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Abstract. In this paper, the stellar occultation instrument in the stratosphere caused by natural variability and anthro-
GOMOS is compared with ozonesondes from the SHADOZpogenic forcing (WMO, 2006). Moreover, the decrease of
network. We only used nighttimedrofiles and selected 8 ODSs and the associated context of ozone recovery have re-
Southern Hemisphere stations. 7 years of GOMOS datasetsulted in stratospheric 0zone becoming a topic of importance
(GOPR 6.0cf and IPF 5.0) and 11 years of balloon-sondedor ongoing research. Air enters into the stratosphere from
are used in this study. A monthly distribution of GOMOS O the troposphere primarily in the ozone photochemical source
mixing ratios was performed in the upper-troposphere and irregion: the tropics (Shepherd et al., 2000). It is indeed
the stratosphere (15-50 km). A comparison with SHADOZ important to follow and investigate the evolution of strato-
was made in the altitude range between 15 km and 30 km. spheric ozone in the tropics. Ozonesonde networks such as
In the 21-30km altitude range, a satisfactory agreemenSHADOZ (Southern Hemisphere Additional Ozonesondes)
was observed between GOMOS and SHADOZ, althoughprovide continuous and accurate measurements at various se-
some differences were observed depending on the statiohected locations. On the other hand, satellites provide global
The range for monthly differences generally decreases wittcoverage. But these measurements have to be compared with
increasing height and is withi#15%. It was found that the ground-based observations like balloon-sondes, in order to
agreement between GOMOS and SHADOZ declines belowalidate the results. Furthermore, the role of satellites for
~20km. The median differences are almost witHif%, comparing ground-based instruments is also essential in de-
particularly above 23 km. But a large positive bias was foundtecting possible station to station biases.
below 21 km, in comparison to SHADOZ. Global Ozone Monitoring by Occultation of Stars (GO-
MOS), on board the European satellite ENVISAT (ENVI-
ronmental SATellite), is the first instrument dedicated to the
study of atmosphere using the technique of stellar occulta-
tion (Bertaux et al., 2004). The instrument has the advantage

The long-term evolution of stratospheric 0zone concentra0f @ method of self-calibrating and good vertical resolution,
tions depends not only on changes in a large number ofVith global coverage (Kysla et al., 2004). The key objective
stratospheric constituents (including ozone-depleting subOf GOMOS IS long-term ozone monitoring with high vertical
stances (ODSs), greenhouse gases (GHGs), water Vapo[ﬁsolutlon, high accuracy at global coverage and assessment

and aerosols), but also on changes in the troposphere arfif 0zone trends in the stratosphere (Bertaux et al., 2000).
The purpose of this paper is to give an overview of

GOMOS ozone climatology in the southern tropics and a
Correspondence taN. Mze comparison with ground-based ozonesondes at different sta-
m (nahoudha.mze@univ-reunion.fr) tions operating in the framework of the SHADOZ network.
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Contrary to the Northern Hemisphere, there are very few(64.3 S, 56.7 W) and Sodank@ (67.4 N, 23.6 E) by Tam-
ground-based stations in the Southern Hemisphere. Moreminen et al. (2006). They found a good agreement in the 15—
over, the tropical stratosphere is a zone where ozone is cre30 km altitude range. The differences between the averages
ated by sunlight and where significant changes are expectedere within £5% for Marambio and more marked for So-
to occur. The tropical stratosphere is, however, a zone wherdankyh (up to—10%). In addition, a good agreement in the
it is difficult to measure ozone by satellite experiments, duemiddle stratosphere between GOMOS and various balloon-
to increased Rayleigh atmospheric attenuation, high altituddorne instruments at mid- and high-latitude stations was re-
clouds, low temperature, high humidity and dense aerosolported by Renard et al. (2008). Liu et al. (2008) performed
(Borchi et al., 2007). It is, therefore, essential to comparea comparison of GOMOS and MIPAS (Michelson Interfer-
the few stations operating in the SHADOZ project with the ometer for Passive Atmospheric Sounding) with ozonesonde
performances of the stellar occultation instrument GOMOS.profiles at Beijing (39.48N, 116.28 E). They observed a
The study focuses on the validation of GOMOS level 2 datagood agreement above 15 km. The differences between GO-
processing, version GOPR 6.0cf (and IPF 5.0). MOS and balloon-sonde were found to be positive and signif-
In this respect, we used GOMOS data from August 2002icant within+10% above 15 km, particularly between 19 km
to December 2008 and focused on the Southern Hemispherand 30 km, where biases were found below 5%. A cross vali-
sites based on SHADOZ ozonesonde network (Thompson edation was also performed with the ground-based microwave
al., 2003). SHADOZ datasets are well known and increas+adiometer SOMORA (Stratospheric Ozone Monitoring Ra-
ingly used for climatological studies (Lamsal et al., 2004; diometer) by Hocke et al. (2007). The relative differences
McPeters et al., 2007), variability studies (Logan et al., 2003;were within 10% at altitudes below 45 km.
Witte et al., 2008) or comparison studies (Liu et al., 2006; Comparisons were also performed between satellite data.
Sivakumar et al., 2007), for case studies such as ozone iseiverronen et al. (2005) compared nighttime ozone profiles
tropic transport in the lower stratosphere (Semane et al.from MIPAS and GOMOS (version 5.4b and 6.0a). They re-
2006; Bencherif et al., 2007), and for trend analyses (Clainported a good agreement between the two instruments. The
etal., 2009). results of these agreed within 10-15% in the middle atmo-
The first results for multi-year GOMOS ozone climatol- sphere. Bracher et al. (2005) compared three ENVISAT in-
ogy were obtained by Kyia et al. (2007). They concluded struments: MIPAS, SCIAMACHY (SCanning Imaging Ab-
that, even if GOMOS data contained gaps due to instrumengorption spectroMeter for Atmospheric CHartographY) and
failure or nighttime conditions, the available time series al- GOMOS (dark observations, version 6.0a). Cross compar-
lowed ozone variations in the stratosphere and in the mesdsons showed an agreement for ozone within 15% in the
sphere to be investigated. Meijer et al. (2004) validated the21-40 km altitude range between the instruments. Dupuy
ozone data GOPR 5.4b derived from GOMOS observationst al. (2009) observed a close agreement in the stratosphere
under dark limb conditions with correlative data based onbetween GOMOS and ACE-FTS (Atmospheric Chemistry
balloon-sondes and ground based instruments. They reportexperiment-Fourier Transform Spectrometer). The median
an insignificant negative bias from 2.5% to 7.5% betweenrelative differences were withitt10%.
14km and 64 km, with standard deviations of 11-16% be- This study investigates 7 years of GOMOS measurements
tween 19 km and 64 km. Furthermore, this result was demonin order to evaluate its potential for establishing a climatol-
strated to be independent of the star temperature, magnitudsgy of stratospheric ozone, in comparison to ground-based
and the latitude, except in polar regions in the altitude rangeobservations at different tropical/subtropical locations in the
between 35km and 45km, where a slightly larger bias wasSouthern Hemisphere, operated in the framework of the
observed. SHADOZ program. Section 2 describes data measurements
Kyrola et al. (2006) provided nighttime stratospheric and methods of analysis. Results are reported and discussed
ozone climatology and a comparison of GOMOS 2003 datain Sect. 3. A summary is presented in Sect. 4.
(GOPR 6.0a). In fact, they compared GOMOS stratospheric
ozone with the Fortuin-Kelder ozone climatology (Fortuin
and Kelder, 1998) and found large differences in polar area® Datasets and analysis
correlated with large increases of WNOThey also observed
that GOMOS values are systematically larger in the upperThe Global Ozone Monitoring by Occultation of Stars (GO-
stratosphere, due to diurnal variation of ozone above 45 kmMOS) on board the European Space Agency's ENVISAT
They added that GOMOS finds a slightly lower percentagesatellite was launched on 1 March 2002. GOMOS is a
of ozone than Fortuin-Kelder in the middle and lower strato- medium resolution spectrometer covering the wavelength
sphere. However, they reported that in the equatorial areasange from 250 nm to 950 nm. The four spectrometers of
GOMOS values are much lower than Fortuin-Kelder clima- the instrument cover the spectral ranges: 248-387 nm, 387—
tological values in the upper troposphere-lower stratosphere693 nm, 750-776 nm and 915-956 nm. This coverage allows
Moreover, GOMOS dark occultations were comparedmonitoring of G and other species, i.e., NONOgs, neutral
with ozone soundings at high-latitude stations: Marambiodensity, aerosols, #D and @ from the upper troposphere up
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Table 1. Overview of SHADOZ stations used in this study.

Location Latitude Longitude Period Profiles Elevation Sonde*info

Equatorial stations

Nairobi 1.27S 36.8E 1998-2008 459 1795 m EnSci 2Z

Natal 542S 35.38 W 1998-2008 394 42 m EnSci Z, Science Pump 6A
Java, Watukosek 7.88 112.68E  1998-2008 282 50m MEISEI RSII-KC79D, EnSci 2Z
Ascension 7.98S 14.42 W 1998-2008 492 91m Science Pump 6A

Tropical stations

Samoa 14.23S  170.56 W 1998-2008 383 77m Science Pump 6A
Fiji 18.13¥S 178.40E  1998-2008 275 6m Science Pump ECC6A
Reunion 21.06S 55.48E 1998-2008 319 24m EnSci Z & SPC 6A
Irene 25.90S 28.22E 1998-2008 232 1524 m Science Pump ECC6A

* See more details for instruments and solution strengths in Thompson et al. (2003, 2007).

to the mesosphere. The altitude sampling resolution is bettel SHADOZ stations
than 1.7 km (Bertaux et al., 2000, 2004; Kia et al., 2004). ‘

The retrieval method from GOMOS occultations is based
on transmission spectra and divided into two processes: &
spectral inversion makes it possible to retrieve line densities
and a vertical inversion makes it possible to retrieve the verti-
cal distribution of the local densities using the onion-peeling
method (Bertaux et al., 2004; Kyl et al., 2004). The ver-
tical resolution of the retrieved ozone profiles is 2km be-
low 30 km and then it increases linearly to 3 km up to 40 km
and remains constant above, due to the inversion algorithm,
which is based on Tikhonov regularization (Sofieva et al., .
2004; Kyila et al., 2006). The height range covered by GO- . 2 ]
MOS is typically between 15 km and 100 km. For more de-
tails about the instrument parameters, measurement charac
teristics and data processing, the reader can refer to Bertau: e 104 * Longitude () 100 150
et al. (2000, 2004) and K#gta et al. (2004, 2006).

Ground based datasets used for the present study are obig. 1. Map of SHADOZ stations in the Southern Hemisphere.
tained from balloon-sondes launched at 8 Southern HemiOzone profiles obtained by radiosonde experiments at 8 stations
sphere stations. An overview is presented in Table 1, suméblack circles) are used for the purpose of the present study, from
marising, site by Site, geographica' and size-data Charactewest to east: Samoa, Natal, Ascension Island, Irene, Nairobi, Re-
istics. Figure 1 displays their geographical localisation onunion. Java and Fiji. The regions where GOMOS profiles are se-
the map. Ozonesondes are used for measuring altitude prégcted le[hln +5° latitude and+10° longitude differences over
files of ozone from ground to about 30 km (balloon burst) each station are also represented (dotted boxes).
with a precision of about 5% (Thompson et al., 2003). The
present study uses 11 years of ozone-radiosonde datasets
from 1998 to 2008. All balloon-sonde profiles are available ware (BEAT). This provides tools for ingesting, process-
on the SHADOZ websitehttp:/croc.gsfc.nasa.gov/shadoz/ ing and analysing atmospheric remote-sensing dai:(
Details of quality or sonde parameters are given by Johnsofwww.stcorp.nl/bea)/
et al. (2002) and by Thompson et al. (2003, 2007). Moreover, it should be noted that only nighttime ozone

With regard to ozone profiles derived from GOMOS oc- profiles were used in the altitude range between 15km and
cultations, level 2 data processing version 6.0cf is used. Re50km. Only occultations with solar zenith angle (SZA)
processed data is available from August 2002 to June 2008arger than 108 dark limb limit at the geolocation of the
Data from July 2006 to December 2008 is processed bytangent point are usable. Daytime retrieval suffers from ad-
the operational version IPF 5.00. Level 2 data producedditional noise caused by stray light from the sun (Meijer et
was analysed using Basic Envisat Atmospheric Toolbox soft-al., 2004; Kybla et al., 2006). In addition, we considered
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Fig. 2. Monthly distributions of the number of the GOMOS dark occultations (black bars) and SHADOZ profiles (white bars). The GOMOS
dataset has a global coverage for the period 2002 to 2008, while the SHADOZ dataset covers the period between 1998 and 2008 and include
8 southern tropical/subtropical sites.

dark limb occultations with latitudinal and longitudinal dif- recorded from 1998 to 2008, while GOMOS observations
ferences oft5° and+10° over each station. With data prod- cover the period from August 2002 to December 2008. It
uct GOPR 5.4b and GOPR 6.0a, Meijer et al. (2004) andshould be noted that there is no GOMOS data in February,
Bracher et al. (2005) used a quality filter and took into ac-April and May 2005, due to technical problems with the
count only measurements with a reported error below 20%pointing system that occurred in January 2005 (et al.,
But in the 6.0cf version of the algorithm, error is overes- 2006). Figure 2 shows the monthly numbers for dark limb
timated in the 25-40km altitude range (J. Tamminen, per-occultations and of balloon-sonde profiles for each station.
sonal communication, 2009). We, therefore, included GO-For the most part, the number of GOMOS occultations is
MOS measurements recorded with a reported error belowarger than the number of ground-based profiles. In fact, the
30% and only @ concentrations between 0 and'fhol/m? number of observations used in this work is 2836 profiles
were taken into account. from SHADOZ sites and 6708 profiles from GOMOS occul-

Furthermore, ozone mixing ratios were obtained by divid- tations. It can be seen from the figure that there are fewer
ing the GOMOS ozone number density by the atmosphericGOMOS dark limb occultations for August, in comparison
neutral density included in the data produced and calculatedvith the other months of the year.
from ECMWEF fields (Kybla et al., 2006).

Additionally, following the method of analysis used by 3 Results
Kyrola et al. (2006), we used the median and the interquartile
range (iqr) as a robust estimator and statistic tools on GOThe monthly distributions of 0zone mixing ratio derived from
MOS profiles. The interquartile range is defined @91 GOMOS observations are illustrated in Fig. 3 for each sta-
wheregsz andg; are the 75th and 25th percentiles, respec-tion in the altitude range between 15km and 50km. The
tively (or third and first quartile, respectively). In this way, altitude range for the maximum mixing ratio is between
the StUdy of GOMOS ozone CIimatology and variability is 29km and 37km. The maximum mixing ratio is in the
less affected by outliers. range from 7.5ppmv to 10.5ppmv. Furthermore, Fig. 3 il-

Due to height limitation in balloon-sonde data, compari- lustrates the semi-annual variation of ozone for equatorial
son between ground-based and satellite observations, as stustations (Nairobi, Natal, Java and Ascension) with max-
ied in this paper, can be carried out within a limited altitude ima in February—March and September—October and the an-
range, i.e., in the 15-30 km altitude range. In this respectnual variation in tropical stations (Samoa, Fiji, Reunion and
ozone profiles from GOMOS and balloon-sonde have beerrene), with a minimum during southern winter (June—July).
interpolated into a 1 km vertical grid. In addition, all GO- A lack of data is generally observed in August between
MOS and SHADOZ data have been calculated as a monthly15 km and 20km. The mean altitude of maximum mixing
average. As mentioned above, balloon-sonde profiles wereatios for equatorial and tropical stations~s31.3km and

Atmos. Chem. Phys., 10, 8028635 2010 www.atmos-chem-phys.net/10/8025/2010/
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Fig. 4. Contour plots of ozone variability (in %) from GOMOS observations. Variability is defined as the ratio between the interquartile

range (igr) and the median. Contours are separated by 5%.

~32.2km, respectively. The mean maximum mixing ratio GOMOS occultations above SHADOZ stations. Variabil-
for equatorial and tropical stations is 9.8 ppmv and 8.9 ppmviity is defined as the ratio between the quartile deviation (in-
respectively. The range for maximum mixing ratio at the terquartile range divided by 2) and the median, expressed as
equatorial sites is from 9.1 ppmv to 10.5ppmv, while the a percentage:

range at the tropical stations is from 7.5 ppmv to 10.1 ppmv.
These results correspond to those of#gret al. (2006) who
provided a nighttime stratospheric ozone climatology mea-

sured by GOMOS in 2003.

www.atmos-chem-phys.net/10/8025/2010/
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In the height range from 20 km to 50 km, the variability val-
Figure 4 displays the monthly distributions of ozone vari- ues fluctuate between 3% and 10% over all the months and
ability in the 15-50km altitude range, as computed from all the sites.
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For all stations, the variability is larger during southern mate ozone mixing ratios in this altitude range over all the
winter (5 to 10%) than during southern summer (less thansites studied, whatever the sease®(%). Above 20km, a
5%) in the 27-35km altitude range. Furthermore, Fig. 4better agreement was found for each site. The range in per-
shows much larger variability in the altitude range betweencent for the differences betweer20 km and 30 km generally
15km and 20 km heights, regardless of seasons or sites. Hecreased with altitude and was withit15% for almost all
displays strong deviations-Q0%), partly due to larger error the stations. However, it was found that over Nairobi and
bars in the lower part of the profiles. Irene, ozone climatological values derived from GOMOS ob-

Taking into account the altitude range of overlapping be-servations were lower than the values obtained from balloon-
tween GOMOS and balloon-sonde ozone observations, theisondes above 25km and 22 km, respectively. At Nairobi,
monthly climatological profiles are compared in the height SHADOZ was 2-10% larger than GOMOS and at Irene,
range between 15km and 30km. This comparison can b&HADOZ was 2-15% larger than GOMOS. However, GO-
used for two purposes: first to evaluate the quality of GO-MOS values obtained over Natal, Java and Ascension were
MOS data with SHADOZ profiles at different locations and larger than SHADOZ values, except during the period from
secondly to inter-compare SHADOZ stations using the sameseptember to December in the 22.5-30km altitude range
space instrument, assuming that if a bias is present in GO{25-30km for Java). The agreement between GOMOS and
MOS profiles, it will not be location dependent. Figure 5 SHADOZ was the poorest at Ascension (within 20—45%),
displays the relative percentage of differences with respect tioetween~20km and 27 km for the period from April to
monthly climatological values obtained from balloon-sonde June. GOMOS was larger than SHADOZ at Samoa, except

observations. It is defined as: in May and July and between September and November in
[03] —[O3] the 26—-30 km heights range. At Fiji, GOMOS was larger than

AO3(2) = 31GOMOS 8ISHADOZ 10 2 SHADOZ, except during the period from May to Septem-
[Os]sHapoz ber above 27 km. GOMOS values were larger than SHADOZ

where [Q]comos represents the median values for GO- values at Reunion, excep.t in August in the 20—-25km alt_i—
MOS and [Q]SHADOZ represents the averaged values for tude range, between Ap”l to August above 27 km and n
SHADO?Z. It can be observed from Fig. 5 that differences be-November and December above 29km. Further studies are
tween median ozone mixing ratios from GOMOS dark occul- "eeded to understand the causes of the station-dependent dif-

tations and mean SHADOZ profiles depend on station (varyfeérences observed. On average, GOMOS&$s-10% larger
from Station to Station) and a|titude‘ than SHADOZ betWeen 20 km and 30 km We W|” treat

It can be noted however that for all sites, GOMOS pro- this point in more detail below. Despite the observed dif-
duced much larger values than SHADOZ for heights betweerf€rences, there is a satisfactory agreement between GOMOS
15km and~20km. Indeed, GOMOS seemed to overesti- 2d SHADOZ in this altitude range.

Atmos. Chem. Phys., 10, 8028635 2010 www.atmos-chem-phys.net/10/8025/2010/
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The median and mean overall monthly comparisons betime measurements). Most of the systematic error is due to
tween GOMOS and SHADOZ ozone mixing ratios are pre-imperfect aerosol modelling, which mainly impacts thg O
sented in Fig. 6 for each station. The purpose of analysingetrievals (other sources of systematic errors are uncertainties
median and mean differences is to examine whether thén cross-sections of the trace gases and in the atmospheric
statistical distribution of the differences is correctly repre- temperature). Scintillation caused by air density irregulari-
sented by a standard Gaussian distribution (the mean anties is a nuisance for retrieval of atmospheric composition.
median values should be quite similar) or if this distribu- In GOMOS retrievals, the scintillation effect is corrected
tion is strongly influenced by outliers (mean and medianusing scintillation measurements using the fast photometer
values are very different). We can note that the mean val{Sofieva et al., 2009). The remaining disturbances, due to the
ues almost follow the median ones. In the 21-30km alti-incomplete scintillation correction, are not negligible. This
tude range, GOMOS is generally larger than SHADOZ atinduces an error of 0.5-1.5% in ozone retrieval at altitudes
all sites, except at Nairobi and Irene, where we find that20-40 km; see recent studies by Sofieva et al. (2009) and
SHADOZ is larger than GOMOS above 23 km and 21.5 km, Tamminen et al. (2010) for more details. The course spa-
respectively, confirming the analysis on monthly mean dif- tial sampling using GOMOS could also be considered as a
ferences. The observed differences between GOMOS anthinor source of error. The displacement of the sondes from
SHADOZ may be partly caused by an underestimation of0 to 30 km is most of the time lower than 120 km (assuming a
ozone by sondes below the 0zone maximum (around 26 knwind speed<20 m s and an ascent time of 6000, 5nfs
in the tropics), due to the 50-60s time constant of electro-ascent speed), which is small compared to the area of GO-
chemical sondes, creating a shift up of 300 m in the altitudeMOS observations around the statiah50, +£10°). Meteo-
registration, as proposed by Borchi et al. (2005) who foundrology may partly explain the differences between GOMOS
a 5% negative bias in SHADOZ profiles compared to SAOZ and SHADOZ, but it does not have a significant effect.
(Syseme d’Analyse par Observatioredithale). Johnson et |n order to provide evidence that the approach used in this
al. (2002) and Thompson et al. (2003) also suggested that ektudy is free from artifacts due to imperfect co-location in
rors on sonde measurements could be introduced by instruime, coincident ozone profiles from both instruments are re-
mental uncertainties (pump efficiency corrections, modifica-considered at 3 stations at different latitudes in the Southern
tions in sensing solutions) at higher altitudes, i.e., at lowerHemisphere: Natal, Fiji and Irene. To study co-locating mea-
ambient pressure. Moreover, GOMOS errors contribute tosurements between GOMOS dark occultations and ozone
discrepancies. As reported by Tamminen et al. (2010), theoundings, we added a time-collocation criterion, i.e., the
main sources of GOMOS errors are random effects: meatime difference between GOMOS and SHADOZ observa-
surement noise and scintillations (10% around 15km andijons is+12h. The number of co-located profiles is 64 at
0.5% to 4% in the stratosphere, values correspond to nightNatal, 30 at Fiji and 47 at Irene. Figure 7 illustrates the
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GOMOS co-locations ‘ : Table 2. Summary of results for the GOMOS comparison with

SHADOZ. For each station: the vertical range used to calculate the
median difference, mean value and minimum/maximum values in
this range are indicated.
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Nairobi 21-30 -0.89 —4.57 to+6.42
40 Natal 21-30 +1.75 —-0.60t0+8.35
Java, Watukosek 21-30 +4.13 —1.48t0+15.66
sor Ascension 21-30 +8.00 +4.65t0+10.94

80 Tropical stations
T ongituge ) Samoa 21-30 +1.64 —158t0+553
Fiji 21-30 +2.68 +0.20 t0+6.85
Fig. 7. Geographical locations of the GOMOS dark occultations Reunion 21-30 +4.47 —0.7410+10.71
(blue dots) compared with measurements from 3 stations: Natal, Irene 21-30 -1.72  —-3.8510+5.05

Fiji, Irene (red circles). Overpasses of GOMOS are measured
within +12 h time difference and spatial differences withiB° lat-
itude ancdt-10° longitude.

tion of GOMOS measurements at 22 km in the tropics. They
geographical coordinates of GOMOS coincident ozone pro-compared satellites and sondes with SAOZ on board long du-
files. Figure 8 displays the mean differences between alration balloons during the Southern Hemisphere summer in
the paired GOMOS and SHADOZ profiles. For comparison 2003 and 2004. They observed a consistent agreement be-
ozone mean differences obtained without time criterion (thetween GOMOS and SAOZ above 22 km in the stratosphere,
mean overall monthly comparisons) are superimposed. It cashowing no altitude shift and a slight low ozone bias for GO-
be seen from Fig. 8 that the two methods (with and with-MOS of 1-2.5%. They reported a degradation of GOMOS
out time-collocation criterion) are in satisfactory agreement.performances in the stratosphere below 22 km. Above 21 km,
In the 21-30 km GOMOS is generally larger than SHADOZ we can observe a close agreement between ozone measure-
except at Irene where we find that SHADOZ is larger thanments derived from GOMOS occultations and ground-based
GOMOS above 21.5km. The obtained mean differences aréalloon-sonde, similar to results reported in previous stud-
within £10% in the 21-23 km height range and withi3%  ies at tropical stations (Meijer et al., 2004). These results in
above 23 km. Below 21 km GOMOS overestimates increasthe tropics complete the close agreement observed at mid-
ingly ozone mixing ratios with decreasing height. These re-and high-latitude stations between GOMOS and ozoneson-
sults show that the two methods are quite similar. This sug-des (Tamminen et al., 2006; Renard et al., 2008; Liu et al.,
gests indeed that one can use, with some confidence, GC2008). Indeed, previous validation studies with ozoneson-
MOS data in the tropical region without time-collocation cri- des were performed in other regions. Tamminen et al. (2006)
teria. In fact, that method allows reducing the uncertainty bycompared GOMOS dark occultations with ozone soundings
increasing the number of profiles. during 2003 at high-latitudes stations: Marambio (6463

On average, the percentage difference between GOMOS6.7 W) in Antarctica and Sodankg!(67.4 N, 23.6 E) in

and SHADOZ is situated almost withih10%, in the height  Finland (northern Europe). They found a good agreement
range from 21km to 23km and decreases to neaibpbo in the 15-30km altitude range. The differences between
above 23 km, except for Ascension, where it reaches abouthe averages were withiee5% for Marambio and more
8%. The overall results of the comparison between 21 kmmarked for Sodank@ (up to —10%). Moreover, a com-
and 30km are summarized in Table 2. In the lower strato-parison was performed by Liu et al. (2008) between GO-
sphere (below 21 km), it can be observed that GOMOS sysMOS night measurements and ozonesonde profiles at Beijing
tematically and increasingly overestimates ozone mixing ra{39.48 N, 116.28 E) in China from September 2002 to July
tios with decreasing height. This corresponds to the result2005. They observed a good agreement above 15km. The
of Meijer et al. (2004), who found an overestimation of GO- differences between GOMOS and balloon-sonde are found
MOS between 18 km and 21 km compared to ozonesondeto be positive and significant withit10% above 15 km, par-
in the tropical region, using GOPR v5.4b. This is consis-ticularly between 19 km and 30 km where biases are found
tent with Borchi et al. (2007), who found an altitude limita- below 5%. Therefore, results obtained here in the southern
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Fig. 8. Comparison results between the co-location method and the method applied without the time criterion. Method #1 (blue dashed lines)
indicates the mean differences between all the paired GOMOS and SHADOZ profiles. And method #2 (black dashed lines) indicates the

method applied without the time criterion. The numbers on the right vertical axis indicate the number of coincident pairs used at that altitude
level for the method #1.

tropics @10% in the 21-23 km height range ai$% above tainties in cross-sections of trace gases and in atmospheric
23 km) are consistent with those found in other regions, i.e.temperature) on ozone data quality. On the contrary, at
at mid- and high-latitude stations, except that the quality ofNairobi and Irene, GOMOS values are generally lower than
GOMOS data seems poorer in the tropics below a thresholGHADOZ ones. Further studies are needed to understand
altitude, i.e., 21 km. In addition, application of the ozone the causes of the station-dependent differences observed. In
climatology presented here corresponds to the primary obthe altitude range from 21 km to 30 km, the monthly differ-
jective of GOMOS, i.e., study and assessment of trends irences are generally withit15%. The median of the rela-
the stratosphere. Furthermore, as reported by Bertaux dfve percentage differences between GOMOS and SHADOZ
al. (2000), it could be essential for improving atmospheric ozone mixing ratios in the 21-23 km height range is almost
models for prediction of future changes. within £10% for almost all the stations and decreases to al-
most+5% above 23 km. Below 21 km, GOMOS data shows
increasing variability with decreasing altitude and increasing
positive bias compared to SHADOZ in the tropics. We rec-

In thi q ided i | based 7ommend using GOMOS measurements with caution below
n this study, we provided ozone climatology based on 7,7\ in the tropics.

years of GOMOS data at Southern Hemisphere stations from
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We compared GOMOS dark limb occultations with 8 acknowledge the European Space Agency (ESA), Centre National
southern ozonesonde stations based on SHADOZ networkd Etudes Spatiales (CNES) and the European Commission within
GOMOS findings correspond to those of SHADOZ in the al- the SCOUT-O3 project (contract 5_05390-GOCECT—2004) fo_r their
titude range between20 km and 30km. For most of the support.. We thank Anna Asperti for Ianguage correction in the
. . . . . manuscript. The development of the Basic ENVISAT Atmospheric
stations, in this altitude range, G,OMOS valugs qre hIgherToolbox is primarily funded by the European Space Agency (ESA).
than SHADOZ by~5-10%. A possible explanation is a bias

in the altitude registration of ozonesondes due to the timezgjted by: M. Van Roozendael
constant and the impact of GOMOS errors (imperfect scin-
tillation correction, inaccurate aerosol modelling and uncer-

4 Summary

www.atmos-chem-phys.net/10/8025/2010/ Atmos. Chem. Phys., 10, 80252010



8034

INSU

Institut national des sciences de I'Univers

The publication of this article is financed by CNRS-INSU.

References

Bencherif, H., El Amraoui, L., Semane, N., Massart, S., Vidyarabya
Charyulu, D., Hauchecorne, A., and Peuch, V. H.: Examina-
tion of the 2002 major warming in the southern hemisphere us-

ing ground based and Odin/SMR assimilated data: stratospheric

ozone distributions and tropic midlatitude exchange, Can. J.
Phys., 85, 1287-1300, 2007.

Bertaux, J. L., Kydla, E., and Wehr, T.: Stellar occultation tech-
nique for atmospheric ozone monitoring: GOMOS on Envisat,
Earth Obervation Quarterly, 67, 17—20, 2000.

Bertaux, J. L., Hauchecorne, A., Dalaudier, F., Cot, C..&rE.,
Fussen, D., Tamminen, J., Leppelmeier, G. W., Sofieva, V., Has-
sinen, S., d’Andon, O. F., Barrot, G., Mangin, A., Theodore, B.,

N. Mze et al.: Climatology and comparison of ozone from ENVISAT/GOMOS and SHADOZ

Bodeker, G. E., Borsdorff, T., Bourassa, A. E., Bovensmann, H.,
Boyd, I. S., Bracher, A., Brogniez, C., Burrows, J. P., Catoire,
V., Ceccherini, S., Chabrillat, S., Christensen, T., Coffey, M. T.,
Cortesi, U., Davies, J., De Clercq, C., Degenstein, D. A., De
Maziere, M., Demoulin, P., Dodion, J., Firanski, B., Fischer,
H., Forbes, G., Froidevaux, L., Fussen, D., Gerard, P., Godin-
Beekmann, S., Goutall, F., Granville, J., Griffith, D., Haley, C. S.,
Hannigan, J. W., Bpfner, M., Jin, J. J., Jones, A., Jones, N. B.,
Jucks, K., Kagawa, A., Kasai, Y., Kerzenmacher, T. E., Kleinbhl,
A., Klekociuk, A. R., Kramer, |., Killmann, H., Kuttippurath, J.,
Kyrola, E., Lambert, J.-C., Livesey, N. J., Llewellyn, E. J., Lloyd,
N. D., Mahieu, E., Manney, G. L., Marshall, B. T., McConnell,
J. C., McCormick, M. P., McDermid, I. S., McHugh, M., McLin-
den, C. A., Mellgvist, J., Mizutani, K., Murayama, Y., Murtagh,
D. P., Oelhaf, H., Parrish, A., Petelina, S. V., Piccolo, C., Pom-
mereau, J.-P., Randall, C. E., Robert, C., Roth, C., Schneider, M.,
Senten, C., Steck, T., Strandberg, A., Strawbridge, K. B., Suss-
mann, R., Swart, D. P. J., Tarasick, D. W., Taylor, J. Retafd,

C., Thomason, L. W., Thompson, A. M., Tully, M. B., Urban, J.,
Vanhellemont, F., Vigouroux, C., von Clarmann, T., von der Ga-
then, P., von Savigny, C., Waters, J. W., Witte, J. C., Wolff, M.,
and Zawodny, J. M.: Validation of ozone measurements from
the Atmospheric Chemistry Experiment (ACE), Atmos. Chem.
Phys., 9, 287-343, d0i:10.5194/acp-9-287-2009, 2009.

Guirlet, M., Korablev, O., Snoeij, P., Koopman, R., and Fraisse, Fortuin, J. P. F. and Kelder, H.: An ozone climatology based
R.: First results on GOMOS/Envisat, Adv. Space Res., 33, 1029—- on ozonesonde and satellite measurements, J. Geophys. Res.,
1035, 2004. 103(D24), 31709-31734, 1998.

Borchi, F., Pommereau, J.-P., Garnier, A., and Pinharanda, M.Hocke, K., Kampfer, N., Ruffieux, D., Froidevaux, L., Parrish,

Evaluation of SHADOZ sondes, HALOE and SAGE Il ozone
profiles at the tropics from SAOZ UV-Vis remote measurements
onboard long duration balloons, Atmos. Chem. Phys., 5, 1381-
1397, doi:10.5194/acp-5-1381-2005, 2005.

Borchi, F. and Pommereau, J.-P.: Evaluation of ozonesondes,

HALOE, SAGE II and lll, Odin- OSIRIS and -SMR, and
ENVISAT-GOMOS, -SCIAMACHY and -MIPAS ozone pro-
files in the tropics from SAOZ long duration balloon measure-
ments in 2003 and 2004, Atmos. Chem. Phys., 7, 2671-2690,
doi:10.5194/acp-7-2671-2007, 2007.

Bracher, A., Bovensmann, H., Bramstedt, K., Burrows, J. P., von

A., Boyd, I, von Clarmann, T., Steck, T., Timofeyev, Y. M.,
Polyakov, A. V., and Kydla, E.: Comparison and synergy of
stratospheric ozone measurements by satellite limb sounders
and the ground-based microwave radiometer SOMORA, At-
mos. Chem. Phys., 7,4117-4131, doi:10.5194/acp-7-4117-2007,
2007.

Johnson, B. J., Oltmans, S. J.pMel, H., Deshler, T., Kroger,

C., and Smit, H. G. J.. ECC ozonesonde pump effi-
ciency measurements and sensitivity tests of buffered and un-
buffered sensor solutions, J. Geophys. Res., 107(D19), 4393,
doi:10.1029/2001JD000557, 2002.

Clarmann, T., Eichmann, K.-U., Fischer, H., Funke, B., Gil- Kyrdla, E., Tamminen, J., Leppelmeier, G. W., Sofieva, V., Hassi-

Lopez, S., Glatthor, N., Grabowski, U.,ddfner, M., Kauf-
mann, M., Kellmann, S., Kiefer, M., Koukouli, M. E., Linden,
A., Lopez-Puertas, M., Mengistu Tsidu, G., Milz, M., 8lp
S., Rohen, G., Rozanov, A., Rozanov, V. V., von Savigny, C.,
Sinnhuber, M., Skupin, J., Steck, T., Stiller, G. P., Wang, D.-Y.,
Weber, M., and Wuttke, M. W.: Cross comparisons af &d

nen, S., Bertaux, J.-L., Hauchecorne, A., Dalaudier, F., Cot, C.,
Korablev, O., Hembise, O., Barrot, G., Mangin, A.,étdore,

B., Guirlet, M., Etanchaud, F., Snoeij, P., Koopman, R., Saave-
dra, L., Fraisse, R., Fussen, D., and Vanhellemont, F.: GO-
MOS on Envisat: An overview, Adv. Space Res., 33, 1020-1028,
doi:10.1016/S0273-1177(03)00590-8, 2004.

NO, measured by the atmospheric ENVISAT instruments GO- Kyrola, E., Tamminen, J., Leppelmeier, G. W., Sofieva, V., Hassi-

MOS, MIPAS, and SCIAMACHY, Adv. Space Res., 36, 855—
867, doi:10.1016/j.asr.2005.04.005, 2005.

Clain, G., Baray, J. L., Delmas, R., Diab, R., Leclair de Bellevue, J.,
Keckhut, P., Posny, F., Metzger, J. M., and Cammas, J. P.: Tro-
pospheric ozone climatology at two Southern Hemisphere trop-
ical/subtropical sites, (Reunion Island and Irene, South Africa)
from ozonesondes, LIDAR, and in situ aircraft measurements,

nen, S., Bertaux, J.-L., Hauchecorne, A., Dalaudier, F., Fussen,
D., Vanhellemont, F., Fanton d’Andon, O., Barrot, G., Mangin,
A., Théodore, B., Guirlet, M., Snoeij, P., Koopman, R., Saave-
dra, L., and Meijer, Y. J.: Nighttime ozone profiles in the strato-
sphere and mesosphere by the Global Ozone Monitoring by Oc-
cultation of Stars on Envisat, J. Geophys. Res., 111, D24306,
doi:10.1029/2006JD00577193, 2006.

Atmos. Chem. Phys., 9, 1723-1734, doi:10.5194/acp-9-1723Kyrola, E., Tamminen, J., Sofieva, V., Bertaux, J.-L., Hauchecorne,

2009, 2009.

Dupuy, E., Walker, K. A., Kar, J., Boone, C. D., McElroy, C. T.,
Bernath, P. F., Drummond, J. R., Skelton, R., McLeod, S. D.,
Hughes, R. C., Nowlan, C. R., Dufour, D. G., Zou, J., Nichitiu,
F., Strong, K., Baron, P., Bevilacqua, R. M., Blumenstock, T.,

Atmos. Chem. Phys., 10, 8028635 2010

A., Dalaudier, F., Fussen, D., Vanhellemont, F., Fanton d’Andon,
0., Barrot, G., Mangin, A., Guirlet, M., Saavedra, L., Snoeij,
P., Fehr, T., Meijer, Y., and Fraisse R.: Global distribution of
ozone vertical profiles from GOMOS measurements 2002—2006,

www.atmos-chem-phys.net/10/8025/2010/



N. Mze et al.: Climatology and comparison of ozone from ENVISAT/GOMOS and SHADOZ

8035

in: Proceedings of the “Envisat Symposium 2007”, Montreux, Sofieva, V. F., Tamminen, J., Haario, H., K¥&, E., and Lehtinen,

Switzerland 23-27 April 2007 (ESA SP-636, July 2007).
Lamsal, L. N., Weber, M., Tellmann, S., and Burrows, J. P.: Ozone

M.: Ozone profile smoothness as a priori information in the in-
version of limb measurements, Ann. Geophys., 22, 3411-3420,

column classified climatology of ozone and temperature profiles doi:10.5194/angeo0-22-3411-2004, 2004.
based on ozonesonde and satellite data, J. Geophys. Res, 108¢fieva, V. F., Kan, V., Dalaudier, F., K§f&a, E., Tamminen, J.,

D20304, doi:10.1029/2004JD004680, 2004.

Logan J. A., Jones, D. B. A., Megretskaia, I. A., Oltmans, S.
J., Johnson, B. J., Vomel, H., Randel, W. J., Kimani, W., and
Schmidlin, F. J.: Quasibiennial oscillation in tropical ozone as

Bertaux, J.-L., Hauchecorne, A., Fussen, D., and Vanhellemont,
F.: Influence of scintillation on quality of ozone monitoring by
GOMOS, Atmos. Chem. Phys., 9, 9197-9207, doi:10.5194/acp-
9-9197-2009, 2009.

revealed by ozonesonde and satellite data, J. Geophys. ResTamminen, J., Karhu, J. A., K@ta, E., Hassinen, S., Kgr E.,

108(D8), 4244, doi:10.1029/2002JD002170, 2003.
Liu, X., Chance, K., Sioris, C. E., Kurosu, T. P., and Newchurch, M.
J.: Intercomparison of GOME, ozonesonde, and SAGE Il mea-

Karpechko, A. Y., and Piacentini , E.. GOMOS Ozone Pro-
files at High Latitudes: Comparison with Marambio and So-
dankyB Sonde Measurements, in: Atmosphere and Climate,

surements of ozone: Demonstration of the need to homogenize Studies by Occultation Methods, Springer Berlin Heidelberg,
available ozonesonde data sets, J. Geophys. Res., 111, D14305, doi:10.1007/3-540-34121-8, 2006.

doi:10.1029/2005JD006718, 2006.

Liu Y., Cai, Z., and Kybla, E.: Comparison of ENVISAT GO-
MOS and MIPAS ozone profiles with balloon sonde measure-
ments from Beijing, in: Proceedings of the Dragon 1 Programme
Final Results 2004—-2007, Beijing, PR China 21-25 April 2008
(ESA SP-655, April 2008), 2008.

McPeters, R. D., Labow, G. J., and Logan, J. A.: Ozone climatolog-

Tamminen, J., Kyila, E., Sofieva, V. F., Laine, M., Bertaux,

J.-L., Hauchecorne, A., Dalaudier, F., Fussen, D., Vanhelle-
mont, F., Fanton-d’Andon, O., Barrot, G., Mangin, A., Guirlet,
M., Blanot, L., Fehr, T., Saavedra de Miguel, L., and Fraisse,
R.: GOMOS data characterization and error estimation, At-
mos. Chem. Phys. Discuss., 10, 6755-6796, doi:10.5194/acpd-
10-6755-2010, 2010.

ical profiles for satellite retrieval algorithms, J. Geophys. Res., Thompson, A. M., Witte, J. C., McPeters, R. D., Oltmans,

112, D05308, doi:10.1029/2005JD006823, 2007.

Meijer, Y. J., Swart, D. P. J., Allaart, M., Andersen, S. B., Bodeker,
G., Boyd, |, Braathen, G., Calisesi, Y., Claude, H., Dorokhov,
V., von der Gathen, P., Gil, M., Godin-Beekmann, S., Goutail, F.,
Hansen, G., Karpetchko, A., Keckhut, P., Kelder, H. M., Koele-
meijer, R., Kois, B., Koopman, R. M., Kopp, G., Lambert, J.-
C., Leblanc, T., McDermid, I. S., Pal, S., Schets, H., Stubi,
R., Suortti, T., Viscont G., and Yela, M.: Pole-to-pole valida-

S. J., Schmidlin, F. J., Logan, J. A., Fujiwara, M., Kirch-
hoff, V. W.J. H., Posny, F., Coetzee, G. J. R., Hoegger, B.,
Kawakami, S.,Ogawa, T., Johnson, J. B.prvel, H., and
Labow, G.: Southern Hemisphere Additional Ozonesondes
(SHADOZ) 1998-2000 tropical ozone climatology 1. Com-
parison with Total Ozone Mapping Spectrometer (TOMS) and
ground-based measurements, J. Geophys. Res., 108, 8238,
doi:10.1029/2001JD000967, 2003a.

tion of Envisat GOMOS ozone profiles using data from ground- Thompson, A. M., Witte, J. C., Smit, H. G. J., Oltmans, S. J., John-
based and balloon sonde measurements, J. Geophys. Res., 109,son, J. B., Kirchhoff, V. W. J. H., and Schmidlin, F. J.: Southern

D23305, doi:10.1029/2004JD004834, 2004.

Renard, J., Berthet, G., Brogniez, C., Catoire, V., Fussen, D.,
Goutail, F., Oelhaf, H., Pommereau, J., Roscoe, H. K., Wet-
zel, G., Chartier, M., Robert, C., Balois, J., Verwaerde, C., Au-

Hemisphere Additional Ozonesondes (SHADOZ) 1998-2004

tropical ozone climatology: 3. Instrumentation, station-to-station
variability, and evaluation with simulated flight profiles, J. Geo-

phys. Res., 112, D03304, doi:10.1029/2005JD007042, 2007.

riol, F., Francois, P., Gaubicher, B., and Wursteisen, P.: Valida-Verronen, P. T., Ky#la, E., Tamminen, J., Funke, B., Gil-Lopez,

tion of GOMOS-Envisat vertical profiles of NO,, NOg, and

S., Kaufmann, M., Lopez-Puertas, M., Clarmann, T. v., Stiller,

aerosol extinction using balloon-borne instruments and analysis G., Grabowski, U., and épfner, M.: A comparison of night-
of the retrievals, J. Geophys. Res. (Space Physics), 113, A02302, time GOMOS and MIPAS ozone profiles in the stratosphere and

doi:10.1029/2007JA012345, 2008.

mesosphere, Adv. Space Res., 36, 958-966, 2005.

Semane, N., Bencherif, H., Morel, B., Hauchecorne, A., and Diab,Witte, J. C., Schoeberl, M. R., Douglass, A. R., and Thompson, A.

R. D.: An unusual stratospheric ozone decrease in the South-

M.: The Quasi-biennial Oscillation and annual variations in trop-

ern Hemisphere subtropics linked to isentropic air-mass transport ical ozone from SHADOZ and HALOE, Atmos. Chem. Phys., 8,

as observed over Irene (28.5, 28.F E) in mid-May 2002, At-

3929-3936, doi:10.5194/acp-8-3929-2008, 2008.

mos. Chem. Phys., 6, 1927-1936, doi:10.5194/acp-6-1927-2006)WVMO, Scientific Assessment of Ozone Depletion: 2006, World

2006.

Shepherd, T. G.: The middle atmosphere, J. Atmos. Solar-Terr.

Phys., 62, 1587-1601, 2000.

Sivakumar, V., Portafaix, T., Bencherif, H., Godin-Beekmann, S.,
and Baldy, S.: Stratospheric ozone climatology and variabil-
ity over a southern subtropical site: Reunion Island®°@1
55° E), Ann. Geophys., 25, 2321-2334, doi:10.5194/angeo-25-
2321-2007, 2007.

www.atmos-chem-phys.net/10/8025/2010/

Meteorological Organization, Global Ozone Research and Mon-

itoring Project, Report No. 50, Switzerland, 2007.

Atmos. Chem. Phys., 10, 80252010



