere, respectively.


http://ozone.unep.org/Publications/MP_Handbook/index.shtml
http://unfccc.int/resource/docs/convkp/kpeng.pdf
http://www.wdc.dlr.de/sensors/gome2/DLR_GOME-2_ATBD_1C.pdf
http://www.wdc.dlr.de/sensors/gome2/DLR_GOME-2_ATBD_1C.pdf

4316 D. G. Loyola et al.

Table Al. Northern hemispheric mid and high latitude ground stations

WMO- Instrument Latitude Longitude Elevation
Number Type?* Name ©) ©) (m) Country
NH High Latitude
315 B Eureka 79.89 -85.93 10 Canada
89 D Ny-Alesund 78.93 11.88 0 Norway
24 B Resolute 74.72 -94.98 64 Canada
199 D Barrow 71.32 —156.60 11 USA
262 B Sodankyla 67.37 26.65 179 Finland
267 B Sondrestrom 67.00 -50.98 150 Greenland
105 D Fairbanks 64.80 -147.89 138 USA
284 B/D Vindeln 64.25 19.77 0 Sweden
51 D Reykjavik 64.13 -21.90 60 Iceland
123 B Yakutsk 62.08 129.75 98 Russia
404 B Jokioinen 60.80 23.50 103 Finland
43 D Lerwick 60.15 -1.15 90 UK
NH Mid Latitude
165 D Oslo 59.92 10.72 50 Norway
77 B Churchill 58.75 -94.07 35 Canada
279 B Norrkoping 58.58 16.12 0 Sweden
116 D Moscow 55.75 37.57 187 Russia
309 B Copenhagen 55.72 12.57 30 Denmark
21 B Edmonton 53.57 -113.52 668 Canada
76 B Goose Bay 53.32 —-60.38 44 Canada
50 B/D Potsdam 52.38 13.05 89 Germany
174 B Lindenberg 52.22 14.12 98 Germany
241 B Saskatoon 52.10 -105.28 550 Canada
316 B DeBilt 52.00 5.18 0 Netherlands
318 B Valentia 51.93 -10.25 0 Irland
68 D Belsk 51.83 20.78 180 Poland
53 B/D Uccle 50.80 4.35 100 Belgium
36 D Camborne 50.22 -5.32 88 UK
338 B Regina 50.21 —104.67 0 Canada
96 B/D Hradec-Kralove 50.18 15.83 285 Czech-
Republic
320 B Winnipeg 49.91 -97.24 0  Canada
331 B Poprad-Ganovce  49.03 20.32 0 Slovakia
290 B Saturna 48.78 -123.13 0 Canada
99 B/D Hohenpeissenberg 47.80 11.02 975 Germany
100 B/D Budapest 47.43 19.18 140 Hungary
20 D Caribou 46.87 -68.02 192 USA
35 B/D Arosa 46.77 9.67 1860 Switzerland
19 D Bismarck 46.77 -100.75 511 USA
301 B Ispra 45.80 8.63 0 Italy
319 B Montreal 45.47 =73.75 0 Canada
321 B Halifax 44.90 -63.50 0 Canada
326 B Longfenshan 44.75 127.60 0 China
226 D Bucharest 44.48 26.13 92 Romania
201 D Sestola 44.22 10.77 1030 Italy
40 D Haute-Province 43.92 5.75 580 France
65 B Toronto 43.78 -79.47 198 Canada
282 B Kislovodsk 43.73 42.66 2070 Russia
12 D Sapporo 43.05 141.33 19 Japan
305 B Rome-University  41.90 12.52 0 Italy
261 B Thessaloniki 40.52 22.97 4 Greece
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Table Al. (Continued.)

WMO- Instrument Latitude Longitude Elevation

Number Type?* Name ©) ©) (m) Country
308 B Mardid 40.45 -3.55 0  Spain

67 D Boulder 40.02 —-105.25 1634 USA
208 D Shiangher 39.77 117.00 13 China
82 B/D Lisbon 38.77 -9.13 105 Portugal
293 D Athens 38.00 23.70 15 Greece
346 B Murcia 38.00 -1.17 69 Spain
107 D Wallops-Island 37.87 -75.52 4 USA
252 D Seoul 37.57 126.95 84 Korea
213 B/D El-Arenosillo 37.10 -6.73 41 Spain
341 D Hanford 36.32 -119.63 73 USA
106 D Nashville 36.25 -86.57 182  USA
295 B Mt. Waliguan 36.17 100.53 3816  China
14 D Tateno 36.05 140.13 31 Japan
332 B Pohang 36.03 129.38 0 Korea
13 D Srinagar 34.08 74.83 1586 India
287 B Funchal 32.65 -17.05 59 Portugal
7 D Kagoshima 31.63 130.60 283  Japan

11 D Quetta 30.18 66.95 1799 Pakistan
152 D Cairo 30.08 31.28 35 Egypt

% B: Brewer and D: Dobson
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Table A2. Low latitude and southern hemispheric mid and high latitude ground stations

WMO- Instrument Latitude Longitude Elevation
Number Name @) ©) (m) Country
Low Latitudes® (30°N —30°S)
10 B New-Delhi 28.63 77.22 216 India
190 D Naha 26.20 127.67 29 Japan
209 D Kunming 25.02 102.68 1917 China
30 D Marcus-Island 24.28 153.97 17 Japan
245 D Aswan 23.97 32.45 193 Egypt
2 D Tamanrasset 22.80 5.52 1395 Algeria
31 D Mauna-Loa 19.53 —155.58 3397 USA
216 D Bangkok 13.73 100.57 2 Thailand
322 B Petaling-Jaya 3.10 101.65 46 Malaysia
214 D Singapore 1.33 103.88 14 Singapore
175 D Nairobi -1.27 36.8 1710 Kenya
219 D Natal -5.83 -35.2 32 Brazil
84 D Darwin -12.47 130.83 0 Australia
191 D Samoa —-14.25 -170.57 82 USA
200 D Cachoeira- -22.68 —45.00 573 Brazil
Paulista
265 D Irene -25.25 28.22 1524 South-
Africa
27 D Brisbane -27.47 153.03 5 Australia
340 D Springbok -29.67 17.90 1 South-
Africa
SH Mid Latitude
343 D Salto -31.58 -57.95 31 Uruguay
159 D Perth -31.95 115.85 2 Australia
91 D Buenos-Aires —-34.58 —58.48 25 Argentina
253 D Melbourne -37.48 144.58 125 Australia
92 D Hobart —42.88 147.33 4 Australia
256 D Lauder —45.03 169.68 3701 New-
Zealand
342 D Comodoro- —45.78 —67.50 43 Argentina
Rivadavia
29 D Macquarie- -54.48 158.97 6 Australia
Island
339 D Ushuaia —54.85 -68.31 7 Argentina
SH High Latitude
232 D Vernadsky- —65.25 —64.27 7 Antarctica
Faraday
101 D Syowa —69.00 39.58 21 Antarctica
57 D Halley-Bay —75.52 -26.73 31 Antarctica
268 D Arrival-Heights  —77.83 166.40 250 Antarctica
314 B Belgrano -77.87 —34.63 255 Antarctica
111 D Amundsen- —-89.98 -24.80 2835 Antarctica
Scott

4B: Brewer and D: Dobson

530°N — 30°S



