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Abstract

Long series of ozone and NO, total column measurements at the Southern trop-
ics are available from two ground-based SAOZ (Systeme d’Analyse par Observation
Zenithale) UV-visible spectrometers operated within the NDACC (Network for the De-
tection of Amtospheric Composition Change) deployed in Bauru in S-E Brazil and Re-
union Island in the S-W Indian Ocean in 1995 and 1993 respectively. Although at the
same latitude, the data show larger columns of both species above the South Amer-
ican continent than above the Indian Ocean. For verifying the reliability of these data
before carrying out trend analysis, they have been compared to satellites observations
available during the same period. However, since no single satellite was operating from
1995 until present, the comparison requires the building of a composite, called merged
satellites series. As systematic differences exist between the individual data sets be-
cause of the many differences between instruments, spectral ranges, absorption cross-
sections, and retrieval procedures used, the building of such a composite requires thor-
ough evaluation and normalisation of each. From comparisons with SAOZ, the merged
satellite data set build with EP-TOMS from 1995 to 2004 and OMI-TOMS from 2005
to 2012 are found best for ozone in the Southern tropics. After correction for biases
with SAOZ, both are confirming the larger ozone columns reported by SAOZ above
South America compared to the Indian Ocean shown to origin from ozone production
by lightning NO, (LNO,) over the continent in the summer and the advection from Africa
of ozone produced by biomass burning emissions in the winter. For NO,, best matching
the SAOZ is a combination of GOME GDP4 1996-2003 and SCIAMACHY 2003—2012
products, after correction for the photochemical diurnal change of the concentration
of the species between the SAOZ twilight observations and the time of satellites over-
passes. The merged data series built from the data of these two satellites fully confirms
the larger NO, column reported by SAOZ above the South American continent as well
as and its seasonality. The 35 % larger column above Brazil in the summer is shown to
be due to the NO, production in the upper troposphere by the frequent lightning during
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the thunderstorm season, whereas the winter maximum is shown to come from the
larger exchange of NO, rich air with mid-latitudes in the lower stratosphere due to the
more equatorial latitude of the subtropical jet above South America compared to the
Indian Ocean.

1 Introduction

In the frame of the international Network for Detection of Atmospheric Composi-
tion Change (NDACC), two ground-based SAOZ (Systeme d'Analyse par Observa-
tion Zenithale) UV-visible spectrometers (Pommereau and Goutail, 1988) have been
deployed for monitoring the long-tem evolution of atmospheric total ozone and NO,
columns in the little instrumented southern tropics in Bauru at 22° S, 49° W in S-E Brazil
in 1995 and Reunion Island at 21° S, 55°E in the S-O Indian Ocean in 1993. Those
data have been extensively used for validating EP-TOMS, GOME-ER2, SCIAMACHY-
ENVISAT and OMI AURA satellite observations (Richter et al., 2000, 2004; Piters et
al., 2006; Celarier et al., 2008; Hendrick et al., 2011). But although deployed at the
same latitude, the measurements of the two instruments are displaying significant dif-
ferences between the two stations, Bauru showing larger ozone and NO, above the
South American continent compared to Reunion in the Indian Ocean, and moreover
a large seasonal variation of the difference. For checking the reliability of the ground-
based observations before further trend analysis, SAOZ data have been compared to
those of the same species measured by the several satellites available since 1995,
using a merged satellite composite specifically built for checking the robustness of the
results of the trend analysis.

The satellite data available in coincidence with the SAOZ measurements are those of
EP-TOMS for ozone (McPeters et al., 1998) between 1996—2005, GOME-ERS2 (Bur-
rows et al., 1999) for both O3 and NO, between 1995-2003 in the Southern Hemi-
sphere, SCIAMACHY-ENVISAT (Bovensmann et al., 1999) in 2002—2012 and OMI-
AURA (Levelt et al., 2006) from 2004 until present. After a brief recall of the instruments
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characteristics and the products available from each in Sect. 2, their data are compared
to those of the SAOZ and a merged satellite composite is built, first for ozone, then for
NO,. Then, the differences between the two stations seen by the satellites and SAOZ,
respectively are examined in Sect. 3, and the results are summarised in Sect. 4.

2 Observational data

The data used in this study are the ozone and NO, columns from the ground-based
SAOZ/NDACC stations at the two tropical stations Reunion Island and Bauru and EP-
TOMS, GOME, SCIAMACHY and OMI products for the overpasses of the satellites
above the SAOZ stations.

2.1 Ground-based SAOZ UV-visible total NO, and O3 columns

SAQOZ O5 and NO, total columns measurements began in 1995 in Bauru and in 1993 in
Reunion. The O and NO, columns are retrieved using the DOAS (Differential Optical
Absorption Spectroscopy) technique at dawn and dusk between 86-91° Solar Zenith
Angle (SZA), in the visible Chappuis bands between 450-550 nm for O5 and 410—
530 nm for NO,, with a spectral resolution of 0.8 nm. The ozone data available are those
of the version 2 retrieval algorithm following the recommendation of the NDACC UV-
VIS working group described by Hendrick et al. (2011). The largest change compared
to the previous SAOZ version 1 retrieval is the use of a daily air mass factors (AMF)
calculated from the TOMS V8 ozone profile climatology for converting slant into vertical
columns instead of a yearly mean profile. The random error estimated by Hendrick et
al. (2011), is 4.7 % and the total accuracy ~ 5.9 %. For NO,, since a similar daily profile
procedure is not yet available, a yearly mean profile is used built from HALOE (Halogen
Occultation Experiment) solar occultation measurements above 20 km complemented
for the lower stratosphere and upper troposphere by SAOZ-balloon profiles measured
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in Bauru (lonov et al., 2008). The total accuracy on the NO, vertical column is estimated
to ~ 10-15 %.

2.2 EP-TOMS

EP-TOMS, is a 6 wavelengths nadir viewing instrument on the helio-synchronous Earth
Probe (EP) satellite, crossing the equator at 11h local time which operated between
July 1996 and the end of 2005 (McPeters et al., 1998). The data used here are those
of the version 8 retrieval algorithm available on (ftp://jwocky.gsfc.nasa.gov/pub/eptoms/
data/overpass/). The ozone measurements are based on a differential pair method at
317.5 and 331.2nm for a SZA smaller than 70° always available in the tropics (Welle-
meyer et al., 2004). The estimated accuracy is about 3 to 5 %. Since 2000, EP-TOMS
experienced instrumental problems inducing a 3 % bias in total ozone (Bramstedt et
al., 2003). An empirical correction was performed in version 8 to overcome this bias. In
2002, and depending on the latitude, the estimated error was of 4—10 % (WMO, 2007).

2.3 GOME

The GOME instrument (Global Ozone Monitoring Experiment) was launched on
21 April 1995 aboard the ESA ERS-2 satellite, at 795 km altitude on a sun-synchronous
orbit of 98.5° inclination. GOME is a nadir-viewing spectrometer, which observes solar
radiation reflected or scattered by the atmosphere and the land surface in the UV-
Visible spectral range (240-790 nm) with a spatial resolution of 320 x 40 km (Burrows
et al., 1999). The satellite passes over the equator during its ascending orbit at 10:30 LT
(local time). The instrument was designed to measure trace gases in the troposphere
and the stratosphere, including ozone, and was the first space instrument to measure
NO, total columns. Global coverage is achieved in 3 days.

The ozone data used here are the GOME version GDP4 ESA products retrieved
between 325 and 335 nm with an analysis based on the DOAS method and have an
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accuracy of 2.4 to 3.3 % (Van Roozendael et al., 2006; http://atmos.caf.dIr.de/cgi-bin/
gdp4/.

For NO, two retrievals are available, one from the Institut fur Umweltphysik (IUP)
of the University of Bremen and one from the ESA GOME Data Processor GDP4.
Both are using the same cross-sections (Burrows et al., 1998) at 221 K and the same
DOAS spectral analysis method between 425-450 nm. The main difference is in the
vertical column retrieval and a normalisation over the Pacific which is applied in the NO,
retrieval to account for seasonal changes in the GOME solar irradiance measurements.
The IUP data are stratospheric columns using AMF derived from the SCIATRAN model
(Rozanov et al., 2005). The data are a good estimate of stratospheric columns in clean
areas but they may be relatively higher than the reality in polluted areas (Richter and
Burrows, 2002). The accuracy is estimated to 5-10 %. The data used here are available
on http://www.iup.uni-bremen.de/doas/gomeno2_dataquilt.htm.

The ESA GDP4 version is a total column calculated using a NO, profile climatology.
(Lambert et al., 2004). The accuracy is estimated between 5 and 10 %, in unpolluted
regions. The data used here are available at: http://atmos.caf.dIr.de/cgi-bin/gdp4/. Fol-
lowing the breakdown of the on-board recorder in 2002, the ERS-2 spatial coverage
was reduced and no data are available in the southern tropics after this date.

2.4 SCIAMACHY

The SCIAMACHY (Scanning Imaging Absorption Spectrometer for Atmospheric Char-
tography) instrument was launched on March 2002 on the ENVISAT platform. The
satellite crosses the equator at 10:00 LT on a sun-synchronous orbit at 800 km of 98.5°
inclination. SCIAMACHY is a spectrometer that measures solar radiation scattered by
the atmosphere at limb and nadir in the spectral UV-Visible range (240-790 nm) with
a spectral resolution of 0.2 to 1.5nm and a spatial resolution of 30 x 60 km (Bovens-
mann et al., 1999). The high spectral resolution and the use of a wide range of wave-
lengths allow the detection of several trace gases. Because of the alternate nadir
and limb observations, its global coverage is of six days, a factor of two lower than
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that of GOME. The ozone data used in this study are those of the ESA operational
off-line processor version 3.01 (ftp-ops-dp.eo.esa.int). This product has been devel-
oped based on GOME GDP4.0 (Bracher et al, 2006). The estimated accuracy is about
5% for SZA lower than 60°. NO, columns are those retrieved by the IUP Bremen
(http://www.iup.uni-bremen.de/doas/scia_no2dataacve.htm). The analysis is based on
the DOAS technique between 425-450 nm (Richter et al., 2004) using the NO,, cross
section from Bogumil et al. (2003) at 243 K. The retrieval is the same as the one applied
to GOME NO, version IUP (cf. Sect. 2.3). The SCIAMACHY columns used here are
thus stratospheric columns retreived with an AMF derived from the SCIATRAN model
(Rozanov et al., 2005). The estimated accuracy is about 5 to 10 % (Richter et al., 2004).
Since the GDP4 products were not available at the time of this work, the SCIAMACHY
NO, data used here ar limited to the IUP version.

2.5 OMI

OMI (Ozone Monitoring Instrument) was launched on 15 July 2004 aboard the EOS
Aura sun-synchronous platform at 705 km of 98.2° inclination (Levelt et al., 2006). OMI
is a UV-Vis imaging spectrometer that measures solar radiation at nadir reflected and
scattered by the atmosphere and the surface. For ozone and NO,, it combines the
advantages of its predecessors (GOME and SCIAMACHY) by measuring the spectrum
(270-500 nm) in the UV-visible range at very high spatial resolution of 13—-24 km with
a spectral resolution of 0.63 nm in the visible. The satellite crosses the equator during
its ascending orbit at 13:42LT. It achieves daily global coverage. In this study, two
algorithms are used for total ozone. The first, called OMI-TOMS, is identical to that
used for EP-TOMS V8 (Buchard et al., 2008) providing total ozone measurements
with a relative accuracy of 2 % at SZA lower than 70°. The second, called OMI-DOAS,
developed by KNMI (Koninklijk Nederlands Meteorologisch Instituut) is based on the
DOAS method with a relative accuracy of 3% on cloudy days and 2% on clear sky
(Barthia et al., 2002). The data of the two versions are available from http://avdc.gsfc.
nasa.gov/.
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For NO,, the OMI data used here are those developed by NASA, using the cross-
sections of Vandaele et al. (1998) at 220 K and the DOAS technique in the wavelength
interval 405-465nm (Boersma et al., 2002). The vertical columns are calculated with
a stratospheric AMF which depends of the viewing geometry, the surface albedo and
the shape of the NO, vertical profile. As described in lonov et al. (2008), for each loca-
tion, the algorithm uses a single mean unpolluted profile derived from a stratospheric
model and a geographically gridded set of annual mean polluted profiles obtained from
a tropospheric model. An initial estimate of the NO, vertical column is obtained by di-
viding the slant column by an unpolluted AMF, which is then geographically gridded
using the data acquired within £12 h from the target orbit. Areas shown by the model
to contain climatologically high tropospheric NO, amounts are then masked, and the
remaining regions are smoothed in latitude bands to construct a global stratospheric
field. Where the initial vertical column exceeds the estimated stratospheric NO,, the
presence of tropospheric NO, is inferred and the vertical column is recalculated using
an AMF computed from an assumed tropospheric NO, profile (Bucsela et al., 2006).
The estimated accuracy of the NO, vertical column in clear sky and unpolluted condi-
tions is 5% (0.2 x 10" mol cm'z) and 20 % (0.8 x 10"° mol cm'z) in polluted cases. In
the presence of pollution and clouds, the error can reach 50 % (Celarier et al., 2008;
Boersma et al., 2002). The data are available at http://avdc.gsfc.nasa.gov/.

3 Comparison between SAOZ and collocate satellite measurements

Since no single satellite covers the full period of SAOZ observations, the comparison
of the long-term evolution requires the building of a composite series called “merged
satellite data”, built from the best available satellite data. However, because of many
differences between instruments, wavelength ranges, absorption cross-sections and
retrieval procedures, satellites are showing systematic biases and seasonality com-
pared to SAOZ, which requires evaluation and correction. The satellite data analysed
in the following are GOME-GDP4, EP-TOMS, OMI-TOMS and OMI-DOAS for ozone
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and GOME-IUP V1, GOME-GDP4, SCIAMACHY-IUP V2 and OMI-DOAS V3 for NO,.
However, because of the strong perturbation of both satellite and ground-based mea-
surements by the aerosols injected in the stratosphere by the eruption of the Mount
Pinatubo in 1992, data prior to 1995 will be ignored in the following.

3.1 Ozone
3.1.1 SAOZ seasonal and interannual variability

The SAOZ monthly mean O5; columns in Bauru and Reunion since 1995 are shown
in Fig. 1. At both stations the mean column is about 270 DU with a seasonal cycle of
30—40 DU amplitude with a spring maximum. The seasonal and interannual variations
are very similar at both stations, displaying a biennial cycle of about 10 DU amplitude,
with a maximum during the east phase of the QBO (Quasi Biennial Oscillation). At
both stations, 3 periods are noticed: from 1993 to 2002 where a slight increase of
15 DU is observed, then from 2003 to 2007 where O variations are constant and from
2008 to 2011 where an increase of 20 DU (more pronounced at Bauru) is seen. Most
remarkable is the difference between the two stations which is displayed in the right
part of Fig. 1. Bauru is showing larger ozone than Reunion in the summer (~2 %,
about 5 DU from January to March) and in the winter (~ 3 % about 6—7 DU from May to
August).

3.1.2 Comparison between satellites and SAOZ

The monthly mean GOME GDP4, EP-TOMS, SCIAMACHY-OL3, OMI-TOMS, OMI-
DOAS total ozone and the SAOZ sunrise-sunset average ozone columns as well as the
various differences satellite-SAOZ are presented in Fig. 2 for Bauru and in Fig. 3 for
Reunion. Mean biases and standard deviations with SAOZ are summarised in Table 1
and the mean amplitude of the seasonal cycle of the difference in Table 2.
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Systematic biases are observed between satellites and SAOZ, lower by 5.8 DU
(2.1 %) in Bauru compared to Reunion with a smaller standard deviation with EP-TOMS
and OMI-TOMS than with other satellites. The difference also shows systematic sea-
sonality, smaller with EP-TOMS than with other satellites. With the exception of the
beginning of GOME in 1995 and EP-TOMS in late 2002 (immediately after the cor-
rection for the instrumental problems), the difference does not exceed +5 %. However,
significant biases appear between the satellites, larger above Bauru than Reunion. At
Bauru, a seasonal variation of the difference between SAOZ and satellites is observed.
Except for EP-TOMS, the satellite observed seasonal cycle is lower than that measured
by SAOZ with smaller amplitude during the austral summer up to 5 % for GOME GDP4,
4 % for SCIAMACHY, 6 % for OMI DOAS and 8 % for OMI TOMS. The two OMI versions
present different amounts of O3, with a difference of —3.4 % (OMI TOMS) and -2.10 %
(OMI DOAS) relative to SAOZ columns; however, the columns of OMI TOMS have a
sharper seasonal bias than OMI-DOAS. It is also noted that SCIAMACHY columns
present a slight decrease (2 %) after 2004. Finally, only the EP TOMS columns are
similar to those of SAOZ with a mean bias of —0.59 %.

At Reunion, the differences between satellites and SAOZ columns are lower. Only
GOME and SCIAMACHY columns present larger seasonal variation with a minimum in
austral winter. EP-TOMS columns are higher than those of SAOZ (1.04 %) with large
variations. Finally, the two versions of OMI are anticorrelated in 2005 and 2006, OMI-
TOMS columns showing larger variations with peaks of up to —4 %. Nevertheless, OMI-
TOMS ozone columns are close to those measured by the SAOZ with a difference of
0.47 % against —0.04 % for OMI DOAS.

The mean biases between the satellites and SAOZ ozone retrievals originate partly
from errors in the absorption cross-sections in the various spectral ranges, but more
importantly from the way longitudinal ozone variations are treated in the retrievals and
the sensitivity of the measurements to tropospheric ozone, as shown by the mean 2 %
low bias in Bauru compared to +0.2 % in Reunion and the large differences between
the two stations reported by the various instruments. The influence of the instrument
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sensitivity is illustrated by the difference between EP-TOMS and OMI-TOMS, the lat-
ter presenting a positive bias of 2.9 % compared to EP-TOMS over Bauru and a low
bias of 0.6 % only over Reunion. This difference is fully consistent with that already
found by McPeters et al. (2008) from comparisons between the two instruments and
ground-based measurements at 74 stations in the Northern Hemisphere. Finally, with
the exception of GOME at the very beginning of its operation in 1995, the GOME, EP-
TOMS, OMI-TOMS and SCIAMACHY biases remain constant during their full operating
periods. The only satellite showing a non-constant bias is OMI-DOAS displaying a 2—
3 % jump of unknown origin in 2009 over both stations.

The seasonality, of variable amplitude between the satellites, has been shown by
Hendrick et al. 2011) to come from a combination of stratospheric temperature and
solar zenith angle dependeces at the satellite overpass over the station. The largest
temperature dependences of 0.21 % °C™", similar to that observed between the ground-
based Dobson and SAOZ, are observed with EP-TOMS and OMI-TOMS performing in
the short UV spectral range, while that of GOME of 0.06 %°C~! and SCIAMACHY
of 0.11%°C™" performing in the mid-UV are of lower amplitude and that with OMI-
DOAS insignificant. Since SAOZ is performing in the visible Chappuis bands where
the ozone absorption cross-sections are not sensitive to temperature, this dependence
must be attributed to the satellites. The stratospheric temperature seasonality in the
tropics being lower than 10°C, the impact of this dependence is <2 % on EP-TOMS
and OMI-TOMS, <1 % on GOME and SCIA and inexistent on OMI-DOAS. As shown
by Hendrick et al. (2011), the SZA dependence is quadratic. The largest are observed
on OMI-DOAS, OMI-TOMS, SCIA and GOME resulting in a seasonality of 1 to 4%
depending on the ephemeris of the orbit.

3.1.3 Merged satellite total ozone series

The best satellite series covering the full SAOZ measurements since 1996 is a com-

bination of EP-TOMS (1995-2004) and OMI-TOMS (2005-2011), both showing the

smallest biases and dispersion and the smallest seasonality of the difference with
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SAOZ. A merged satellite composite has then been constructed from the series of
these two satellites after normalisation by addition of their respective biases with SAOZ
above Bauru and Reunion as indicated in Table 2.

The merged satellite series and the SAOZ ozone columns over Bauru and Reunion
since 1996 are displayed in Fig. 4. The two data sets show very high correlation of
0.96 % in Bauru and 0.97 % in Reunion, although of slightly larger slope (0.95 instead
of 0.87) and larger intercept (32 DU instead of 12 DU) over Reunion, which indicates
that the satellite columns are higher than SAOZ observations at this station. The sea-
sonal variation of the difference between the two stations is represented in Fig. 5.
The satellite series confirms the larger ozone in Bauru seen by SAOZ in the sum-
mer (January—March) and the winter (June—August), but differs in spring (October—
November) when the satellites are reporting a 5.7 DU larger column over Reunion. The
5 DU larger column over Bauru seen by both data sets during the summer convective
season is due to photochemical ozone production in the upper troposphere by light-
ning NO, (LNO,) and entrainment of O3-rich air masses from the upper troposphere-
lower stratosphere region (Riviere et al., 2006; Huntrieser et al., 2007) to which both
satellite nadir and ground-based zenith sky measurements are sensitive. The larger
maximum of 10 DU in the winter displayed by both data sets, consistent with the TOMS
total ozone longitudinal variability seen by Fishman and Larsen (1987) and the wave
number one distribution of tropospheric ozone seen by the SHADOZ ozone sondes
(Thompson et al., 2003a,b), is due to the westward advection across the Atlantic of
ozone rich air masses from biomass burning in Africa. The smaller difference between
the two stations in October—November is also due to biomass burning in Africa, but in
that case rapidly advected to the close Indian Ocean after the reversal of tropospheric
wind direction in spring, resulting in an increase of ozone concentration over the close
Reunion Island between 5—-12 km (Randriambelo et al., 2000). The lesser sensitivity of
SAQOZ than satellites to this event is due to the low altitude of the ozone rich layer to
which ground-based zenith sky twilight measurements are less sensitive than the nadir
viewing satellites.
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In conclusion, with the exception of mid-tropospheric ozone increase over Reunion
during the African biomass burning season less seen by the ground-based zenith sky
instrument, there is full agreement between the satellite merged ozone data series
constructed from the EP-TOMS (1995-2004) and OMI-TOMS (2005-2011) products
after correction for biases, with the SAOZ measurements performed since 1996 in the
Southern tropics. Both are showing larger ozone columns above the South American
continent station of Bauru compared to Reunion Island in the Indian Ocean.

3.2 Nitrogen dioxide
3.2.1 SAOZ seasonal and interannual variability

The SAOZ sunrise and sunset monthly mean columns since 1996 in Bauru and
Reunion are displayed in Fig. 6. On average, the NO, column is larger by
0.70 x 10"® molem™2 in Bauru. At both stations, the seasonal variation exhibits a spring
maximum but of larger amplitude (0.5 x 10" molcm_z) and delayed by 2 months in
Bauru. A drop can be seen in late 1998 and early 1999 during the largest EI-Nino
event since 1996 and a biennial cycle of 0.5 x 10'> molcm™ amplitude with a NO,
column maximum during the West phase of the Quasi-Biennial Oscillation (QBO). The
seasonal cycle of the difference between the two stations (Fig. 6, right panel) shows
a 38 % larger column over Bauru in the summer in November—March, a little larger at
sunset, and a smaller increase of 20-25 % in July—August, larger at sunrise.

3.2.2 Satellite observations

Figure 7 displays the monthly mean time series of GOME-GDP4 (total) and -IUP,
SCIAMACHY-IUP (stratospheric) and OMI-NASA (stratospheric) columns at the time
of satellite overpass over the equator around 10:00LT for SCIAMACHY, 10:30LT for
GOME and 13:00LT for OMI. The measurements all show a seasonal cycle with a
spring maximum, but of variable amplitude depending on the satellite. In addition they
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display larger noise in Bauru, suggesting larger NO, column variability there, partic-
ularly GOME-GDP4 measurements. GOME-GDP4 exhibits a larger seasonality than
GOME-IUP by 2 x 10" molem™2 in Bauru and 1.2 x 10" molem™2 in Reunion, larger
than SCIAMACHY by 0.5 x 10" molcm™ in both stations. OMI agrees with SCIA-
MACHY in Bauru but shows larger columns by 0.510"° molecm™ in Reunion with less
seasonality.

3.2.3 Correction for NO> diurnal variation

Since NO, displays a strong photochemical diurnal variation and SAOZ and satellite
measurements do not coincide in time, a correction is required for comparing their
measurements. Figure 8 shows the diurnal variation of the NO, column at 20°S in
January and June calculated with the SLIMCAT 3-D Chemical Transport Model (Chip-
perfield et al., 1999; Denis et al., 2005), the time of satellite overpasses and that of
the weighted average twilight SAOZ measurements between 86-91° SZA. The col-
umn at the time of satellite overpasses is always smaller than that of SAOZ at twilight
(~0.2x 10" molecm™ at sunrise and around 1.1 x 10" molecm ™2 at sunset) and dif-
ferent between the satellites. Indeed, Although there is thirty minutes between GOME
and SCIAMACHY measurements and 3 h with OMI, the diurnal variation induces a bias
of 0.05 x 10'® molcm™2 between the first and 0.3 x 10"® molcm ™2 with the last. More-
over, following the seasonal variation, winter columns are greater (0.4 x 10" mol cm'z)
than summer ones. Following these various biases observed between satellites and
SAQOZ, and the exact time when the satellites overpass the station, a diurnal correction
is applied to convert all satellite data at SAOZ sunrise measurement. The diurnal cycle
has been simulated with a photochemical box model derived from the SLIMCAT 3-D
Chemical-Transport Model (Denis et al., 2005). In order to correct satellite data, a ref-
erence column calculated from the weighted average of SAOZ sunrise measurements
between 86° and 91° SZA has been defined. The calculation of the diurnal variation of
the ratio NO, (reference)/NO, (model) has been performed for the twelve months of
the year. Then, all the satellite measurements have been normalized using this ratio.
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3.2.4 Comparison between satellites and SAOZ

The monthly mean GOME GDP4, GOME IUP, SCIAMACHY, OMI and the SAOZ
columns as well as the relative mean difference satellites-SAOZ after applying the pho-
tochemical corrections are displayed in Fig. 9 for Bauru and Fig. 10 for Reunion. Mean
biases and standard deviations of the difference with SAOZ are given in Table 3 and
the amplitude of the seasonal cycle of the difference in Table 4.

Between 1996 and 2003, best agreement between the two GOME retrieval versions
with SAOZ over the two stations is the GDP4 data showing smaller bias and season-
ality, little difference between the two stations and high correlation with SAOZ (0.91 in-
stead of 0.65 for IUP over Bauru and 0.92 instead of 0.73 for IUP over Reunion).
Indeed, at both stations, GOME IUP presents a weaker amplitude of the seasonal
cycle with systematically higher values (0.3 x 10" mol cm‘z) during the spring period
compared to SAOZ and the ESA versions. On average, IUP columns at Bauru are
closer to SAOZ, compared to Reunion where the columns are systematically larger
(0.4 x 10" mol cm2). A seasonal variation of the difference is observed for the IUP ver-
sion, with a maximum in winter (~ 20 %) and a minimum from October to February. The
mean difference with SAOZ is smaller at Bauru (~ 2.6 % compared to 19.1 % at Re-
union) but has a high standard deviation (12.7 % ~ 0.5 x 10" mol cm'2). One the other
hand, the ESA version presents a steady difference of —6.5 % at Bauru and 5.8 % at
Reunion with no seasonal variation.

The main difference between the two retrievals is the way the tropospheric contribu-
tion is treated. GDP4 is providing a total column using a NO, profile zonal climatology
for the stratospheric part (Lambert et al., 2004), whereas the IUP product is a strato-
spheric column, underestimating any tropospheric NO, present in the measurements.

Finaly, regarding the consistency between GOME and SCIAMACHY data (2003—
2012), the gap between them is less pronounced with the ESA version at Bauru and in-
existent at Reunion, compare to the IUP version where a mean bias of 20 % is observe
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between the two satellites. The GDP4 total column product is thus better suited for
comparison with SAOZ.

The two satellites following GOME measurements after the breakdown of the on-
board recorder are SCIAMACHY and OMI (2004—-2012), both representing strato-
spheric and not total columns. They both agree with SAOZ above Reunion (r2 =0.90
for OMI and 0.92 for SCIAMACHY) where the NO, tropospheric content is limited,
although OMI is displaying a larger seasonality of the difference with SAOZ (mostly
during winter with an amplitude of the biais 0.5 x 10" mol cm'z). It is also noticed that
SCIAMACHY presents a slight bias during summer (~ mean bias —4.1 %).

More importantly, both satellite data sets underestimate the columns over Bauru by
19 % for SCIAMACHY and 29 % for OMI and have smaller amplitude of the seasonal
cycle than SAOZ. In addition, their maximums are shifted by 1 month. The OMI max-
imum (0.35 x 10" molcm’z) occurs from April to August and the SCIAMACHY maxi-
mum from March to September (0.2 x 10" mol cm‘2).

The difference between both satellites depends on how the tropospheric contribution
is subtracted in the retrieval: indeed, SCIAMACHY IUP column have ben retrieved with
the same method as GOME IUP and OMI stratospheric column with an AMF using a
single mean unpolluted profile derived from a stratospheric model and a geographically
gridded set of annual mean polluted profiles obtained from a tropospheric model.

In summary, although not representing the full total column, the SCIAMACHY prod-
uct is better suited for comparison with SAOZ.

3.2.5 Merged satellite NO2 series

The best satellite series covering the full SAOZ measurements since 1996 is thus a
combination of GOME GDP4 (1995-2003) and SCIAMACHY (2003-2011), both show-
ing the smallest biases and dispersion and the smallest seasonality in the difference
with SAOZ. A merged satellite composite has then been constructed from the series
of these two satellites after normalisation by by addition of their respective biases with
SAQOZ above Bauru and Reunion as indicated in Table 3.
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The satellite and SAOZ NO, column series over Bauru and Reunion and the corre-
lation between them are shown in Fig. 11. The satellite composite series present more
variation from 1996 to 2002 (GOME GDP4) compared to SAOZ at both stations. How-
ever, despite these differences, the two data sets are highly correlated (92 % in Bauru,
94 % in Reunion) displaying the same seasonality and interannual variability. The sea-
sonal variation of the difference between Bauru and Reunion displayed by the two data
sets (Fig. 12) is almost identical, both showing a larger column above Bauru particularly
in summer (January—March) where the difference reaches to 1.1 x 10" molem™2 that
is 35 % and a minimum in winter (April-June) of 18 % (such as 0.6 x 10" mol cm‘z).

Two factors can contribute to the differences between the two stations:

— the longitudinal distribution of stratospheric NO, (such as for the O3)
— the tropospheric NO, column.

Unlike for ozone, the contribution of the tropospheric NO, to the total column is im-
portant. Although SAOZ measurements are less sensitive, the tropospheric NO,, in
particular the part present in the upper troposphere cannot be ignored in our study,
especialy when a comparison to satellites is performed.

All sources of NO, (urban and industrial pollution, biomass burning, production by
lightning) are consistently higher over the continents and outside of main shipping
routes negligible over the oceans. One year of OMI NO, tropospheric measurements
has been studied over the region of Bauru, and the average tropospheric NO, column
is about 3 x 10'® molcm™2, about 50 % of the total column reported by SAOZ. It should
be noted that winter is the season where maximum pollution is detected at the highly
polluted city of Sao Paulo, located 300 km to the east of Bauru. The increase of tro-
pospheric NO, in spring (late August, seen Fig. 12)) is related to sugar cane fires, a
traditional practice in Brazil, as reported for example by the GOME NO, observations
(Richter and Burrows, 2002).

The explanation for this large difference in the summer (December to March),
seen by both nadir viewing satellites and twilight zenith sky SAOZ, is the high NO,
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concentration between 10—-15 km above S-E Brazil produced by the frequent lightning’s
during the thunderstorm convective season (Pommereau et al., 2004; Riviere et al.,
2006; Huntrieser et al., 2008), as opposed to the Indian ocean and maritime regions in
general where lightning is rare (Zipser et al., 2006).

Another contributor to the NO, column difference between Bauru and Reunion from
autumn to spring is the location of the station relative to the sub-tropical jet in the lower
stratosphere which has an impact on the longitudinal distribution of stratospheric NO,.
The equivalent latitude parameter calculated from the potential vorticity (PV) output
(from 1995 to 2012) of the high-resolution advection model MIMOSA (modeling Meso-
scale isentropic transport of Stratospheric Ozone by advection (Hauchecorne et al.,
2002) developed by the LATMOS, have been used to identified the origin of the air
mass above the stations. As shown by the seasonal variation of equivalent latitude cal-
culated above the two stations (Fig. 13), at any level, the position of Reunion can be
defined as a tropical station with equivalent latitude varying around 22°S + 2° through-
out the year. On the other hand, Bauru’s equivalent latitude presents larger variations,
and is much more under the influence of mid-latitudes than Reunion from April to De-
cember at 450K (increases up to 33° S) and from July to October (up to 30° S) at 475 K.
HALOE V19 profiles (from 1995 to 2005) have been used in order to corrorborate
those results (data can be found on http://haloe.gats-inc.com/home/index.php). To get
the maximum profiles, the satellite grid observation has been expanded to 200 km ra-
dius around the station (Bauru: 22° + 3° S, 50° + 15° W, Reunion: 20+ 3° S, 50 + 15° E).
Despite this extension, only 100 profiles were used at Bauru and 110 at Reunion. Be-
cause of the extension of the grid and the time of satellite measurement (between
7 and 9a.m.), all profiles had to be standardized from a reference profile calculated us-
ing a photochemical box model derived from 3D chemistry transport model SLIMCAT
(Denis et al., 2005). As shown by the seasonal variation of the HALOE NO, profiles
above the two stations (Fig. 14), the NO, concentration is larger (~ 0.2 x 10° mol cm's)
in the lower stratosphere above Bauru than above Reunion in the winter, although no
difference is seen between November—March.
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In conclusion, there is excellent agreement between the merged satellite associating
GOME GDP4 products from 1996 to 2003 and SCIAMACHY IUP version from 2003
until present after correction for the diurnal variation of NO, and systematic biases,
with the long series of SAOZ observations in the southern tropics both showing larger
NO, column above the South American continental station of Bauru compared to the
Indian Ocean Reunion Island.

4 Conclusions

Long series of ozone and NO, total column SAOZ-NDACC observations at the South-
ern tropics are available since 1995 in Bauru on the South American continent and
since 1993 in Reunion Island in the Indian Ocean, providing a unique tool for investi-
gating possible trends in the composition of the stratosphere at this latitude. For evalu-
ating the reliability of these data before performing such studies, an essential exercise
is to compare them to the measurements performed by the several satellites operating
during the same period. Since none of the satellites covers the full period until present,
and systematic biases exist between them because of the many differences between
instruments, wavelength ranges, absorption cross-sections and retrieval procedures,
they require evaluation and bias corrections.

From comparisons with SAOZ, the best satellite data series for ozone in the Southern
tropics are shown to be EP-TOMS (1995-2004) and OMI-TOMS (2005-2011) prod-
ucts. Both confirm the larger ozone columns reported by SAOZ above the South Amer-
ican continent station of Bauru compared to the Indian Ocean Reunion Island because
of the ozone production by lightning NO, (LNO,) over the continent in the summer and
the advection from Africa in the winter of ozone produced by biomass burning result-
ing in the known wave number one distribution of tropospheric ozone reported by the
SHADOZ soundings. The only difference between the data sets is the underestimation
by SAOZ compared to satellites of the ozone enhancement in the mid- troposphere
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above Reunion following the fast advection of biomass burning from the nearby African
continent during the reversal of tropospheric wind direction in Spring.

Best matching the SAOZ NO, column measurements is a combination of GOME
GDP4 products in 1996—2003 and SCIAMACHY in 2003-2012, both confirming, like
ozone, the larger column seen by SAOZ above the South American continent, at-
tributed to LNO, production by frequent lightning in the summer, and to the larger
exchange of NO, rich air with the mid-latitudes in the winter in the lower stratosphere
due to the more equatorial latitude of the subtropical jet in the winter above South
America compared to the Indian Ocean.

Acknowledgements. The authors thank the personnel of La Reunion and Bauru stations
for running the instruments. The SAOZ network is part of NDACC (Network for Detection of
Atmospheric Composition Changes). The stations are supported in France by CNRS/INSU
and CNES in collaboration with the Observatoire de Physique Atmosphérique de la Reunion
(OPAR) and University of La Reunion for the Reunion instrument and IPMET/UNESP for
Bauru instrument. The satellite data are availabled trough web access: TOMS (NASA)
via the World Data Center for Remote Sensing of the Atmosphere (WDC/RSAT), Ozone
Monitoring Instrument (NIVR/KNMI, FMI, NASA) via http://avdc.gsfc.nasa.gov/ and HALOE
via http://haloe.gats-inc.com/home/index.php. SCIAMACHY data extraction was carried
out with a software tool developed by K. Bramstedt (University of Bremen). This work
was supported by the French Ministry of Research during the PhD of M. Pastel at the Uni-
versity of P. and M. Curie (Paris 6) and finalised during the NORS/EU project (contract 284421).

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

4870

AMTD
6, 4851-4893, 2013

Comparison of long
term series of total
ozone and NO,
measurements

M. Pastel et al.

Page
Abstract Introduction
Conclusions References

Tables

Figures

)

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

il


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/4851/2013/amtd-6-4851-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/4851/2013/amtd-6-4851-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://avdc.gsfc.nasa.gov/
http://haloe.gats-inc.com/home/index.php

10

15

20

25

References

Bhartia, P. K. and Wellemeyer, C.W.: OMI TOMS-V8 Total O5 Algorithm, in: Algorithm Theoret-
ical Baseline Document: OMI Ozone Products, Vol. I, ATBD-OMI-02, Version 2.0, edited by:
Bhartia, P. K., 2002.

Bovensmann, H., Burrows, J. P, Buchwitz, M., Frerick, J., Noel, S., Rozanov, V. V., Chance,
K. V., and Goede, A. P. H.: SCIAMACHY: Mission objectives and measurement modes, J.
Atmos. Sci., 56, 127-150, 1999.

Bracher, A., Sinnhuber, M., Rozanov, A., and Burrows, J. P.: Using a photochemical model for
the validation of NO,, satellite measurements at different solar zenith angles, Atmos. Chem.
Phys., 5, 393-408, doi:10.5194/acp-5-393-2005, 2005.

Bramstedt, K., Gleason, J., Loyola, D., Thomas, W., Bracher, A., Weber, M., and Burrows,
J. P.: Comparison of total ozone from the satellite instruments GOME and TOMS with
measurements from the Dobson network 1996—2000, Atmos. Chem. Phys., 3, 1409—-1419,
doi:10.5194/acp-3-1409-2003, 2003.

Boersma, K. F.,, Bucsela, E. J., Brinksma, E. J., and Gleason, J. F.: OMI algorithm theoretical
basis document: OMI trace gas algorithms, vol. 4, edited by: Chance, K., Rep. ATBD-OMI-02,
Goddard Space Flight Cent., NASA, Greenbelt, MD, 2002.

Buchard, V., Brogniez, C., Auriol, F., Bonnel, B., Lenoble, J., Tanskanen, A., Bojkov, B., and
Veefkind, P.: Comparison of OMI ozone and UV irradiance data with ground-based measure-
ments at two French sites, Atmos. Chem. Phys., 8, 4517-4528, doi:10.5194/acp-8-4517-
2008, 2008.

Burrows, J. P., Weber, M., Buchwitz, M., Rozanov, V., Ladstatter-Wei3enmayer, A., Richter, A,
DeBeek, R., Hoogen, R., Bramstedt, K., Eichmann, K. U., Eisinger, M., and Perner, D.: The
Global Ozone Monitoring Experiment (GOME): Mission Concept and First Scientific Results,
J. Atmos. Sci., 56, 151-175, 1999.

Celarier, E. A., Gleason, J. F, Bucsela, E. J., Boersma, K. F, Brinksma, E., Veefkind, J. P,
and Levelt, P.: OMNO2 README file, tech. rep., http://toms.gsfc.nasa.gov/omi/no2/OMNO2._
readme.pdf, NASA Goddard Space Flight Cent., Greenbelt, MD, 2006.

Celarier, E. A., Brinksma, E. J., Gleason, J. F., Veefkind, J. P, Cede, A., Herman, J. R., lonov,
D., Goutail, F., Pommereau, J. P, Lambert, J. C., van Roozendael, M., Pinardin, G., Wittrock,
F., Schonhardt, A., Richter, A., Iranhim, O. W., Wagner, T., Bojkov, B., Mount, G., Spinei, E.,
Chen, C. M., pongetti, T. J., Sander, S. P.,, Buesela, E. J., Wenig, M. O., Swart, D. P. J., Volten,

4871

AMTD

6, 4851-4893, 2013

Comparison of long
term series of total
ozone and NO,
measurements

M. Pastel et al.

Page
Abstract Introduction
Conclusions References

Tables

Figures

)

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

il


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/4851/2013/amtd-6-4851-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/4851/2013/amtd-6-4851-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acp-5-393-2005
http://dx.doi.org/10.5194/acp-3-1409-2003
http://dx.doi.org/10.5194/acp-8-4517-2008
http://dx.doi.org/10.5194/acp-8-4517-2008
http://dx.doi.org/10.5194/acp-8-4517-2008
http://toms.gsfc.nasa.gov/omi/no2/OMNO2_readme.pdf
http://toms.gsfc.nasa.gov/omi/no2/OMNO2_readme.pdf
http://toms.gsfc.nasa.gov/omi/no2/OMNO2_readme.pdf

10

15

20

25

30

H., Kroon, M., and Levelt, P. F.: Validation of Ozone Monitoring Instrument nitrogen dioxide
columns, J. Geophys. Res., 113, D15515, doi:10.1029/2007JD008908, 2008.

Chipperfield, M. P.: Multiannual simulations with a three-dimensional chemical transport model,
J. Geophys. Res., 104, 1781-1805, 1999.

Denis, L., Roscoe, H. K., Chipperfield, M. P, Van Roozendal, M., and Goutail, F.: A new software
suite for NO2 vertical profile retrieval from ground-based zenith-sky spectrometers, J. Quant.
Spectrosc. Ra., 92, 321-333, doi:10.1016/j.jgsrt.2004.07.030, 2005.

Fishman, J. and Larsen, J. C.: Distribution of total ozone and stratospheric ozone in the tropics:
Implications for the distribution of tropospheric ozone, J. Geophys. Res., 92, 6627-6634,
doi:10.1029/JD092iD06p06627, 1987.

Hauchecorne, A., Godin, S., Marchand, M., Hesse, B., and Souprayen, C.: Quantification of
the transport of chemical constituents from the polar vortex to midlatitudes in the lower
stratosphere using the high-resolution advection model MIMOSA and effective diffusivity,
J.Geophys. Res., 107, 8289, doi:10.1029/2001JD000491, 2002.

Hendrick, F., Pommereau, J.-P., Goutalil, F,, Evans, R. D., lonov, D., Pazmino, A., Kyr0, E., Held,
G., Eriksen, P, Dorokhov, V., Gil, M., and Van Roozendael, M.: NDACC/SAOZ UV-visible total
ozone measurements: improved retrieval and comparison with correlative ground-based and
satellite observations, Atmos. Chem. Phys., 11, 5975-5995, doi:10.5194/acp-11-5975-2011,
2011.

Huntrieser, H., Schumann, U., Schlager, H., Holler, H., Giez, A., Betz, H.-D., Brunner, D,
Forster, C., Pinto Jr., O., and Calheiros, R.: Lightning activity in Brazilian thunderstorms
during TROCCINOX: implications for NO, production, Atmos. Chem. Phys., 8, 921-953,
doi:10.5194/acp-8-921-2008, 2008.

lonov, D., Timofeyev, Y., Sinyakov, V., Semenov, V., Goutail, F., Pommereau, J.-P., Bucsela, E.,
Celarier, E., and Kroon, M.: Ground-based validation of EOS-Aura OMI NO, vertical column
data in the midlatitude mountain ranges of Tien Shan (Kyrgyzstan) and Alps (France), J.
Geophys. Res., 113, D15S08, doi::10.1029/2007JD008659, 2008.

Lambert, J.-C. and Balis, D. S. (Eds.): Delta validation report for ERS-2 GOME data processor
upgrade to version 4.0, Tech. Note ERSECLVL-EOPG-TN-04-0001, Eur. Space Agency,
Paris, 82 pp., 2004.

Lambert, J.-C., Van Roozendael, M., De Maziere, M., Simon, P. C., Pommereau, J.-P., Goutail,
F., Sarkissian, A., and Gleason, J. F.: Investigation of pole-to-pole performances of space-
borne atmospheric chemistry sensors with the NDSC, J. Atmos. Sci., 56, 176—-193, 1998.

4872

AMTD

6, 4851-4893, 2013

Comparison of long
term series of total
ozone and NO,
measurements

M. Pastel et al.

=
o

Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

il


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/4851/2013/amtd-6-4851-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/4851/2013/amtd-6-4851-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2007JD008908
http://dx.doi.org/10.1016/j.jqsrt.2004.07.030
http://dx.doi.org/10.1029/JD092iD06p06627
http://dx.doi.org/10.1029/2001JD000491
http://dx.doi.org/10.5194/acp-11-5975-2011
http://dx.doi.org/10.5194/acp-8-921-2008
http://dx.doi.org/:

10

15

20

25

30

Levelt, P. F.,, Hilsenrath, E., Leppelmeier, G., van den Oord, G., Bhartia, P., Tamminen, J., Haan,
J., and Veefkind, J.: Science objectives of the Ozone Monitoring Instrument, IEEE T. Geosci.
Remote, 44, 1199-1208, 2006.

McPeters, R. D., Bhartia, P. K., Krueger, A. J., and Herman, J. R.: Earth Probe Total Ozone
Mapping Spectrometer (TOMS) Data Products User’s Guide, NASA Technical Publication
1998-206985, NASA Goddard Space Flight Center, Greenbelt, MD, 64 pp., 1998.

McPeters, R. D., Labow, G. J., and Logan, J. A.: Ozone climatological profiles for satellite re-
trieval algorithms, J. Geophys. Res., 112, D05308, doi:10.1029/2005JD006823, 2007.

Piters, A. J. M., Bramstedt, K., Lambert, J.-C., and Kirchhoff, B.: Overview of SCIAMACHY val-
idation: 2002—2004, Atmos. Chem. Phys., 6, 127—148, doi:10.5194/acp-6-127-2006, 2006.

Pommereau, J.-P. and Goutail, F.: Ground-based measurements by visible spectrometry during
Arctic Winter and Spring, Geophys. Res. Lett., 15, 891-894, 1988.

Pommereau, J. P., Garnier, A., Borchi, F, and Nunes-Pinharanda, M.: Ozone and NO, zonal
distribution in the tropical UTLS from SAOZ circum-navigating MIR balloon flights: relation
to horizontal transport, convection and lightning, in: Proceedings of the Quadrennial Ozone
Symposium 2004, Athens, Greece, edited by: Zerefos, C. S., 2, 1173-1174, 2004.

Randriambelo, T., Baray, J.-L., and Baldy, S.: Effect of biomass burning, convective venting, and
transport on tropospheric ozone over the Indian Ocean: Reunion Island field observations,
J. Geophys. Res., 105, 11813-11832, 2000.

Richter, A. and Burrows, J. P.: Retrieval of Tropospheric NO, from GOME Measurements, Adv.
Space Res., 29, 1673-1683, 2002.

Richter, A., Eyring, V., Burrows, J. P., Bovensmann, H., Lauer, A., Sierk, B., and Crutzen, P. J.:
Satellite Measurements of NO, from International Shipping Emissions, Geophys. Res. Lett.,
31, L23110, doi:10.1029/2004GL020822, 2004.

Riviere, E. D., Marécal, V., Larsen, N., and Cautenet, S.: Modelling study of the impact of deep
convection on the UTLS air composition — Part 2: Ozone budget in the TTL, Atmos. Chem.
Phys., 6, 1585-1598, doi:10.5194/acp-6-1585-2006, 2006.

Rozanov, A., Rozanoyv, V., Buchwitz, M., Kokhanovsky, A., and Burrows, J.: SCIATRAN 2.0 — A
new radiative transfer model for geophysical applications in the 175-2400 nm spectral region,
Adv. Space Res., 36, 1015-1019, 2005.

Sioris, C. E., McLinden, C. A., Martin, R. V., Sauvage, B., Haley, C. S., Lloyd, N. D., Llewellyn,
E. J., Bernath, P. F, Boone, C. D., Brohede, S., and McElroy, C. T.: Vertical profiles of

4873

AMTD

6, 4851-4893, 2013

Comparison of long
term series of total
ozone and NO,
measurements

M. Pastel et al.

Page
Abstract Introduction
Conclusions References

Tables

Figures

)

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

il


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/4851/2013/amtd-6-4851-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/4851/2013/amtd-6-4851-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2005JD006823
http://dx.doi.org/10.5194/acp-6-127-2006
http://dx.doi.org/10.1029/2004GL020822
http://dx.doi.org/10.5194/acp-6-1585-2006

10

15

20

25

lightning-produced NO, enhancements in the upper troposphere observed by OSIRIS, At-
mos. Chem. Phys., 7, 4281-4294, doi:10.5194/acp-7-4281-2007, 2007.

Thompson, A., Witte, J., McPeters, R., Oltmans, S., Schmidlin, F., Logan, J., Fujiwara,
M., Kirchhoff, V., Posny, F., Coetzee, G., Hoegger, B., Kawakami, S., Ogawa, T., John-
son, B., Vomel, H., and Labow, G.: Southern Hemisphere Additional Ozonesondes
(SHADOZ) 1998-2000 tropical ozone climatology 1 — Comparison with Total Ozone Map-
ping Spectrometer (TOMS) and ground-based measurements, J. Geophys. Res., 108, 8238,
doi:10.1029/2001JD000967, 2003a.

Thompson, A. M., Witte, J., Oltmans, S., Schmidlin, F,, Logan, J., Fujiwara, M., Kirchhoff, V.,
Posny, F., Hoegger, B., Kawakami, S., Ogawa, T., Fortuin, J. P. F,, and Kelder, H. M.: South-
ern Hemisphere Additional Ozonesondes (SHADOZ) 1998-2000 tropical ozone climatology.
2. Tropospheric ozone variability and the zonal wave-one, J. Geophys. Res., 108, 8241,
doi:10.1029/2002JD002241, 2003b.

Thompson, A. M., Miller, S., Tilmes, S., Kollonige, D., Witte, J., Oltmans, S., Johnson, B., Fu-
jiwara, M., Schmidlin, F., Coetzee, G., Komala, N., Maata, M., Mohamad, M., Nguyo, J.,
Mutai, C., Ogino, S., Da Silva, F, Leme, N., Posny, F., Scheele, R., Selkirk, H., Shiotani,
M., Stlbi, R., Levrat, G., Calpini, B., Thouret, V., Tsuruta, H., Canossa, J., Vémel, H., Yone-
mura, S., Diaz, J., Thanh, N., and Thuy Ha, H.: Southern Hemisphere Additional Ozoneson-
des (SHADOZ) ozone climatology (2005-2009): Tropospheric and tropical tropopause layer
(TTL) profiles with comparisons to OMI-based ozone products, J. Geophys. Res., 117,
D23301, doi:10.1029/2011JD016911, 2012.

Vandaele, A., Fayt, C., Hendrick, F.,, Hermans, C., Humbled, F., Van Roozendael, M., Gil, M.,
Navarro, M., Puentedura, O., Yela, M., Braathen, G., Stebel, K., Tornkvist, K., Johnston, P,
Kreher, K., Goutail, F., Mieville, A., Pommereau, J.-P., Khaykin, S., Richter, A., Oetjen, H.,
Wittrock, F., Bugarski, S., Friez, U., Pfeilsticker, K., Sinreich, R., Wagner, T., and Corlett, G.,
and Leigh, R.: An intercomparison campaign of groundbased UV-visible measurements of
NO,, Bro, and OCIO slant columns: Methods of analysis and results for NO,, J. Geophys.
Res. 110, D08305, doi:10.1029/2004JD005423, 2004.

Van Roozendael, M., Loyola, D., Spurr, R., Balis, D., Lambert, J.-C., Livschitz, Y., Valks, P,
Ruppert, T., Kenter, P., Fayt, C., and Zehner, C.: Ten years of GOME/ERS-2 total ozone data
the new GOME data processor (GDP) version 4: 1. Algorithm description, J. Geophys. Res.,
111, D14311, doi:10.1029/2005JD006375, 2006.

4874

AMTD

6, 4851-4893, 2013

Comparison of long
term series of total
ozone and NO,
measurements

M. Pastel et al.

Page

Abstract Introduction

Conclusions References

Tables

Figures

)

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

il


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/4851/2013/amtd-6-4851-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/4851/2013/amtd-6-4851-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acp-7-4281-2007
http://dx.doi.org/10.1029/2001JD000967
http://dx.doi.org/10.1029/2002JD002241
http://dx.doi.org/10.1029/2011JD016911
http://dx.doi.org/10.1029/2004JD005423
http://dx.doi.org/10.1029/2005JD006375

10

15

Vaughan, G., Roscoe, H. K., Bartlett, L. M., O’Connor, F. M., Sarkissian, A., Van Roozendael,
M., Lambert, J.-C., Simon, P., Karlsen, K., Kastad Hoiskar, A., Fish, D., Jones, R., Freshwater,
R., Pommereau, J.-P., Goutail, F., Andersen, S., Drew, D., Hughes, P., Moore, D., Mellgvist, J.,
Hegels, E., Klupfel, T., Erle, F, Pfeilsticker, K., and Platt, U.: An intercomparison of ground-
based UV-visible sensors of ozone and NO,, J. Geophys. Res., 102, 542-552, 1997.

Wellemeyer, C. G., Bhartia, P. K., Taylor, S. L., Qin, W., and Ahn, C.: Version 8 Total Ozone
Mapping Spectrometer (TOMS) Algorithm, edited by: Zerefos, C., technical note, in: Pro-
ceedings of the Quadrennial Ozone Symposium 2004, Athens, Greece, edited by: Zerefos,
C., 635-636, 2004.

World Meterological Organisation: Chipperfield, M. P, Fioletov, V. E., (Lead Authors), Bregman,
B., Burrows, J., Connor, B. J., Haigh, J. D., Harris, N. R. P., Hauchecorne, A., Hood, L.
L., Kawa, S. R., Krzyscin, J. W,, Logan, J. A., Muthama, N. J., Polvani, L., Randel, W. J.,
Sasaki, T., Stahelin, J., Stolarski, R. S., Thomason, L. W., and Zawodny, J. M.: Global Ozone:
Past and Present, in: Scientific Assessment of Ozone Depletion: 2006, Chapter 3, Global
Ozone Research and Monitoring Project-Report No. 50, World Meteorological Organization,
Geneva, Switzerland, 572 pp., 2007.

Zipser, E., Cecil, D, Liu, C., Nesbitt, S., and Yorty, D.: Where are the most intense thunderstoms
on earth?, B. Am. Meteorol. Soc., 87, 1057-1071, 2006.

4875

AMTD
6, 4851-4893, 2013

Comparison of long
term series of total
ozone and NO,
measurements

M. Pastel et al.

=
o

Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

il


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/4851/2013/amtd-6-4851-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/4851/2013/amtd-6-4851-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 1. Mean biases and standard deviation in DU (%) between satellites and SAOZ total

ozone.
Satellite Bauru Reunion Bauru-Reunion
EP-TOMS -1.58 + 3.1 (-0.59) 280+3.6(1.04) -4.38(-1.6)
OMI-DOAS -6.09+5.2 (2.1) -0.08+4.5(-0.04) -6.17(-2.28)
OMI-TOMS -9.47 £ 3.2 (-3.43) 0.31+3.4(0.47) -9.16 (-3.39)
GOME-GDP4 -5.49+4.2(-1.82) 0.44+49(0.15) -5.05(-1.87)
SCIAMACHY-OL3 -4.93+4.7 (-1.7) -0.73+£2.9(-0.24) -4.2(-2.9)
Average -5.51 (-2.04) 0.55(0.20) -5.8(-2.15)
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Table 3. Mean biases and standard deviation in 10'® mol cm™ (%) between satellites and SAOZ
NO, columns.

Satellite Bauru Reunion Bauru-Reunion

GOME V1.0 IUP 0.04 +£0.5 (2.6) 0.44+0.3 (19.1) -0.4 (-19)

GOME GDP4 ESA -0.23+0.2(-6.5) -0.13+0.2(-5.8) -0.1 (-5.7)

SCIAMACHY V2.0 IlUP -0.63+0.3(-18.8) -0.10+0.1(-4.1) -0.53 (-21.2)

OMI DOAS V3 -0.9+0.28 (-28.9) -0.02+0.2(0.28) -0.88 (-29.4)

Average -0.43 (-2.04) 0.05 (0.20) -0.47 (-19.2)
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