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Abstract. A single coherent total ozone dataset, called1 Introduction

the Multi Sensor Reanalysis (MSR), has been created from

all available ozone column data measured by polar orbit-Although ozone observations from space are available for
ing satellites in the near-ultraviolet Huggins band in the last1971 and 1972 with the BUV instrument on Nimbus-4 (Sto-
thirty years. Fourteen total ozone satellite retrieval datasetdarski et al., 1997), regular and continuous ozone monitor-
from the instruments TOMS (on the satellites Nimbus-7 anding from space in the UV-VIS spectral range is performed
Earth Probe), SBUV (Nimbus-7, NOAA-9, NOAA-11 and since 1978 with the TOMS and SBUV instruments on the
NOAA-16), GOME (ERS-2), SCIAMACHY (Envisat), OMI  satellite Nimbus-7 (Bhartia et al., 2002; Miller et al., 2002).
(EOS-Aura), and GOME-2 (Metop-A) have been used in These observations were continued with the TOMS instru-
the MSR. As first step a bias correction scheme is appliednents on Meteor 3, Earth Probe, and ADEOS until the year
to all satellite observations, based on independent ground2003, when the measurements started to be seriously af-
based total ozone data from the World Ozone and Ultravio-fected by instrument degradation. This TOMS time series
let Data Center. The correction is a function of solar zenithwas interrupted from May 1993 until July 1996 when TOMS-
angle, viewing angle, time (trend), and effective ozone tem-EP was launched. However, this gap was filled by contin-
perature. As second step data assimilation was applied t§ous SBUV observations on various NOAA satellite mis-
create a global dataset of total ozone analyses. The dat@ions. The gap was also partly filled with GOME ozone
assimilation method is a sub-optimal implementation of theobservations since July 1995 aboard ERS-2 (Burrows et al.,
Kalman filter technique, and is based on a chemical transport999), the first European satellite instrument measuring to-
model driven by ECMWF meteorological fields. The chemi- tal ozone from the UV-VIS. Although global coverage was
cal transport model provides a detailed description of (strato0 longer possible due to an instrumental problem in 2003,
spheric) transport and uses parameterisations for gas-phafee GOME instrument is still measuring with reduced cov-
and ozone hole chemistry. The MSR dataset results fronerage. Follow-up European satellite instruments are SCIA-
a 30-year data assimilation run with the 14 corrected satelMACHY (Bovensmann et al., 1999) launched in 2002 on the
lite datasets as input, and is available on a grid ofl3,°  Envisat platform of European Space Agency (ESA) and OMI
with a Samp|e frequency of 6h for the Comp|ete time pe- (Levelt etal.,, 2006), a Dutch-Finnish instrument on the EOS-
riod (1978—2008). The Observation-minus-Analysis (OmA) AURA platform of National Aeronautics and Space Admin-
statistics show that the bias of the MSR analyses is less thaistration (NASA), launched in 2004. The UV-VIS spectrom-
1% with an RMS standard deviation of about 2% as com-€ter GOME-2 (Callies et al., 2000) was launched in 2006 on
pared to the corrected satellite observations used. the first of a series of three operational EUMETSAT Metop
missions, which allows continuous monitoring of the ozone
layer until about 2020.

Complementary to space observations are routine ozone
column observations made at surface sites by Brewer, Dob-
son, and Filter instruments (e.g. Fioletov et al., 2008). Apart
from their direct use in ozone monitoring (e.g. Staehelin et

@ @ Correspondence taR. J. van der A al., 2001), these observations have been a crucial source of
~ (avander@knmi.nl) information to test or validate satellite retrievals.
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This study covers a period of more than 30 years of total(Level 2 data is defined as “geolocated geophysical product”;
o0zone measurements from space using several UV-VIS sateln this paper it is the retrieved ozone column on the satellite
lite instruments. These datasets covering a long time periodootprint.) These datasets are corrected for biases as func-
are important for monitoring stratospheric ozone, trend analtion of the solar zenith angle, viewing angle, time (trend),
yses (e.g. Stolarski et al., 1991; Fioletov et al., 2002, Brunnemand effective ozone temperature, which are critical parame-
et al., 2006a; Stolarski et al., 2006b; WMO, 2007adiér et  ters for errors in the retrievals. Sometimes two level 2 data
al., 2007; Harris et al., 2008) and calculating the UV radi- sets from the same instrument are available. However, these
ation at the Earth’s surface (Lindfors et al., 2009; Kstip, data sets from the same instrument can be seen as indepen-
2008). However, the measurements used are originating frondent measurements since their errors are not more correlated
different instruments, different retrieval algorithms and arethan the errors within a single data set. In order not to show
suffering from instrument problems like radiation damage. any preferences, both data sets have been used.

The data usually shows offsets in overlapping time periods Fourteen total ozone satellite datasets have been identified
and differ from ground observations. A consistent long- and collected from the satellite instruments TOMS, SBUV,
term ozone dataset is important for quantifying ozone de-GOME, SCIAMACHY, OMI and GOME-2. In addition,
pletion and detecting first signs of recovery (e.g. Reinsel etall ground based total ozone observations have been col-
al., 2005), following actions to reduce ozone-depleting sub-lected from the World Ozone and Ultraviolet Data Center
stances as regulated by the Montreal Protocol and its amendWOUDC, 2009) archive, and a dataset with global effec-
ments. In 1996, McPeters and Labow published a 14-yeative ozone temperatures has been created. These datasets are
ozone dataset based on TOMS measurements and consistet@scribed in Sect. 2. A reference dataset has been selected,
with 30 Dobson and Brewer stations. Bodeker et al. (2001)and the corrections that need to be applied to the satellite
constructed a 20 year ozone time series based on 5 homogdatasets to bring them in line with the reference dataset have
nized satellite datasets using ground data as reference, whidleen computed. These corrections are described in Sect. 3.
was later updated using data assimilation (Bodeker et al.An intermediate dataset, called the Multi Sensor Reanaly-
2005) and used to derive the vertical ozone distribution usingsis (MSR) level 2 dataset, has been created. This dataset
data assimilation (Brunner et al., 2006b). Recently, Stolarskicontains virtually all corrected satellite measurements for
etal. (2006a) have created a dataset from 1978—2006 by conthe thirty-year period. The data assimilation system (TM3-
bining TOMS and SBUV data. An overview of ozone trend DAM) has been modified slightly to make the best use of the
studies before 2006 is provided in the WMO assessment oflata. This modification is described in Sect. 4. In Sect. 5
2006 (WMO, 2007; and references therein). the final MSR level 4 data, created with the data assimilation

The assimilation of 0zone measurements has received corsystem, is analyzed.
siderable attention in the past 12 years. With the extension to
the stratosphere, numerical weather prediction models have ,
also included ozone as explicit model variable (Derber and® ©Z0ne observations
Wu, 1998). The 40-year reanalysis of the European Cen—2 1 Satellite 0zone measurements
tre for Medium-Range Forecasts (ECMWF) includes the as-~
similation of ozone column satellite data (Dethof andll, e fourteen satellite total ozone datasets used in this

2004) and is one of the first long-term ozone records ava"'study are listed in Table 1. Each dataset is identified

able based on assimilated satellite data. This work highyyith an acronym: TOMS2a, TOMS2b, SBUV07, SBUV9a,
lighted some of the difficulties in generating a consistent datagg 94, SBUV11, SBUV16, GDP, TOGOMI, SGP, TO-
set based on a changing observation system and issues thgb OMDOAO3, OMTO3, and GOME2. Details on the
may arise when only total column ozone data is available.yaiasets are presented in Appendix A. Two other datasets

Several other centres have set up near-real time and reanglz e peen used in this study, namely the WOUDC collection

ysis capabilities to analyse ozone column data from satelyt ground based total ozone data (Sect. 2.2), and a dataset of

lites (e.g. Geer et al., 2006; Stajner et al., 2008; Eskes eEcpmwE effective ozone temperatures (Sect. 2.5).
al., 2003). Recently, Kiesewetter et al. (2010) presented a A the currently available satellite level 2 total ozone

long-term stratospheric ozone data set from the assimilationyatasets have been used. However, this collection is not com-

of SBU.V data. . . plete. Up to date level 2 data from the TOMS instruments on
In this paper we present a continuous and consistent 020N the Meteor3 and ADEOS satellites were not available.

column dataset of 30 years, based on the assimilation ofjqded (level 3) data is available, but this data is not suit-

satellite observations. The data assimilation method (Eskegpe for data assimilation. SBUV/2 data after 2003 was not
et al., 2003) is based on the Kalman filter technique that ex-

; . , . -~ available. However, because of the relatively small number
pects unbiased input data with a known Gaussian error distript o pservations compared to the other instruments these data
bution. In order to provide these unbiased input data, first

; L 3yould have a minor impact on the analyses.
new retrieval (level 2) dataset has been created by correcting

all satellite data for biases using ground data as a reference.
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Table 1. The satellite datasets used in this study. The columns show the name of the dataset, the satellite instrument on which it is based, the
satellite, the period(s) used, the maximum distance allowed in an overpass, the number of ground instruments (WSI) and the total number of

overpasses for this dataset.

Name Instrument Satellite From To Dist. #WSI Overpasses
TOMS2a TOMS Nimbus-7 1Nov 1978 6May1993 @75 137 182464
TOMS2b TOMS Earth probe 25 Jul 1996 31 Dec2002 0.75 146 129839
SBUVO7 SBUV Nimbus-7 310ct1978 21Jun1990 2.00 112 24 345
SBUV9a SBUV/2 NOAA-9 2 Feb 1985 31Dec1989 2200 099 11705
SBUVad SBUV/2 NOAA-9 1 Jan 1992 19Feb 1998 200 135 22706
SBUV11 SBUV/2 NOAA-11 1 Dec 1988 31 Mar 1995 2900 166 38874
15 Jul 1997 27 Mar 2001
SBUV16 SBUV/2 NOAA-16 3 Oct 2000 31 Dec 2003 2%00 131 16384
GDP GOME-1 ERS-2 27 Jun 1995 31 Dec2008 1.80 156 108758
TOGOMI GOME-1 ERS-2 1 Apr 1996 31 Dec 2008 1980 155 107 276
SGP SCIAMACHY  Envisat 2 Aug 2002 31 Dec2008 @90 139 50017
TOSOMI SCIAMACHY  Envisat 2 Aug 2002 31 Dec2008 090 139 47532
OMDOAO3 OMI Aura 1 Oct 2004 31 Dec2008 090 123 84089
OMTOS3 OMI Aura 17 Aug 2004 31 Dec2008 090 125 83405
GOME2 GOME-2 Metop-A 4 Jan 2007 31 Dec 2008 0.45 105 28538
2.2 Ground based data Data that seems odd (for example Direct Sun observations

during the polar night) have been rejected. Furthermore a
At many sites across the globe ground based instruments arg|acklist” has been created that indicates for each year and
employed to measure total ozone on a daily basis. This longfor each WSI if the data is suspect. Suspect data has been
term dataset provides an excellent reference for the validaidentified by comparison with various satellite datasets. If
tion of satellite instruments. Extensive research in the perforsuydden jumps, strong trends or very large offsets are identi-
mance of this network has been recently published by Fiolefied, the WSI is blacklisted. This subjective blacklist is quite
tov et al. (2008). Their Table 3 shows the characteristics ofsimilar to the one used by Bodeker et al. (2001). In total 5%
the different components of the network. The WOUDC col- of the ground data has been blacklisted.
lects these ground-based observations, and makes them avail-
able for research. From this collection a WOUDC-Station- 2.3 Satellite overpass datasets
Instrument (WSI) list has been defined. This list has an entry
for each type of instrument for each ground station, where
type of instrument refers to Dobson (113), Brewer MKII
(40), Brewer MKIII (14), Brewer MKIV (39), Filter (62), and
Other (7). The number between brackets is the total numbe
of each instrument occurring in the WSI list. In total the - X . . P
WSiI-list contains 275 instruments. A discussion of the dif- naturally divided in sections of about 45min (an “orbit’),

ferences between the various ground instruments is beyon}ﬁ’hen the satellite is on the'sunllt side .Of the Earth. The
overpass value for an orbit is the satellite observation that

the scope op this paper. Some information is available in : ) :
be op pap has the centre of its footprint closest to the ground station.

Staehelin et al. (2003). . . .

The daily average total ozone observations for each WSIFor each satellite product a maximum allowed distance pe-
in the period 1978-2008, have been extracted. The time ret_ween the centre.of the groqnd p|?<el and the ground station
solved observations have not been used, as these are availafy{&> detfrllned. Thés nurrbg ris typlctj:atllyl SQ_ioglkml diplend;
only for a limited number of stations. All ground instruments NG on Ihe ground pixel Size, see detal’s in lavle 1. A loca

distinguish between DirectSun and ZenithSky observations?hate/ tlinﬁ_thasbbeen (il_efmeld as the satﬁllltebUTCddatet/r:lmle of
DirectSun data is deemed superior, as the retrieval is rela- € sateflite observation pius a correction based on he lon-

tively straightforward, not requiring the calculation (explic- gitude of tge glrou:;d tsta;trllon(.j Itn this V\;a)é’ .th(tahsatelllte(;jatte
itly or implicitly) of light scattered in the atmosphere. For corresponas directly to the date reported in the ground sta-

some of the Brewer sites the ZenithSky data appears not t{)ion data. Apart from the local date/time and the total ozone
value, auxiliary data is also recorded, like the measurement

have been calibrated properly (Fioletov et al., 2008). There- : o .
fore, only DirectSun data have been used in this study. error, the Solar Zenith Angle (SZA), the Viewing Zenith An-

gle (VZA), cloud properties and the distance from the centre

For each satellite product an “overpass” dataset has been cre-
ated for each entry in the WSl list. As only total ozone values
Ferived from measurements of scattered sunlight by satel-
ites in a polar orbit have been used, these observations are

www.atmos-chem-phys.net/10/11277/2010/ Atmos. Chem. Phys., 10, 11P7¥4-2010
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of the footprint to the ground station. There can be up to 5, -
fifteen overpass values per day. From these only one is se-= | ToMs2b
lected and used. This is the one with the smallest reported&

observation error or the one closest to the ground station if §10
the observation error is not available.

2.4 Seasonal behaviour

jozone differen
o

N
o

With the WOUDC observations and the satellite overpass 3
data prepared as discussed above, it is now possible to com{_s
pare these measurements for each WSI. As an example Fig. 1-20
shows the monthly averaged anomalies (defined as satellite
measurement minus ground measurement) over the Nether- Year
lands as a function of time. It is clear that either the ground _ _

station data and/or the satellite data contain a seasonally &9 1. Monthly averaged anomalies for the overpass data at the

. . _ground station De Bilt (5.18E, 52.F N) in the Netherlands. The
Egrr:d(%r;fav?/g?rﬁ/llﬁllftugg g‘;lgllsiiﬁgltg]g(;d:ngsgor:;hésﬁzg anomalies for TOMS2b (red) correlate with effective ozone temper-

) e . . . ~~ ature, while the anomalies for TOSOMI (green) correlate with solar
like this is fairly typical, but the amplitude and phase dif- ,qpith angle.

fers from one satellite product to the other. The seasonal cy-

cles of the anomaly of the two satellite products shown here

are even in anti-phase. This suggests that at least some @f6 The reference dataset

the satellite products have a seasonal offset. A study of all

European ground stations versus one satellite product showSreating a consistent and coherent assimilated dataset re-
that for a large majority of ground stations the results arequires that systematic offsets between the satellite retrieval
similar. One cannot conclude from this that the data fromproducts are small. A practical way to accomplish this
the ground stations is essentially correct, as the ground stds to choose a reference dataset, and subsequently correct
tions are normally calibrated by inter-comparison. Furtherthe systematic effects in the other datasets, to bring them
inspection shows, however, that the seasonal offsets betwedn line with the reference dataset. As the true total ozone
ground stations and satellite products are clearly different invalues are not known, the choice of a reference dataset is
other regions of the world. This suggests that the offset couldsomewhat arbitrary. The ground measurements are a logical
depend on latitude, SZA and/or effective ozone temperatureghoice, because these are present for the full 30-year period.
rather than time. It is not uncommon to find seasonal anomaThe DirectSun measurements from the ground stations are
lies when satellite ozone values are compared to other ozona prime candidate. However, the measurement method used
products, see for example Lerot et al. (2009), Bodeker eby the Brewer instruments is very sensitive to small details
al. (2001) and Eskes et al. (2005). in the ozone absorption cross section, and the various avail-
able laboratory measurements of the ozone absorption co-
efficients give totally different dependencies of the retrieved
total ozone values as function of the effective ozone tempera-
. . . ture (Redondas and Cede, 2006). Kerr (2002) has developed
Thg ozone ab_sorptlon cross-section needed as mpu_t for t.hg new methodology for deriving total ozone and effective
retrieval .algorlthms depends on temperature. lgnoring th'sozone temperature values from the observations made with
effect wil '?ad to a time and certalnly_ sgasonal depen-a Brewer instrument. He concludes that the effective ozone
dent offset in the total ozone data. This is true for both temperature has little effect on the amount of ozone derived

ground stations and satellite products. A dataset of effectivgNith the standard algorithm. So in this study the data from

ozone temperatures has been created to study the tempert%-e Brewer network has been adopted as a primary reference.

ture dependence of the total ozone data. The effective ozone There are 21 stations in the WOUDC database where a
temperatur_e is d_efined as the integral over altitude of theDobson instrument is co-located with a Brewer instrument.
ozone profile-weighted temperature. This datasej[ was CaIThis, together with the effective ozone temperatiise (in

culated from ECMWF (6 hourly) temperature profiles, and degrees Celsius) for this location, allows calculation of the

the (seasonal dependent) Fortuin and Kelder ozone climatol- .
: Dobson versus the Brewer temperature dependence. This
Egg'\;\'j\%nggir;% Kelderl, 1998). Fg;thig/ cars 197280_0%9%%?860alculati0n confirms the results of Kerr (2002). A temper-
reanalyses, and for thé years - ture correction based on Kerr (2002) of the total ozone
the ECMWEF operational analyses have been used. For eacz}nountx
ground station a dataset of daily values was created with the

effective ozone temperatures interpolated to local noon.

996 2000 2004 2008

2.5 Effective ozone temperature

Atmos. Chem. Phys., 10, 1127171294 2010 www.atmos-chem-phys.net/10/11277/2010/
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1980 1985 1990 1995 2000 2005

10 TOMSZ2a 10

Xcorr= Xdobsorr (1 — 0.0013 (Tet +46-3)) (1) —13 — S — lzw
has been applied to all Dobson total ozone data. 10— 1 1o
The WOUDC database contains data from 62 Filter in- ~*° = o
struments. These instruments are typically located in for- ' =t 1o
mer USSR countries. Insufficient Filter instruments are co- ~*° . e
located with either Brewer or Dobson instruments to make a '3 o ror] o
statistical analysis of the behaviour of this instrument. Asta- ™ T e
tistical analysis of ground station minus satellite total ozone 3 P by
values for these instruments has shown that the random mea-" — T e
surement errors (or “noise”) of these instruments are signif- i‘g’ STV SN I 2% éjo

icantly higher than those of the Brewer or Dobson Instru-

SBUV16

ments. Therefore the Filter instruments have not been used ‘5 — T o
in the reference dataset. T e
In summary, the reference dataset consists of all WOUDC ' DN U I
instruments, excluding the Filter instruments, and the Dob- rocot R
son data has been corrected for effective ozone temperature. s —— ——
13 SGP _ — éo
3 Corrections for the satellite datasets -10 -0
10 TOSOMI oo 10
3.1 Introduction -16 A ATATATARN
10 OMDOAO3 10
In this section the procedure to calculate corrections to the _, A e
various satellite total ozone datasets will be presented. Ozone ,, oMTo3 10
differences are defined as: “ground based observations mi- s 10
nus satellite observations”. The corrections are obtained by ,, GOME2 10
fitting these differences as a function of “predictors” using -1 A7 246
a simple multi-dimensional least squares fitting system. The 1080 1085 190 1995 2000 2005

predictors are the auxiliary information available in the satel- )

lite product, and the effective ozone temperature (Sect. 2.5)719- 2a. Monthly averaged and globally averaged difference of the
The fitting procedure uses all overpasses shown in Table 1t atellite ozone observation minus the ground observation in units of
calculate the corrections for the satellite dataset in question. U, for all satellite data sets used as function of time.

3.2 Choice of the predictors Bodeker et al. (2001) analyzed ozone differences in terms

The ozone differences (satellite minus ground observationf! time and latitude only. They have used 22 predictors for

show a clear seasonal cycle, which is illustrated in Fig. 2a"€ir fit. The approach in this paper is different, because

where the satellite observations are compared with grounc®ZA and effective ozone temperature appeared to be better
observations. This led to the choice of SZA and effective Predictors. Furthermore, these are critical parameters in the
ozone temperature as predictors, as these imply a clear sefetrieval schemes and therefore constitute a more satisfying
sonal component. Note that it has been checked that the sz &hoice to estimate systematic biases. When these predictors

and effective ozone temperature are not interchangeable &€ used the need for an explicit seasonal or latitudinal de-
predictor. Some of the satellite products show a clear trend@ndence almost disappears. A WSI dependent offset was al-

in time, so the number of years since 2000 is another obvilowed when the regression coefficients were computed. This

ous choice. The scan- or view angle is also used as predid?@S been done to reduce the effect (e.g. spurious trends) of

tor. Although most satellite datasets contain this quantity, it 2PPearing” and “disappearing” ground stations during the

is defined in various ways. To overcome these differences!ietime of the satellite instrument from the results. N
A basic assumption is that all the corrections are additive

the Viewing Zenith Angle (VZA) has been defined as the an-
gle in the scanning direction (or increasing row number for {0 the total 0zone amounX corr = XsatJFZZ_:Ci P;, whereC;
OMI), with the largest negative value in the beginning of the js the correction for predictoP;. Hence the current for-

scan, zero at nadir, and the largest positive angle at the end gylation does not allow for a multiplicative correction like
the scan. It was found that some of the data product anomay . . — o X,with « close to 1.

lies have a non linear dependence on VZA. In these cases an
offset per pixel along the “scan” was used.

www.atmos-chem-phys.net/10/11277/2010/ Atmos. Chem. Phys., 10, 11P7¥4-2010



11282 R. J. van der A et al.: Multi sensor reanalysis of total ozone

1080 1085 1990 1995 2000 2005 For the purpose of data assimilation it is relevant to re-
s newswre w Io duce offsets, trends and long-term variations in the satellite
-10 -10 data, so that the data can be used as input to the assimila-
10 TONS2b — 1o tion scheme without biases and with known standard devia-
-10 -10 tions. The satellite data set corrections are based on a few
10 SEUFVAW —— 1o relevant regression coefficients fitted for the overpass time
10 -0 series of all stations together. By fitting all data together
10 SBOVes | — lo regional biases that may be caused by offsets of individual
-10 -10 ground instruments are avoided. From here on the offset per
10 SBUVSd — 1o WSI reported above will no longer be used. The relevant re-
-10 -10 gression coefficients, i.e. those that reduce the RMS (Root
10 SBUVi1 v 1o Mean Square) between satellite and ground observations sig-
—10 -0 nificantly, have been calculated and are shown in Table 3.
10 SBUV16 — 1o Note that in this paper all RMS values have been calculated
~10 -10 with the mean value of the data as reference, thus a correc-
10 GDP e tion of the overall offset will not improve the RMS. The total
~10 -10 RMS is in fact dominated by the error of the ground obser-
10 ToGOMI — oy vations, the representativity errors and the variance of the
-10 -10 observations which are larger than the bias terms. A small
10 sGP 1o decrease of the RMS is expected as a result of the correction.
_10 -10 The details of the resulting corrections are detailed in Ap-
10 TOSOMI = Io pendix A. The TOMS2b dataset has been corrected for a
-10 10 trend for the last two years only. The datasets that show
10 OMDOAOS — 1o a non-linear dependence on VZA have been corrected on a
-10 -10 “per pixel” basis. There could however be an issue with cor-
10 oMTO3 1o recting on a “per pixel” basis. If the satellite is in an orbit
-10 -10 with a short repeat cycle, each pixel gets calibrated with a
10 GOMER 1o unique subset of ground stations. This could lead to a spu-
~10 -10 rious offset per pixel. Selecting an orbit with a long repeat

1980 1985 1990 1995 2000 2005

cycle should avoid this issue in future missions. The OM-

Fig. 2b. Monthly averaged and globally averaged difference of the DOAQS dataset has been corrected for a quadratic SZA de-

corrected (as described in Sect. 3.5) satellite ozone observation mpen_dence (|r!dlcated with *nonlin .|n Table 3).
nus the ground observation in units of DU, for all satellite data sets Finally a single offset per satellite dataset was computed.

used as function of time. In this calculation the number of predictors was quite low,
about 2-4 per satellite instrument. For example for the
SBUVO07 datasets only two predictors were used: the ef-
3.3 Calculation of the corrections fective ozone temperature and an offset. Table 3 lists the
RMS value with no corrections (offset only) as RMS3, and
The regression coefficients for the four predictors and for allgpsa shows the value after the corrections have been ap-
fourteen satellite datasets are listed in Table 2. As indicateq)"ed RMS3 and RMS4 are higher than respectively RMS 1
in Sect. 3.2, an additional offset per WSI (one offset for eachyg RMS 2 since the RMS in Table 2 is calculated by fit-
type of instrument at each ground station) was used, whiching an offset for each station and the RMS in Table 3 is
are not shown in Table 2. Thus, the total number of predic-ca|cylated using a single offset for all stations. Details of
tors is in the order of 150 per satellite dataset. Note that they|| the corrections in Table 3 are in the appendix. From the
SBUV instruments perform only nadir measurements and therape it is clear that the OMTO3 dataset is the best satellite
VZA dependgnce is therefore absent. dataset available, in the sense that it corresponds best with the
Clearly visible are the trends in the SCIAMACHY and (ground based) reference dataset. GOME2 shows promise,
GOME? datasets. For four datasets (TOMS2b, GDP, TOt js currently hampered by a large spurious trend. It is re-
GOMI, and GOME-2) the VZA dependence is not linear, markable that all “American” data (TOMS, SBUV, OMTO3)
so the value given here is only indicative. The same is trugequire a negative temperature correction, while most “Euro-
for the SZA value in the OMDOAQO3 dataset. The tempera- pean” data (GOME, SCIAMACHY, GOME?2) do not need a
ture dependence varies fron0.44 t0+0.34 DU/K. The two  temperature correction. The OMDOAO3 dataset is the only
OMI products show opposite temperature dependency, €.thne showing a positive correction. As there has been a trend
negative for OMTO3 and positive for OMDOAOS. in stratospheric temperatures in the 30-year period (Randel
et al., 2009), it is conceivable that this trend shows up as a

Atmos. Chem. Phys., 10, 1127171294 2010 www.atmos-chem-phys.net/10/11277/2010/
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Table 2. Regression coefficients (expressed as corrections) for the various ozone datasets. The columns are (1) Name; (2) RMS original
data; (3) Trend correction; (4) Viewing zenith angle correction, (5) Solar zenith angle correction; (6) Effective ozone temperature correction;
(7) RMS after application of these corrections.

Name RMS1 Trend VZA SZA Teff RMS2
(DU) (DUlyear) (DU/deg.) (DU/deg.) (DU (DU)
TOMS2a 8.97 0.05 0.01 0.01 -0.43 8.75
TOMS2b 8.98 0.51 0.02 0.02 -0.43 8.61
SBUVO07 10.01 0.29 N/A —0.03 —0.19 9.95
SBUV9a 10.43 —0.95 N/A 0.11 -0.16 10.28
SBUVvad 9.68 —0.03 N/A —0.04 —0.26 9.63
SBUV11 9.89 0.05 N/A 0.06 -0.17 9.79
SBUV16 9.61 0.31 N/A 0.01 -0.44 9.33
GDP 8.89 0.00 0.05 -0.11 0.03 8.72
TOGOMI 8.08 -0.17 0.07 0.01 -0.01 7.94
SGP 9.11 1.09 -0.01 —0.04 -0.07 8.92
TOSOMI 8.66 1.04 0.05 —0.27 0.05 7.67
OMDOAO3 8.55 —0.36 —0.01 —0.07 0.34 8.19
OMTO3 6.62 0.13 —0.05 —0.05 -0.39 6.46
GOME2 7.21 —-2.19 —0.03 —0.19 —0.10 6.60
(MSR-L2) 8.77 0.00 0.00 0.02 0.03 8.76

Table 3. Corrections that have been applied to the satellite datasets. The columns are: (1) Name; (2) RMS original data; (3) Trend
correction; (4) View angle correction; (5) Solar angle correction; (6) Effective ozone temperature correction; (7) RMS after application of
these corrections. Only one offset per satellite instrument is used here.

Name RMS3 Trend VZA SZA dif RMS4
(BU) (yn)  (yn) (ym) (DU/C) (DU)
TOMS2a 10.16 no no no —0.462 9.98
TOMS2b 9.84 partial pixel no —0.447 9.33
SBUVO7 11.12 no no no —0.153 11.09
SBUV9a 11.87 no no no —0.376 11.81
SBUVYd 10.66 no no no —0.196 10.63
SBUV11 10.65 no no no —0.258 10.60
SBUV16 10.43 no no no —0.467 10.22
GDP 9.60 no pixel yes no 9.39
TOGOMI 8.95 no pixel no no 8.84
SGP 9.99 vyes yes no no 9.80
TOSOMI 9.80 vyes yes yes no 8.98
OMDOAO3 9.41 vyes no nonlin +0.300 9.01
OMTO3 7.60 no no no —0.282 7.45
GOME2 8.30 yes pixel yes no 7.71

spurious trend in the ozone data, if the satellite products ardt was decided to calculate one typical number for all ob-

not corrected for effective 0zone temperature. servations in a specific dataset. To calculate this number it
was necessary to have an estimation of the random noise in
3.4 Random errors the ground-based data. The 22 stations where both Dob-

son and Brewer instruments are available make it possible

o . . . to estimate the noise in the ground station data. The RMS
The data assimilation procedure requires a noise estimate fo(;f the Brewer-Dobson difference is 6.47 DU. Assuming that
each observation. Not all datasets, however, provide a meg; ' :

. . he noise in both ground instruments is similar, this implies
surement error, and it is unclear if the measurement error

_ The noise in a single instrument is 4.57 DU. (In Sect. 3.5 it
of one product can be compared to those in other products.
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will be shown that th? n@se in the BreW.er and the DObsonTable 4. Noise in the satellite dataset with respect to the ground
datasets are indeed similar.) For all satellite datasets the RMRatwork. RMS1 is before and RMSS is after the corrections have
of the ozone anomalies is computed, allowing for an offsetpeen applied. RMS6 is the estimate of the noise in the satellite
per WSI. These values are shown as “RMS1” (before correcdataset itself.

tions) and “RMS5” (after corrections) in Table 4. Assuming

the errors of the ground and satellite dataset are uncorrelated, Name RMS1 RMS5 RMS6
“RMS5” is the quadratic sum of the errors in the satellite data (bu) (DU) (DU)
and those in the groun_d data. Th|_s makes it pos&blti to est’|,— TOMS?a 8.97 876 747
mate the random error in the sateII!te data, shown as RMSG TOMS2b 8.98 8.45 710
in Table 4. These values are used in the data assimilation pro- SBUVO7 10.01 998  8.87
Cess. SBUV9a 10.43 10.34 9.27
Note that these errors will consist of two contributions, SBUV9d 9.68 9.64 8.48
namely an instrument-related part and a representation error. SBUV11 9.89 9.82 8.69
The latter describes how well ozone in the satellite footprint SBUV16 9.61 9.33 8.13
represents ozone at the point location. The low RMS of the GDP 889 871 741
OMTO3 dataset is probably at least partly related to the small ;ggOMI 89-0151 78-%62 %5616
footprint and the therefore small representativity error. TOSOMI 8.66 267 6.16
OMDOAO3 8.55 8.17 6.77
3.5 The MSR level 2 dataset OMTO3 6.62 6.48 459
GOME2 7.21 6.59 4.74

Based on the calculated corrections the merged MSR level
2 dataset has been created. The original satellite datasets
were read, filtered for bad data and corrected according to
the formulas listed in Appendix A, and finally merged into ever, the relative differences between the ground instruments

a single time ordered dataset. Essential information in theCan be inferred from the table. althouah there mav be geo-
MSR level 2 dataset is time, location, satellite product index ! 9 y b€ g

and ozone. The satellite product index indicates from WhiChgraphical differences in the locations of the stations that may

. ' b o : somewhat influence the results.

satellite product the measurement originates. It is used by the The MSR level 2 data spans 30 vears of sequential satellite

data assimilation (see below) to infer an uncertainty in this . : P years ot seq . X
Pbservatlons. In this period only 3 time intervals exist with

measurement, based on “RMS6” in Table 4. Some additiona . . .
information is added that is not used in the data assimilationa data gap of more than 2 days. This happened in the period
1995-1996 with gaps of 3.4, 3.0 and 4.5 days.

but is however available for statistical analysis of the results.
The effect of the corrections is shown in Fig. 2, which shows
the deviations between satellite data and ground observationg pata assimilation
without corrections for the satellite data in Fig. 2a and af-
ter correcting the satellite data in Fig. 2b. The trend, offset,The satellite instrument observations are combined with me-
and seasonal cycle in the satellite observations has been rezorological, chemical and dynamical knowledge of the at-
duced to a negligible level in the MSR level 2 data set. Thesemosphere by using data assimilation. The data assimilation
figures have also been made for zonally averaged deviationscheme used here is called TM3DAM and is described in
with similar results. Eskes et al. (2003). The chemistry-transport model used in
The MSR data can be used, and verified as any other satethis data assimilation is a simplified version of TM5 (Krol
lite dataset. So it is possible to apply the regression systenet al., 2005), which is driven by ECMWF analyses of wind,
to this dataset. Ideally, the regressions coefficients would bgressure and temperature fields. As input the MSR ozone
zero. The results are shown at the bottom of Table 2. Sincevalues and the estimates of the measurement uncertainty are
the MSR data consist of corrected satellite data, its RMSIlused. These uncertainties are described in Sect. 3.5. A qual-
and RMS2 values are almost identical. ity screening is implemented to reject unrealistic ozone ob-
It is also possible to show the performance of the groundservations (i.e. below 50 DU or above 700DU) or unreli-
networks with this dataset. Table 5 gives the RMS noise ofable ozone observations (measured with a solar zenith angle
each of the networks versus the MSR level 2 dataset. Théiigher than 85%). Observations that deviate from the model
Brewer and Dobson datasets show a similar performanceorecasts more than either 3 times the observation uncertainty
while the Filter instruments show a larger RMS, in accor- or 3 times the model uncertainty are also rejected. Because of
dance with the results of Fioletov et al. (2008). The Brewerthis restriction and the assumption of unbiased observations,
MKIII (which is still being produced) appears to be the supe- the satellite data has been corrected as described before.
rior instrument. Note again that this RMS also contains con- The three-dimensional advection of ozone is described by
tributions from the satellite noise and representativity. How-the flux-based second order moments scheme of Prather et
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Table 5. Noise figures of the ground network compared to MSR (2000) using GOME observations. This approach produces

level 2. detailed and realistic time- and space-dependent forecast er-
ror distributions.
Instrumenttype RMS7  Number of The data assimilation approach used for this work is based
(DU) instruments on the scheme described in (Eskes et al., 2003), but some
improvements are made. The most important changes are:
All 8.77 290
Dobson 8.62 109 1. The inclusion of a new ozone chemistry parameterisa-
Brewer (all) 8.92 87 tion Cariolle version 2.1 (Cariolle et al., 2007). This up-
Brewer MKII 9.10 38

date of the Cariolle parameterisation has improved the

Brewer MKIII 7.59 13 f t Antarctica during th hol

Brewer MKIV 908 34 orecast over Antarctica during the ozone hole season.
Eirlz\r/er MKV ig'ig 53 2. As it was no longer practical to perform the data assim-
Microtops 799 5 ilation on a per-orbit basis, a fixed 30 min data assimi-

lation time step has been used.

3. The construction of super-observations from the multi-
o ) ple satellite instrument dataset. Previously the error of
al. (1986). The model is driven by 6-hourly meteorologi- the super-observation was computed with the assump-
cal fields (wind, surface pressure, and temperature) of the o of a constant observation error. In the present multi-
medium-range meteorological analyses of the ECMWF. The  sansor analysis an average observation error per instru-
assimilation is using the ERA-40 reanalysis (1978-2001) as  ment is introduced (see Table 4). Based on the corre-
well as operational data sets (2002-2008). The 60 or 91 |ations of the GOME observations in a single grid cell,
ECMWF hybrid layers between 0.01hPa and the surface earlier established by Eskes et al. (2003), the average

have been converted into the 44 layers used in TM3DAM, error correlation is assumed to be 50%. The super-
whereby in the stratosphere and upper troposphere region  gpservations are average satellite observations weighted
all levels of the 60-layer definition are used. The horizontal with the inverse of their variances.

resolution of the model version used in this study is 2.

This relatively modest resolution is compensated by the pracThe quality control consisted of a comparison between the
tically non-diffusive Prather scheme (with 10 explicit ozone individual observations and the model forecast. When this
tracers for each grid cell), which allows the model to producedifference exceeded 3 times the forecast error or the observa-
ozone features with a fair amount of detail. The output of thetion error, the observation is rejected. Only a few percent of
analyses is provided on a grid with a resolution of 11/°. all observations is rejected with this quality check.

Ozone chemistry in the stratosphere is described by two One example drawn from the MSR ozone analysis data set
parameterizations. One consists of a linearization of thes shown in Fig. 3, which shows the MSR ozone field derived
gas-phase chemistry with respect to production and loss, théor 15 April 1992 and 24 September 2002 at 12:00 UTC.
ozone amount, temperature and UV radiation. A secondlhese examples illustrate the resolution of the data set, which
parameterization scheme accounts for heterogeneous ozo#ows monitoring events like the split of the ozone hole in
loss. This scheme introduces a three-dimensional chlorin@002. No discontinuity across the date line is present in the
activation tracer, which is formed when the temperatureimages, which is often seen in gridded level 2 data. The
drops below the critical temperature of polar stratospheric6-hourly instantaneous and monthly mean ozone fields are
cloud formation. Ozone breakdown occurs in the presencevailable on the TEMIS web sitdftp://www.temis.nl/ For
of the chlorine activation tracer, depending on the presenc&JV radiation studies the daily ozone fields at local noon are
of sunlight. The rate of ozone decrease is described by amlso made available on this web site. In Fig. 4 the aver-
exponential decay, with a rate proportional to the amount ofage ozone mass deficit over Antarctica in the period 21-30
activation tracer below the critical temperature and with aSeptember, when the ozone depletion is usually at its maxi-
minimal decay time of 12 days. The cold tracer is deacti-mum, is shown for the period 1978-2008. The ozone mass
vated when light is present with a time scale of respectivelydeficit is defined as the total amount of ozone needed to fill
5 and 10 days on the Northern and Southern Hemisphere. the ozone columns below 6®outh to a level of 220 DU.

The total ozone data are assimilated in TM3DAM by ap- The period covered by the MSR data set shows the begin-
plying a parameterized Kalman filter technique. In this ap-ning of the ozone hole in the eighties when CFCs entered
proach the forecast error covariance matrix is written as ahe stratosphere and the more or less stable period afterwards
product of a time independent correlation matrix and a time-when the Montreal protocol was endorsed. Exceptional year
dependent diagonal variance. The various parameters in thewas 2002 when the ozone hole broke up after the first major
approach are fixed and are based on the forecast minus olstratospheric warming observed in the southern hemisphere
servation statistics accumulated over the period of one yeagsee Fig. 3, and WMO, 2007). One part of the split vortex
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Fig. 3. Examples of the analysed MSR ozone field in DU. The left panel shows a low pressure system over Western Europe on 15 April
1992. The right panel shows the split ozone hole over Antarctica on 24 September 2002.
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Fig. 4. The ozone mass deficit over Antarctica in the period 21-30 September based on the multi-sensor re-analysis (MSR) total ozone in
the period 1979-2008.

dissolved quickly after this event. The maximum daily ozone which can be caused by either the ground observations or the
deficit observed during the 30 year period was 42 10° kg MSR. Therefore, the MSR data has been compared with all
on 26 September, 2003. available ground observations from the WOUDC database.
One might argue that these ground observations are already
used in generating the MSR data, but at least it is a consis-
5 Evaluation of the MSR data tency check and it still shows the quality of a level 4 data set
compared to the “ground truth”. When fitting the MSR data

Figure 5 gives an example of the MSR level 4 data set comlo0 the ground observations the fitted offset was found to be

pared to ground data: it shows the same time period and jpSmaller than 0.2DU, and both the trend (0.02 DU/year) and

cation as for Fig. 1. Where Fig. 1 clearly showed Systematicseasonal variation (effective ozone temperature dependence

deviations, most notable the seasonal cycles, in Fig. 5 no se f —0.006 DUPK) were negligible. The geographical distri-

sonal cycle or trends are visible. Still a small offset remains ution of th? offs.et betweep M_SR level 4 data and |nd|V|d.uaI
between MSR and the ground observations on this Iocation;qround stations is shown in Fig. 6. In Europe some stations
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for the total ozone retrieval as well as the model performance.-15s 12 -9 6 -3 0 3 6 9 12 15
The analysis uncertainty is reported as a two-dimensional

field, part of the analysis product. In the data assimilation theFig- 7- Example of the global distribution, gridded on<11°, of

forecasts are calculated in sequential steps of half an hou#hetﬁbservatt:]o\;]-minus-;(())roeé:a_?'r[]inl\ljl) ;JRo;thte ?"S;.datasiffvegageg
For assimilation of a single sensor, such as TOMS or OMI or the month January - 1he ata for this month Is base

. - . . on satellite observations from GOME, SCIAMACHY, GOME2 and
the observations at a certain location are typically once a da)bM

and therefore the OmF and OmA reflect a time step of 1 day.
For the assimilation of SBUV only (e.g. beginning 1995), ac-
counting for a correlation length of 500 km, the revisit time are found caused by the strong natural variations around the
is typically 1 week. For data assimilation of multiple sensors North Pole in this time of the year. No obvious patterns as
this is different, time steps between observations can rangéunction of ground elevation or surface type were seen, and
anything between half an hour and 1 day. This means that thehe patterns seem to be rather uncorrelated from one month to
OmF and OmA, and therefore the data assimilation resultsthe next. The OmA for this month was much smaller than the
are more restrained by the observations. Typical OmF an®mF as is to be expected. The distribution of the OmF was
OmA behaviour that has been checked are: (i) in general théound to be close to normal (Gaussian), which means that at
OmA has to be smaller than the OmF, (ii) no geo-location orleast the largest contribution to the OmF error must closely
geo-parameter dependencies have to be visible, (i) the RM@gree with the assumption of Gaussian error distribution.
will mainly reflect the error distribution of the observations.  In Fig. 8 the latitude dependence of OmF and OmA is
As example, the OmF and OmA are analyzed for Januarygiven. In addition the RMS value of the OmF is plotted.
2008 as function of location, latitude band, solar zenith an-On average the root-mean-square difference between new
gle, viewing angle, total ozone and cloud parameters. Nosatellite observations and the short-range model forecast (1
significant systematic deviations were found. In Fig. 7 theday) is small: about 6 DU, or roughly 2%, for the tropics
geographical distribution of the OmF gridded for January and mid-latitudes. This is comparable to the RMS values of
2008 is shown. In general the mean OmF is betwe&n the MSR level 2 data set compared to ground station mea-
and+3DU. In the northern latitudes some higher variations surements. For high Northern latitude the RMS increases,
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observation-minus-analysis (red line) as a function of latitude. The

dashed black line represents the RMS value of the observationFig. 9. The observation-minus-forecast in DU (blue line) and the

minus-forecast distribution. All data are averaged over Januaryobservation-minus-analysis (red line) as a function of solar zenith

2008. angle (a), observed ozonégb), cloud fraction(c), and viewing
zenith anglgd). The dashed line represents the RMS value of the
observation-minus-forecast distribution. All data are averaged over

which is related to high ozone variability in winter, and a cor- January 2008.

responding increase of the representativity mismatch. The

bias between the forecast and the columns is smaller than . _ .

1%. The bias between analysis and the observations is in The assumption has been made that different retrieval

general smaller (about 1 DU), which shows the effect of thedatasets from the same satellite instrument have uncorrelated

data assimilation. Compared to assimilation of the observagrrors. To check this assumption the average correlation
tions of the GOME instrument only, as shown earlier in Es- Of the ozone differences (between satellite observation and
kes et al. (2003) with almost the same data assimilation sys@nalysis) is calculated for different algorithms but from the
tem, both RMS and bias are Considerab|y decreased by usir@me satellite observation. Based on the OmA statistics the
an improved retrieval for GOME and by using the full MSR average correlation of the algorithm pairs TOGOMI/GDP,
level 2 dataset consisting of GDP, TOGOMI, SGP, TOSOMI, TOSOMI/SGP and OMDOAO3/OMTO3 were estimated as,

OMDOAO3, OMTO3, GOME?2 for January 2008. respectively, 0.220.10, 0.2Gt0.02 and 0.2 0.03 for

In Fig. 9 the OmF is shown as function of solar zenith April 2007 and 0.34-0.17, 0.3G 0.09 and 0.14-0.03 for
angle, ozone, cloud fraction and viewing angle for Januarythe month December 2008. From this low correlation we
2008. Again no large systematic effects are found and similafonclude that using the observations of the mentioned algo-
OmF, OmA and RMS values are found as earlier discussedithm pairs as independent data sets in the data assimilation
for Fig. 8. For high solar zenith angles the RMS value in- iS @ valid choice.
creases, because these measurements are usually associated
with the highly variable ozone concentrations in and around
the polar vortex. In addition, the model bias is higher closer

tp the region of the polar night, where no satellite observa-By exploiting on the one hand the accuracy and large num-
tions of ozone are performed. From the ozone dependence He of ground measurements and on the other hand the global
follows that the model shows a slight tendency to underestioyerage of satellite observations, a data set is created of an
mate the range of ozone values. optimal estimate of the global distribution of total ozone in a
Similar results as shown in Fig. 9 are found for other peripq of 30 years. The data is created in two steps: firstly,
months in the data set. The period from June 1993 till May ¢4 recting small systematic biases in the satellite data by tak-
1995 is of special interest because the satellite observationi§|g the ground observation on average as the true value. Sec-
are sparse as only SBUV9d and SBUV11 performed meagngly, all satellite data is assimilated with a Kalman filter
surements. Note that in this period the forecast of the OmRechnique in order to have a consistent data set with a regular

is for 24 h. Also in this period the mean OmF and OmA yal- spatial grid of 1x 11° and a time step of 6 h throughout the
ues are small (less than 1%), but the RMS values are h'ghebomplete 30-year period.

up to 4-5%. For this period the forecast error is likely to be
higher because of the low coverage of the Earth by the sparse
SBUV observations.

OmF,0mA [DU]
o
OmF,0mA [DU]
o

Conclusions and outlook
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Several assimilation-based long-term ozone records exist, It has been shown that the MSR level 2 data presented no
and have been reported in the literature. Dethof and Holmdrift and an insignificant SZA and effective ozone tempera-
(2004), report on the quality of a 45-year reanalysis (ERA40)ture dependence as compare to the ground observations (see
of ozone performed with the ECMWF model. This work is Table 2). The final MSR level 4 data is on average compa-
based on previous data versions of TOMS (version 7) andable with the ground data: the fitted offset, trend and sea-
SBUV (version 6), and no additional corrections were ap-sonality in the comparison between MSR level 4 data and all
plied to account for drifts and offsets against surface dataobservations of the WOUDC data base were negligible. The
The 45 years can be divided in four different time windows, maximum fitted offset is 0.2 DU. All the systematic effects
depending on the availability of satellite data. The quality found in the satellite data are removed by the simple cor-
of the analyses differs from one window to the next, which rections (using a few basic parameters) applied to the satel-
complicates the use of this reanalysis for trend studies. lite observations in the period 1978—-2008. Especially for the

Brunner et al. (2006b) provide a quasi-3D ozone time sedast years, the corrections applied to the satellite data are ex-
ries for the period 1979-2004, based on the NIWA total pected to improve when more data will become available in
ozone dataset constructed from TOMS/SBUV v8 and GOMEthe WOUDC database.
total ozone observations (Bodeker et al., 2001, 2005). As The combination of the different satellite data into a co-
in the MSR dataset, Dobson ground observations were uselderent MSR level 2 data revealed that there are systematic
to remove offsets and drifts in the satellite data. However,differences between all the total ozone satellite products and
the MSR uses both Dobson and Brewer ground observationthe network of ground stations. By combining the satellite
for correcting the satellite observations, and these correctiondata and model knowledge using data assimilation and by us-
are based on dependencies of parameters directly related tog the ground data as a reference the aim was to obtain the
retrieval errors. Important in correcting satellite data is thebest possible data set for the total ozone in the atmosphere
fitting against the effective ozone temperature, which is aby combining all available ozone column information. It is
critical parameter for total ozone retrievals. This is a novelty however difficult to draw conclusions about the quality of in-
in the MSR data set. The analysis by Brunner et al. (2006b)dividual dataset, since our work is based on the assumption
is based on a two-dimensional equivalent latitude — potenthat the ground observations are on average without mean
tial temperature Kalman filter approach. Brunner shows thatias, seasonal bias or trends. We hope that this work will
realistic 3-D ozone distributions can be reconstructed on thestimulate the research in retrieval algorithms, both for the
basis of 2-D ozone column information only. In the MSR the satellite and the ground instruments. For future missions we
analyses are performed with a full 3-D model, which avoidsrecommend to plan a long repeat cycle of the satellite orbit
errors that may result from the 2-D—3-D mapping. However,in such a way that the overpass dataset of a single ground
the data presented are restricted to the 2-D ozone columastation contains all viewing angles of the satellite.
field, because this is strongly determined by the satellite ob- The authors are aware that at the time of the writing of
servations. this paper development is still on-going for the improvement

Compared to existing long-term datasets, the MSR data i®f the retrieval products of in particular GOME-2 and OMI,
based on more satellite data sets by including all availablevhich are relatively new satellite instruments. But research
retrievals of the recent satellite instruments GOME, SCIA-is also being done to improve the other satellite products,
MACHY, OMI, and GOME-2. SO certain conclusions about their quality will probably be

Currently, the MSR data set is used by research institutegjuickly outdated. Therefore, as new developments become
for the creation of long-term time series of UV radiance, available, also the MSR data set is planned to be regularly
which will be compared with ground measurements and usedeprocessed to incorporate the latest versions of satellite and
for trend analysis. The data is also of interest for climate re-ground data.
search, for atmospheric chemistry modelling, for analyzing
trends in ozone and for the study of the recovery of the ozone )
hole. Appendix A

The OmA of this dataset is less than 1%, which is better )
than for the assimilation of observations of a single sensor>atellite datasets
The model influence as estimated by the difference betwee

OmF and OmA is in general very small. Therefore, even for?:or each satellite dataset the version number, the origin of the

data and a reference is shown. If part of the dataset has been

small periods of a couple of days with no data, the bias wil rejected, this is also shown here. The corrections applied to

L o ) . X
remain within 1%. As discussed earlier, this holds also foreach dataset are shown at the end of each entry. In all for-

the period with only sparse SBUV observations. The Iongestmulaex is the total 0zone in DUTaf is the effective ozone

?emperature in degrees Celsius and angles are expressed in

around 2%, which is low since the RMS errors contain rep-Olegrees MJD is the number of years since 2000

resentativity errors, forecast errors and instrumental noise.
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TOMS2a

Processing: NASA. (Version: 8).

Downloaded from: http://disc.sci.gsfc.nasa.gov/data/

datapool/TOMS/Levep/.
Reference: Bhartia et al., 2002.

— All data with ozone values 0 have been used.

Corrections applied: effective temperature and offset.

Xcor= Xsat— 0.462- (Tef -+ 46.3) — 2.066.
TOMS2b

Processing: NASA (Version: 8).

datapool/TOMS/LeveP/.
— Reference: Bhartia et al., 2002.
— All data with ozone values 0 have been used.

Corrections found: effective ozone temperature, VZA
(not linear), trend (from 2000) and offset.

Before 1 January 2000: Xcorr = Xsat— 0.447-
(Tefi +46.3) +0.839+ f (pixel).

From 1 January 2000: Xcorr = Xsat— 0.728-
(Tetf +46.3) +5.093- M J D —8.098+ f (pixel).

The viewing zenith angle correctidipixel) as function
of the across-track pixel is shown in Fig. Al.

SBUVO7, SBUV9a, SBUV9d, SBUV11, SBUV16

Processing: NOAA/NASA Ozone Processing Team.

Data from: DVD-ROM “SBUV Version 8"

NOAA/NASA.
— Reference: Miller et al., 2002; Taylor et al., 2003.
— All data flagged as “Good retrieval” have been used.
— SBUV data have been corrected for temperature only.
— SBUVOT: Xcor= Xsat— 0.153- (Teft + 46.3) —3.431
— SBUV9a: X¢or = Xsar— 0.376- (Tefi +46.3) —2.418
— SBUVId: Xcor= Xsat— 0.196- (Tett +46.3) — 0.823
— SBUV11: Xcor= Xsat— 0.258: (Teft +46.3) — 2.360

— SBUV16: Xcor= Xsat— 0.467- (Teff +46.3) — 6.155
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Pixel number

Fig. ALl. The viewing angle correction for TOMS2b.

GDP

Processing: DLR/ESA. (Version: 4.00 and 4.10)
Data from:http://nisciadc.knmi.nl/

Reference: Van Roozendael et al., 2006; Balis et al.,
2007a.

Back-scan pixels have been ignored; ozone valu€s
have been ignored.

Both a SZA, VZA correction has been applied, the last
nonlinear (pixel based, thee values).

Deleted: June—September 2003.
Xcor= Xsat— 0.114- (SZA—30) + 2.933+ f (pixel).

The viewing zenith angle correctidpixel) as function
of the across-track pixel is given by Table Al.

TOGOMI

Processing: KNMI. (Version 1.2, level 1: version 3.02).
Data from:http://www.temis.nl/protocols/O3total.html
Reference: Valks et al., 2004.

All data have been used (there are no back-scan pixels
in the dataset).

A nonlinear VZA dependence has been corrected (pixel
based, six values).

XCOI’Z Xsat+ 1649+ f(p|Xe|)

The viewing zenith angle correctidfpixel) as function

of the across-track pixel is given by Table A2. For the
nadir-static and polar viewing angle mode too little data
exists to obtain a reliable correction as function of view-
ing angle.
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Table Al. The viewing angle as function of pixel for the GDP data

set.
Pixel East Centre West
Correction (DU) —-1.17 0.42 0.89
Table A2. The correction (DU) as function of view angle for the
TOGOMI data set.
Mode Pixel
East Centre West
Normal —-1.76 0.40 1.47
Small-swath 0.04 099 0.56
Nadir static 0 0 0
Polar viewing 0 0 0

A6

A7

Difference (DU)

0

-2

11291

1 1 1 1
10 15

Pixel number

Fig. A2. The viewing angle correction for GOME2.

A8 OMDOAO3

SGP

Processing: DLR/ESA (Version 3.01).

Data from:http://nIsciadc.knmi.nl/

Reference: Lerot et al., 2009; Lambert et al., 2007.

Back-scan pixels have been ignored; ozone valués
have been ignored.

This product shows a significant trend. A small VZA
dependence has also been corrected.

Xcor= Xsat—0.016-VZA —8.031+1.090 MJID

TOSOMI

Processing: KNMI (version 0.43, level 1: version 6.03)
Data from:http://www.temis.nl/protocols/O3total.html
Reference: Eskes et al., 2005.

All data have been used (there are no back-scan pixels
in the dataset).

This product has a trend similar to SGP. Also small SZA
and VZA corrections have been applied.

Deleted: 20 December 2002—-29 December 2002.

Xcor == Xsat_ 0.284' (SZA_ 30) + 0.049' VZA + 1.039'
MJID+2.322

www.atmos-chem-phys.net/10/11277/2010/

— The instrument is developing “row anomalies”.

Processing: NASA (Version: 003, level 1: collection 3).
Data from:http://www.temis.nl/protocols/O3total.html

Reference: Veefkind et al., 2006; Balis et al., 2007b;
McPeters et al., 2008.

Pixels have been deleted if ozone values are zero, or the
RMS errors are higher than 10 DU, or the logical sum
of “ProcessingQualityFlags” and “10911" is nonzero.

Bad
rows have been deleted according to the infor-
mation on http://www.knmi.nl/omi/research/product/
rowanomaly-background.php A procedure for the
“zoom mode” has been indirectly derived from this in-
formation.

Corrections: SZA (not linear), temperature, trend, off-
set.

Xcor = Xsat — 0.00189 - (SZA—30)2 + 0.300 -
(Teff +46.3) —0.358-MJID -+ 5.379

A9 OMTO3

Processing: NASA. (Version 3, level 1: collection 3).

Data from: http://disc.sci.gsfc.nasa.gov/Aura/
data-holdings/OMI/omta®003.shtml

Reference: Bhartia et al.,, 2002; Balis et al., 2007b;
McPeters et al., 2008.

Pixels have been deleted if total ozone is less then 1 DU,
or the logical sum of “Quality Flags” and hexadecimal
“FFF6” is nonzero.

The instrument is developing “row anomalies”. See

OMDOAS.
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— All data before 9 September 2004 have been ignored. Bodeker, G. E., Shiona, H., and Eskes, H.: Indicators of
Antarctic ozone depletion, Atmos. Chem. Phys., 5, 2603-2615,

— Corrections: temperature, offset. doi:10.5194/acp-5-2603-2005, 2005.
. _ ) Bovensmann, H., Burrows, J. P., Buchwitz, M., Frerick, J.eNo
Xoor= Xsat—0.282- (Tefr +46.3) +2.578 S., Rozanov, V. V., Chance, K. V., and Goede, A. P. H.: SCIA-
A10 GOME2 MACHY: Mission Objectives and Measurement Modes, J. At-

mos. Sci., 56, 127-150, 1999.
Processing: DLR/EUMETSAT. (Versions: GDP 4.3, Brunner, D., Staehelin, J., Maeder, J. A., Wohitmann, I., and

using reprocessed level1B-R1 v4.0 data). Bodeker, G. E.: Va_riability and trends in total and vertically re-
solved stratospheric ozone based on the CATO ozone data set,
— Data from: DLR (provided by P. Valks). Atmos. Chem. Phys., 6, 4985-5008, doi:10.5194/acp-6-4985-
2006, 2006a.
— Reference: Valks et al., 200Bttp://lap.physics.auth.gr/  grunner, D., Staehelin, J., iisch, H.-R., and Bodeker, G. E.:
eumetsat/ A Kalman filter reconstruction of the vertical ozone distribu-

L tion in an equivalent latitude-potential temperature framework
GOME-Z appears to have a Slgn!flcant trend. Also cor- from TOMS/GOME/SBUV total ozone observations, J. Geo-
rections for SZA and VZA (nonlinear) have been ap-  phys. Res., 111, D12308, doi:10.1029/2005JD006279, 2006b.
plied. Burrows, J. P., Weber, M., Buchwitz, M., Rozanov, V., Ladsr-

. WeiRenmayer, A., Richter, A., De Beek, R., Hoogen, R., Bram-
B XCO(—IXsat— 0.164- SZA —2.186- MJD + 26.998+ stedt, K., Eichmann, K. U., Eisinger, M., and Perner, D.: The
[ (pixel). Global Ozone Monitoring Experiment (GOME): Mission Con-

— The viewing zenith angle correctid(pixel) as function cept and First Scientific Results, J. Atmos. Sci., 56, 151-175,

. . S 1999.
f th ross-track pixel is shown in Fig. A2.
ofthe across-track pixel is sho 9 Callies, J., Corpaccioli, E., Eisinger, M., Hahne, A., and Lefebvre,
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