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Abstract. This paper presents the operational retrievall Introduction

of tropical tropospheric ozone columns (TOCs) from the

Second Global Ozone Monitoring Experiment (GOME-2) Ozone in the tropical troposphere plays various important
instruments using the convective-cloud-differential (CCD) roles. It plays a key role in the global oxidizing power of
method. The retrieval is based on total ozone and cloudhe atmosphere as the main source of OH, the most impor-
property data provided by the GOME Data Processor (GDPYant oxidant in the troposphere (Thompson, 1992). Near the
4.7, and uses above-cloud and clear-sky ozone column me&urface, excessive amounts of ozone are toxic to ecosystems,
surements to derive a monthly mean TOC betweehN20 animals and man. Upper tropospheric ozone acts as a green-
and 20 S. Validation of the GOME-2 TOC with several house gas by absorbing long-wave terrestrial radiation (Lacis
tropical ozonesonde sites shows good agreement, with &tal., 1990; Foster and Shine, 1997).

high correlation between the GOME-2 and sonde measure- Satellite observations offer the possibility to measure the
ments, and small biases within3 DU. The TOC data have distribution of tropospheric ozone over large areas and to
been used in combination with tropospheric Nf@easure-  study its large-scale temporal and spatial variability. This is
ments from GOME-2 to analyse the effect of the 2009-0f great importance, since ozone which is formed over re-
2010 El Nifio—Southern Oscillation (ENSO) on the tropo- gions where large amounts of ozone precursors are emitted
spheric ozone distribution in the tropics. El Nifio induced dry can be transported over great distances and affect areas far
conditions in September—October 2009 resulted in relativelyfrom the source (Thompson et al., 2001).

high tropospheric ozone columns over the southern Indian Tropical tropospheric ozone has been inferred from a num-
Ocean and northern Australia, while La Nifia conditions in ber of instruments, including GOME (Burrows et al., 1999),
September—October 2010 resulted in a strong increase in traSCIAMACHY (Bovensmann et al., 1999), IASI (Clerbaux
pospheric NG in South America, and enhanced ozone in €t al., 2009), OMI (Levelt et al., 2006) and MLS (Waters
the eastern Pacific and South America. Comparisons of th€t al., 2006). Several techniques have been used to retrieve
GOME-2 tropospheric ozone data with simulations of the tropospheric ozone columns, such as the tropospheric ozone
ECHAM/MESSy Atmospheric Chemistry (EMAC) model residual (TOR) method using OMI total ozone and MLS
for 2009 EI Nifio conditions illustrate the usefulness of the Stratospheric ozone column measurements (Ziemke et al.,
GOME-2 TOC measurements in evaluating chemistry cli- 2006; Schroeberl et al., 2007), the direct retrieval of tro-
mate models (CCMs). Evaluation of CCMs with appropriate Pospheric ozone (e.g. Liu et al., 2010; Miles et al., 2014;
satellite observations helps to identify strengths and weakTuinder et al., 2013; Safieddine et al., 2013), and limb-nadir-
nesses of the model systems, providing a better understandnatching observations from SCIAMACHY (Ebojie et al.,
ing of driving mechanisms and adequate relations and feed2014). Recently, also the multi-spectral retrieval of IASI ther-
backs in the Earth atmosphere, and finally leading to im-mal infrared and GOME-2 ultra-violet measurements has
proved models. been demonstrated (Cuesta et al., 2013).
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In this paper, we describe the retrieval of the tropo- of the method is analysed. In Sect. 5, exemplary results of
spheric ozone column (TOC) from GOME-2 measurementsthe GOME-2 TOCs are shown, and the effect of the 2009—
for the tropical region using the convective-cloud-differential 2010 ENSO on the tropical tropospheric ozone and NiS-
(CCD) method. The original CCD method developed by tribution is examined. Section 6 focuses on the validation
Ziemke et al. (1998) uses TOMS (for the period 1979—2005)of the GOME-2 tropical TOCs with ozonesonde measure-
and OMI (for 2004 onwards) total 0.zone measurements ovements, and in Sect. 7 the potential of GOME-2 tropospheric
bright, high-altitude clouds in the tropical western Pacific to 0zone measurements in evaluating EMAC CCM simulations
obtain an above-cloud stratospheric ozone amount. In this reis analysed. The paper ends with a summary and concluding
gion, bright clouds are often associated with strong convectemarks.
tive outflows and cloud tops in the upper troposphere. The
tropical TOC is derived at cloud-free pixels by subtracting
the stratospheric ozone amount from TOMS and OMI total2  The GOME-2 instrument
ozone, assuming a zonally invariant stratospheric column.

The CCD method can only be applied in the tropics whereThe Second Global Ozone Monitoring Experiment (GOME-
the assumption of a zonally invariant stratospheric column?) instruments were launched on-board the MetOp-A and
is valid. An improved CCD method has been developed byMetOp-B satellites in October 2006 and September 2012,
Valks et al. (2003) that is based on total ozone and cloud mearespectively, and are part of the EUMETSAT Polar System
surements from GOME. In contrast to TOMS, GOME is able (EPS). The MetOp satellites are flying on a sun-synchronous
to determine cloud fraction, cloud pressure and cloud albed®rbit with an equator crossing time of 09:30 LT (descend-
(optical thickness) by using measurements in the visible andng node) and a repeat cycle of 29 days. The GOME-
near-infrared wavelength region. The CCD method has beer instruments continue the long-term monitoring of atmo-
further developed for the retrieval of tropical TOCs from spheric trace gases, including @d NQ, started by GOME
GOME-2 within the framework of EUMETSAT'’s Satellite (launched on ESA's ERS-2 platform in 1995) and continued
Application Facility on Ozone and Atmospheric Chemistry with SCIAMACHY (launched on ESA's ENVISAT platform
Monitoring (O3M-SAF). The GOME-2 instrument (Callies in 2002). GOME-2 is an improved version of the GOME in-
et al., 2000), launched aboard the MetOp-A and -B satel-strument on the ERS-2 satellite (Callies et al., 2000; Munro
lites, observes about four times smaller ground pixels tharet al., 2006). It is a nadir-scanning UV-VIS-NIR spectrom-
its predecessor GOME and provides an almost global covereter with four main optical channels, covering the spectral
age on a daily basis. Tropical TOCs have been retrieved forange between 240 and 790 nm with a spectral resolution be-
the period 2007-2013 using both GOME-2/A and GOME- tween 0.26 and 0.51 nm (FWHM). Additionally, two polar-
2/B measurements. We assess the accuracy of the GOMBEzation components are measured with polarization measure-
2 tropical TOCs with ozonesonde measurements from thenent devices (PMDs) at 30 broad-band channels covering
Southern Hemisphere Additional Ozonesondes (SHADOZ)the full spectral range.

network (Thompson et al., 2003a), and we study the effect of The default swath width of the GOME-2 scan is 1920 km,
the 2009-2010 EI Nifio—Southern Oscillation (ENSO) on thewhich enables global coverage in about 1.5 days. The
tropospheric ozone distribution. Furthermore, we examinealong-track dimension of the instantaneous field of view
the tropospheric N@distribution in the tropics from GOME-  is ~40km, while the across-track dimension depends on
2 measurements. Tropospheric N@lumns provide valu-  the integration time used for each channel. For the default
able information on NQ emissions, and are useful to un- 1920 km swath and the default integration time of 187.5ms,
derstand the effect of temporal and spatial variations i NO the ground pixel size is 8R 40 kn? (across-track along-
emissions on the tropical tropospheric ozone distribution intrack) in the forward scan. Owing to a non-linear movement
the tropics. Finally, we illustrate the use of GOME-2 tropo- of the scan mirror, the ground pixel size remains nearly con-
spheric ozone measurements in evaluating the chemistry clistant over the full scan. Since July 2013, the two GOME-2
mate model (CCM) EMAC (Jockel et al., 2010). This exer- instruments have been operated in tandem providing global
cise provides some insight into the possibilities of using thiscoverage on a daily basis: GOME-2 on MetOp-A measures
comprehensive data set to help to assess the quality of modelith a reduced swath width of 960 km and a smaller ground
results; it is the foundation for improving our understanding pixel size of 40x 40 kn? (forward scan), while GOME-2 on

of processes driving atmospheric changes. MetOp-B measures in default mode (i.e. 1920 km swath and

This paper is organized as follows. First, we give an ground pixel size of 8& 40 kn¥).
overview of the GOME-2 satellite instrument and the opera-
tional data processing. Section 3 describes the GOME-2 t02.1 Data processing
tal ozone and cloud products as used in the CCD algorithm,
and the GOME-2 tropospheric NGcolumns examined in  The GOME-2 tropical TOC described in this paper is a level-
this study. In Sect. 4, the retrieval of tropical TOCs from 3 product, and has been developed by the German Aerospace
GOME-2 with the CCD method is described, and the validity Center (DLR) in the framework of EUMETSAT's Satellite
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Application Facility on Ozone and Atmospheric Chemistry  Air mass factors are calculated on-line with the multiple-
Monitoring (O3M-SAF). The focus of the O3M-SAF is to scattering radiative transfer code LIDORT (Spurr, 2008). Op-
process, archive, validate and disseminate atmospheric dataal property setups for the air mass factor computations are
products of ozone, N®and other trace gases, aerosols andbased on the TOMS V8 ozone profile climatology classified
surface ultraviolet radiatior{tp://o3msaf.fmi.ij. by total column (McPeters et al., 2007), and the assumption
The first step in the processing chain is the production ofof a Rayleigh scattering atmosphere. The air mass factors are
calibrated and geo-located level 1 radiances (level 0-to-1 proeomputed at a single wavelength of 325.5 nm (Van Roozen-
cessing). Level 1 products are generated operationally in thelael et al., 2006). The vertical colunin and the air mass
Core Ground Segment (CGS) at EUMETSAT headquarterdactors are adjusted iteratively to reflect the DOAS slant col-
in Darmstadt, Germany, and are broadcast via the EUMETumn result using the relation
Cast system to the O3M-SAF processing facility in DLR,
Germany. The DLR multi-mission payload ground segmenty, _ S/M + @ G Acioud ,
system (Heinen et al., 2009) controls the reception, process- (1 — ®)Aclear+ P Acloud
ing, archiving, ordering and dissemination of the GOME-

2 trace gas column products. The GOME-2 level-1 prOd'sky air mass factorAgoug the air mass factor for the at-

ucts are processed with the UPAS (Universal Processor fan h P "
. to the cloud-top level, the “ghost col
UV/VIS Atmospheric Spectrometers) system, a new gener- osphere down to the cloud-top level, the "ghost column

i tem for th tional . ft g is the quantity of ozone below the cloud-top height and
ation system lor the operational processing of trace gas ang, s yne cloud radiance fraction. This relation assumes the
cloud property products (Valks et al., 2013).

. independent pixel approximation (IPA) for partially cloudy
The GOME-2 level-2 and -3 products are avail- . . .
able via the GOME portal at DLR htp://atmos.caf, and cloud-filled scenes), with clouds treated as Lambertian

. equivalent reflectors. GDP 4 includes a molecular Ring cor-
dir.de/gome®, and can also be ordered via the O3M- 9 9

) - rection M, dependent on the total air mass factor, that is ap-
SAF porta_ll bttp:/fo3msaf.fmi.§ and EUMETSAT portal plied to the slant column to deal with distortion of ozone ab-
(http://navigator.eumetsat.jnt

sorption features due to inelastic rotational Raman scattering
effects (Van Roozendael et al., 2006).

@)

whereS is the DOAS-retrieved slant columAgearthe clear-

3 GOME-2 trace gases and cloud measurements The cloud properties to determine the cloud radiance frac-
tion ® and the cloudy air mass factetrcoyg are retrieved
3.1 GOME-2 total ozone from GOME-2 measurements using the OCRA (cloud frac-

tion) and ROCINN (cloud pressure and albedo) algorithms
The total ozone columns are retrieved from the ratio of (Loyola et al., 2007, see Sect. 3.3 in this paper). The cloud
the Earthshine and Sunshine spectra measured by GOME-&diance fractiord is defined as
and utilizing the characteristic ozone spectral absorption fea-
tures in a part of the Huggins ozone absorption band (325-¢p — ¢t lcloud ,
335nm). The retrieval is performed with the GOME Data (1= ct) Letear+ cflcloud
Processor (GDP) version 4.7 (Hao et al., 2014), the latest in

gggn;ttlon Olf the CI;DZPO4 alg(?]rlthrln (\(ahn Roozlendaehl et al.packscattered radiances for cloud-free and cloud-covered
; Loyola et al., 2011). The algorithm employs the two- scenes, respectivelyeear and Icoug are calculated with the

step Differential Optical Absorption Spectroscopy (DOAS) LIDORT radiative transfer model (at 325.5 nm), and depend

lmethgt;l)(Plgtt and S}tUtZ’ 2008), W'.th slanthcolum_n f'ft'n% fol- mainly on the surface and cloud albedos and on the GOME-2
(;)WG_ ¥|’ﬁlr rrl1ass alctor cf(_)r1_ver§|otr)1 to fj € Vgt'caf ?O urfnnviewing geometry. In the total ozone algorithm, the ghost col-
ensity. The slant column fitting is based on Beers law for .., ; (the amount of ozone below the cloud top, which can-

trace gas absorption, and includes a polynomial closure term ot be detected by GOME-2) is derived from the TOMS V8

to deal with broadband signatures over the 325-335nm fit'ozone profile climatology using an empirical intra-cloud cor-

ting window. The fitting includes amplitudes for the effec- . i, (Loyola et al., 2011). For the GOME-2/CCD method,

tve temperature_ of the ozone absorptlo_n, ANabsorption this ghost column correction is not included, since the ozone
and for spectral interference signatures (instrumental under.

: X e column above the cloud is required:
sampling, Ring-effect filling-in of solar Fraunhofer features),
and a provision for earthshine/solar spectra wavelength reg- S/M
istration offsets. In the retrieval, the use of Daumont—Brion— ¥above cloud= Acoud’ ®)
Malicet ozone cross sections (Malicet et al., 1995; Brion et
al., 1998) convolved with the GOME-2 instrument slit func- 3.2 GOME-2 tropospheric NO, column

tion (Siddans et al., 2006) provides the most consistent and ) ] )
stable results for GOME-2 (Hao et al., 2014). The tropospheric N® algorithm for GOME-2, as imple-
mented in the GOME Data Processor (GDP) version 4.7,

consists of several retrieval steps, as described in Valks et

@)

where ¢; is the cloud fraction,/gear and Igoug are the
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al. (2011). First, the DOAS method is used to determine NO as deep convective if the effective cloud pressure is above
slant column densities from calibrated GOME-2 (ir)radiancethe 300 hPa level, the cloud albedo larger than 0.75, and
data in the 425-450 nm wavelength range, and initial totaltheir cloud fraction exceeds 0.8. The patterns in Fig. 1 show
NO> columns are computed using an air mass factor basethe structure of the inter-tropical convergence zone (ITCZ)
on a stratospheric NOprofile climatology (Lambert et al., and the seasonal migration of the ITCZ. The eastern part
2000). Then a spatial filtering method is used to obtain theof the tropical Indian Ocean and western part of the trop-
stratospheric N@component from the initial total N£col- ical Pacific have the highest frequency of deep-convective
umn. After the stratosphere—troposphere separation, the traezlouds. Particularly apparent are the large latitudinal shifts
pospheric N@ column can be determined by subtracting the over South America, Africa and the South Asian subconti-
stratospheric component from the total N€lant column, nent. These patterns agree well with the monthly averaged
and applying a tropospheric air mass factor. For the tropodSCCP (International Satellite Cloud Climatology Project)
spheric air mass factor computation, monthly average NO D2 data (Rossow and Schiffer, 1999) and the ITCZ clima-
profiles from the MOZART-2 chemistry transport model are tology based on the High Reflectivity Cloud (HRC) data set
used, determined for the satellite overpass time. GOME-2Waliser and Gautier, 1993).

derived cloud properties, determined with the OCRA and The top panels of Fig. 2 show the frequency distributions
ROCINN algorithms (see next section) are used to calculatef cloud pressures from GOME-2 over the tropical Indian
the air mass factors for scenarios in the presence of cloud€cean and western Pacific as derived by ROCINN for Jan-
For this study, monthly mean tropospheric Nfields on a  uary and July 2008. For comparison, the frequency distri-
1° x 1° grid have been calculated from orbit-based (level-2) butions of the ISCCP-D2 cloud top pressures are shown as
GOME-2 data with cloud radiance fraction®.5, as pro- well. There is a good agreement between the ROCINN and

vided by the GDP 4.7. ISCCP-D2 cloud pressure distributions, and both data sets
indicate that the monthly mean pressures of tropical con-
3.3 Cloud properties vective cloud are between 200 and 400 hPa in the highly

convective areas over the Indian Ocean and western Pacific.
The OCRA and ROCINN algorithms (Loyola et al., 2007) These results confirm the good agreement between the cloud
are used for obtaining GOME-2 cloud information: OCRA properties derived from ROCINN using GOME/ERS-2 and
provides the radiometric cloud fraction using the broad-bandSCCP (Loyola et al., 2010). These cloud levels are more
polarization UVN measurements, and ROCINN provides ef-than 100 hPa below the tropopause, which is located around
fective cloud pressure and cloud albedo from measurement$00 hPa in the tropics. This is in agreement with other stud-
in and adjacent to the oxygen A-band around 760 nm. ies that suggest that most convective cloud tops do not extend

With GOME-2, several improvements have been incor-up to the tropopause, but to the bottom of the tropical tran-
porated in the cloud algorithms. The initial ROCINN algo- sition layer (Folkins et al., 1999; Fueglistaler et al., 2009),
rithm was based on scalar radiative transfer calculations irseveral kilometres below the tropopause. Furthermore, the
the oxygen A-band, without taking into account scattering effective (also called optical centroid) cloud pressure derived
by molecules and particles. ROCINN version 2.0, as used fofrom VIS and NIR (oxygen A-band) satellite measurements
GOME-2, is based on vector radiative transfer simulationsusing the Lambertian cloud model lies well below the phys-
taking into account Rayleigh scattering. Note that the cloudical cloud top pressure (Joiner et al., 2012; Ziemke et al.,
model used in the ozone and N@etrieval as described in  2009a). The bottom panels of Fig. 2 show the frequency dis-
Sects. 3.1 and 3.2 is consistent with the cloud model used itributions of the cloud albedos as derived by ROCINN. The
the OCRA/ROCINN cloud retrieval, in the sense that both retrieved GOME-2 cloud albedos are mostly between 0.6 and
use the IPA representing clouds as opaque Lambertian suB.85, illustrating the high reflectivity of tropical convective
faces (Anton and Loyola, 2011). Another important upgradeclouds in the visible wavelength range.
for GOME-2 is the ability to distinguish clouds in measure-
ments affected by ocean surface sun-glint, a phenomenon
that is common at the edges of the GOME-2 swath. OCRA4  Tropical tropospheric ozone retrieval from GOME-2
discriminates clouds in the region affected by sun-glint by
analysing the broad-band polarization measurements (Loy4.1 GOME-2 CCD method
olaetal., 2011).

The above-cited studies about OCRA/ROCINN focusedThe tropical TOC have been retrieved from GOME-2 mea-
on mid-latitude cloud systems and the influences of clouds orsurements using the CCD method. In the first step, cloudy
the total ozone retrieval. Here, we focus on deep-convectivdesOME-2 measurements with cloud fractigh> 0.8, cloud
clouds in the tropics as used in the GOME-2 CCD algorithm.albedoac > 0.75, and cloud top pressuyg < 300hPa are
Figure 1 shows maps of frequency of occurrence of deepused to determine the above-cloud ozone column (above
convective clouds as derived from OCRA/ROCINN, for Jan- ~ 200 hPa, including the ozone column in the stratosphere
uary and July 2008. To obtain the figure, we classified cloudsand the tropical transition layer), as illustrated in Fig. 3.
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Figure 1. Frequency of occurrence of deep-convective clouds as derived from GOME-2 oxygen A band measurements using the
OCRA/ROCINN algorithm. Results are shown for (top) January 2008 and (bottom) July 2008. Clouds are classified as deep convective
if their tops are above the 300 hPa level, the cloud albedo larger than 0.75, and their cloud fraction exceeds 0.8.

The cloudy GOME-2 measurements are selected from tropezone columns are monthly averaged for 2 .[2Situde bands
ical measurements over the highly convective eastern Indiatetween 20N and 20 S. Hereby, it is assumed that the
Ocean and the western Pacific {E>-170 W), where the  stratospheric ozone column is independent of longitude in
greatest frequency of high level and high albedo clouds isa given latitude band. The number of cloudy GOME-2 pix-
found. The above-cloud ozone column is determined usingels with f > 0.8 andp. < 300 hPa varies between 150-800
Eqg. ). per month for each (1.25latitude band. Although this num-

As described in the previous section, the GOME-2 cloudber is less than 2% of all the GOME-2 measurements, it is
pressures for the tropical convective clouds, as determinedufficiently large to provide an adequate statistical mean for
with OCRA/ROCINN, are between 200 and 400 hPa. To bethe stratospheric ozone column. Because of the seasonal mi-
able to calculate a consistent tropospheric 0zone column witlgration of the ITCZ, the region of tropical air shows a sea-
the CCD method, above-cloud ozone columns are derived fosonal displacement as well. Periodically, sub-tropical air is
a fixed pressure level of 200 hPa. To that end, a small corpresent in the outer latitude bands (15-R0or 15-20 S),
rection has been made for the difference between the cloudesulting in a small number of deep-convective cloud tops
pressure level and the 200 hPa level (typically 0—2 DU), as-and an increased zonal variation in the derived stratospheric
suming a constant (small) ozone volume mixing ratio of ozone column, especially within in the 1520 latitude
5ppbv (see Sect. 4.2). After this correction, the stratospheriband. In those cases, the northern (or southern) boundary
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Figure 2. Histograms of ROCINN cloud pressures (top) and cloud albedos (bottom) for the aré&425% N/70° E-17C¢ W. Cloud top

pressure from ISCCP-D2 has been plotted as well (dashed line). The ROCINN and ISCCP cloud data have been spatially averaged on a 2.5
latitude by 2.8 longitude grid, and then the relative number of grid cells has been plotted as a function of cloud pressure and cloud albedo.
Results are shown for (left) January 2008 and (right) July 2008. ROCINN and ISCCP-D2 cloud pressure distributions are in good agreement
(see Sect. 3.3 for an explanation of the plots).

for the GOME-2/CCD analysis will be limited to lower lat- in both the stratosphere and the troposphere. About half of
itudes. To determine the valid latitude region, a lower limit the total number of GOME-2 measurements in the tropics are
for the number of cloudy GOME-2 measurements, and arcloud-free (f < 0.1). The total ozone columns are monthly
upper limit for the SD in the above-cloud ozone columns isaveraged on a 1.25atitude by 2.8 longitude grid. In a
used. In the equatorial region between 22A5and 12.5 S, last step, the zonal mean stratospheric ozone column is sub-
the CCD method can be applied without any restrictions:tracted from the gridded total ozone values, resulting in the
the number of cloudy GOME-2 measurements (with 0.8 monthly mean TOC.
and p. < 300 hPa) for each latitude band in the eastern In- The CCD method has been applied to GOME-2 data from
dian Ocean/ Western Pacific is larger than 300, and théboth MetOp-A (from January 2007 onwards) and MetOp-B
SD < 5DU. In the latitude bands pole-wards of 12N and (from January 2013 onwards). There is a good agreement be-
12.5' S, the number of cloudy GOME-2 measurements cantween the TOC data retrieved with the two instruments (see
be significantly smaller and the SD in the above-cloud ozonealso Sect. 5). However, GOME-2B shows a small negative
columns increases, especially during the winter months. Fooffset of 1-2 DU compared to GOME-2A, which is most
the GOME-2/CCD analysis, a lower limit of 50 for the num- likely related to a small negative bias in the GOME-2B to-
ber of cloudy GOME-2 measurements and an upper limit oftal ozone columns for cloud-free conditions (currently under
5 DU for the SD is used. Only when these criteria are met isinvestigation).
the CCD method applied for the corresponding latitude band. An important advantage of the CCD method is that it is
In the second step, cloud-free GOME-2 measurementsnsensitive to the GOME-2 instrument degradation. As dis-
(f <0.1) are used to determine the total ozone column. Incussed in Hao et al. (2014), the degradation of the GOME-2
the case of cloud-free pixels, GOME-2 is able to detect ozonénstrument has only a small effect on the level-2 total ozone
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lie between 4 and 7 DU. A similar comparison for GOME-
2/MetOp-A using SHADOZ ozonesonde data for the period

GOME-2
above-cloud 2007-2012 (see Sect. 6) reveals comparable biases within
ozone column the 3DU range and rms differences between 3 and 7DU
20 |- (not shown). Comparisons of the TOMS/CCD method with

SAGE Il stratospheric ozone data have been made by Ziemke
et al. (2005). For the tropical region betweerf RB3-20° S,
-, the bias between the TOMS and SAGE stratospheric col-

= umn is in the 1-4 DU range, while the rms differences av-
% erage around 4-5DU. In Ziemke et al. (2009a, 2010) com-
=4 parisons have been made between the OMI stratospheric col-
g elffezfive umn derived from a cloud slicing method and MLS strato-
clou . .
10 e spheric ozone. They found a very good agreement with a

small mean difference of 1-3 DU and a zonal rms difference
of 2-3 DU. These studies show that the assumption that the
monthly mean stratospheric ozone column is invariant with
longitude has sufficient validity to derive a tropical tropo-
spheric ozone column with the CCD method that contains
valuable information about the tropospheric ozone variabil-
ity. As discussed in Sect. 4.1, the assumption of a zonally
invariant stratospheric column is not valid when sub-tropical
air is present at the latitude boundaries arourfd\26r 20° S.

Figure 3. Schematic illustration of above-cloud ozone column mea- | ; ; ;
n this case, the CCD method cannot be applied at these lati-
surements from GOME-2 for the tropics as used in the CCD tech- P

nique. For tropical deep convective clouds, the effective cloudtUdes' . . . .
pressures as determined with GOME-2 are usually between 9.5— Another_lmportant assumpthn made in the 0”9'”8‘_' CCDb
12.5km. TTL denotes the tropical transition layer below the Method (Ziemke et al., 1998) is that UV measuring instru-
tropopause (dashed green line). GOME-2 measurements with clouf€nts such as GOME-2 only measure the ozone above the
fraction> 0.8, cloud albede 0.75 and cloud pressure300hPa  tops of highly reflective clouds, and that Eg) ¢an be used
are used to determine the above-cloud ozone column. to determine the above-cloud ozone column. However, ra-
diative transfer simulations show that there is also UV pho-
ton penetration and ozone absorption within deep convec-
columns retrieved with the GDP v4.7. Furthermore, the tro-tive clouds (Kokhanovsky and Rozanov, 2008; Ziemke et
pospheric ozone column is derived from the difference be-al., 2009a). The tropospheric ozone sensitivity at UV wave-
tween cloud-free and cloudy GOME-2 ozone column mea-lengths for deep convective clouds is largest within the upper
surements, which further reduces the effect of a possiblgortion of these clouds. To analyse the effect of the ozone

degradation of the total ozone columns. absorption within deep convective clouds on the accuracy of
the GOME-2/CCD method, the ozone column above highly
4.2 Variability in stratospheric and upper reflective cloudsdc > 0.75) over the eastern Indian Ocean
tropospheric ozone and western Pacific has been determined as a function of

cloud pressure (as provided by ROCINN). This makes it pos-
An important assumption made in the CCD method is that thesible to use the ensemble cloud slicing technique to estimate
stratospheric ozone column is independent of longitude in thevzone mixing ratios inside convective clouds (Ziemke et al.,
tropics. This assumption is based upon results of many year2009a). Figure 4 shows four examples of the retrieved above-
of ozone measurements from satellites and ozonesondes, alud ozone columns from GOME-2 measurements in Octo-
described below. ber 2007 and March 2008. Here, the cloud pressure ranges
In Valks et al. (2003) comparisons of the CCD method from 175 to 700 hPa. However, the above-cloud column does
for the GOME/ERS-2 instrument with stratospheric ozonenot increase significantly for larger cloud top pressures. Us-
columns based on ozonesonde data from the SHADOZ neting the ensemble cloud slicing technique, a small mean con-
work have been made. The monthly mean stratosphericentration of about 4—7 ppbv is found for the ozone inside the
ozone columns derived with the GOME CCD method havehigh reflective clouds in these regions of the tropical eastern
been compared with ozonesonde measurements for eighihdian Ocean and western Pacific (corresponding to an ozone
tropical sites. A good agreement was found for these sitescolumn of less than 1 DU between the mean cloud top and
the biases between the stratospheric ozone columns derivatie 200 hPa level). Cloud slicing retrievals for other months
from GOME and the ozonesonde measurements are withishow similar results: in general, very low (and even near-
the 3DU range and the rms differences at the sonde sitegero) ozone concentrations are found in the middle-to-upper
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Figure 4. Scatter plot of the GOME-2 o0zone column above highly reflective clouds (cloud athedth) as a function of the GOME-2 cloud-
top pressure (as provided by ROCINN) for 1-3 October 2007 (top) and 1-3 March 2008 (bottom). The regions afeéNl 119-290 E (a),

10-20 S/160-180 E (b), 0-10 N/70-90 E (c) and 0-10 S/120-140 E (d). From the regression fittings, mean ozone concentrations of
4-7 ppbv are found in the middle-to-upper troposphere of these regions.

troposphere over much of this tropical region. These resultsanalyse the tropospheric ozone distribution in the tropics, as
are consistent with the OMI measurements from Ziemkeillustrated in the following examples.
et al. (2009a), and with lidar measurements in the tropical Figure 5 shows the tropical NCand tropospheric ozone
Pacific showing ozone concentrations of 7-10 ppbv in con-columns for October 2013, as derived from GOME-2 data of
vective air masses in the upper troposphere (Browell et al. MetOp-A and MetOp-B. This figure illustrates the effect of
2001). lightning and soil NQ sources, biomass burnings as well as
These analyses indicate that the GOME-2/CCD methoddynamical processes on the tropical tropospheric ozone and
will provide an accurate estimate of the tropical stratosphericNO> distribution. During the southern biomass burning sea-
column because the ozone mixing ratio inside deep convecson in August—October, fires produced large amounts of NO
tive clouds in the eastern Indian Ocean and western Pacific isver southern Africa and South America as can be seen in the
exceedingly small. top panel. Also visible are the NGemissions over densely
populated areas and mega cities, such as Mexico City, Jakarta
and Bangkok. (Note that the contribution of lightning NO
5 Tropical tropospheric ozone and NG distributions emissions to the tropospheric N©olumn shown in Fig. 5 is
limited since only GOME-2 measurements with small cloud
With the CCD method, monthly mean tropospheric ozonefractions have been used (see Sect. 3.2), and because of the
columns have been calculated on a ®.2fitude by 2.5 lon-  unbalanced partitioning of lightning NCbetween NO and
gitude grid for the tropical region from January 2007 to De- NO2 in the upper troposphere at the GOME-2 overpass time).
cember 2013, using GOME-2 data from both MetOp-A and The right panel of Fig. 5 shows that large tropospheric ozone
MetOp-B. The GOME-2 tropical TOC can be used in com- columns are found over the southern Atlantic and south-
bination with GOME-2 tropospheric NOmeasurements to  ern Africa, while low tropospheric ozone concentrations are
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GOME-2 tropospheric NO, October 2013 GOME-2 tropospheric ozone October 2013
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Figure 5. Tropospheric N@ (left) and ozone columns (right) for October 2013, as retrieved from GOME-2 data of both MetOp-A and
MetOp-B.

found over the tropical Pacific. The enhanced troposphericsisible, for example, in the monthly global fire maps from the
ozone over the southern tropical Atlantic is mainly a re- ATSR (Along-Trace Scanning Radiometer) satellite instru-
sult of dynamical processes, with permanent radiative subment (Arino et al., 2012). Figure 6 shows that the increase in
sidence over the quasi-stationary South Atlantic anticyclonethe emissions of NQand other ozone precursors resulted in
area, allowing ozone production during downward transport.enhanced N@over northern Australia, and in relatively high
The Atlantic ozone maximum in September—November cantropospheric ozone columns over the southern tropical Indian
be explained by a combination of lightning and soil NO Ocean and northern Australia, while the tropospheric ozone
sources, a maximum intensity of fires over Africa and Southcolumns over the western part of South America are rela-
America, as well as a maximum in long-range transporttively small. The El Nifio induced dynamical changes also
(Sauvage et al., 2007; Martin et al., 2007; Ziemke et al.,result in enhanced ozone in the Indian Ocean and western
2009b). The low ozone values over the tropical Pacific canPacific, and reduced ozone in the eastern Pacific (Chandra et
largely be attributed to convective lifting of low amounts al., 2009; Ziemke et al., 2010). The bottom panels of Fig. 6
of ozone clean air from the lower troposphere (including show the GOME-2 tropospheric N@nd ozone distributions
the pollution-free marine boundary) into the middle and up-for September 2010. The La Nifia conditions in September—
per troposphere (e.g. Solomon et al., 2005). Here, GOME-Zctober 2010 resulted in an increase of biomass burnings
measures minimum tropospheric ozone columns &0 DU. in South America and a reduction in fires in Indonesia and
These low ozone values are consistent with ozonesonde meaorthern Australia. As can be seen in Fig. 6, the La Nifia in-
surements in the West Pacific, showing ozone concentrationduced changes in biomass burnings and dynamics resulted in
of ~15ppbv and lower in the tropical troposphere (Kley et a strong increase in tropospheric Nid South America, and
al., 1996; Rex et al., 2014). Lidar measurements carried ouenhanced ozone over the eastern Pacific and South Amer-
during the PEM-Tropics B campaign also show very low ica, and reduced ozone over the western Pacific and Indian
ozone in the marine boundary layer and upper tropospher®cean.
in the Pacific (Browell et al., 2001).

The ENSO causes significant perturbations to both the ) _
oceanic and atmospheric circulations. These changes in ci®  Comparisons with ozonesonde measurements

culation impact the temperature and moisture fields over
the tropical Pacific and have a significant impact on theThe accuracy of the CCD method has been assessed by com-

chemical composition of the troposphere (Chandra et al paring the GOME-2 TOC for the period 2007-2012 with

2009; Lee et al., 2010). The 2009-2010 ENSO inﬂuence.stmpical ozonesonde measurements from the SHADOZ net-
on the large-scale circulation and the variations in biomas /ork (Vefrsmn 5), s?ethgpson et ali (i003ag dnitp: q
burning emissions resulted in distinct differences betwee Croc'gsrﬁ'nafa'g(:/s a eSasuremen 51761;?/\/ eT_'n_l use
the tropospheric N@ and ozone distributions in the trop- rzo(;?Ne'?L%os\;vesw Ti”caﬂ 82'“2?365' Kual I)_ o

ics, as illustrated in Fig. 6. The top panels show the tropo-(30 N ’102 £ ?\l ) abg ofsg 3(7’E q L), Rl,Jaa.l un21)1psur
spheric NQ and ozone distributions as measured byGOME-( o ), aro | ( )an' a eunion (. '
2/MetOp-A for October 2009. El Nifio induced dry condi- 55°E) in the tropical Pacific apd Indian Ocegn region, and
tions resulted in an increase in biomass burnings in Northerr{\latal (5'S, 35 W) and Ascension (85, 14 W) in the trop-

Australia and Indonesia in September—October 2009, whildCal Atlantic region. For most sites, ozonesonde measure-

. . . . . ents are available throughout the period January 2007—
b b d d in South A .Th learl .
'omass burning decreased in sou merica. This ISCear);I;]ecember 2012. For Ascension Island, Natal and Kuala
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GOME-2 tropospheric NO, October 2009 GOME-2 tropospheric ozone October 2009
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Figure 6. Tropospheric NQ (left) and ozone columns (right) as measured by GOME-2/MetOp-A in October 2009 (top) and September 2010
(bottom).

Lumpur, sonde data are only available until July 2010, TOC between August and November is ozone-rich air trans-
May 2011 and December 2011, respectively. For the comparported from South East Asia and African biomass burning
ison, the ozonesonde profiles have been integrated from thareas (Sauvage et al., 2007; Thompson et al., 2003b) and is
ground to the 200 hPa pressure level and then the monthly ercaptured by GOME-2 as well. The GOME-2/CCD method
semble averages and standard deviation were calculated. Aeems to slightly underestimate the sonde data at the three
most stations, there were between 2 to 5 ozonesonde meaites, but is most of the time within the luncertainty.
surements each month. Table 1 lists the average GOME-2 and ozonesonde TOC
Figure 7a and b show the comparisons for the Brazilianat the eight SHADOZ locations, the bias and rms difference
station Natal and for Ascension Island. There is good agreebetween GOME-2 and the sondes, and the correlation coef-
ment between the GOME-2 TOC and the sonde measureficient R. For all sites, the bias is withitt 3 DU and the rms
ments at the two Atlantic sites, with an rms difference of only difference between 3 and 5 DU. The larger bias and rms num-
3-4DU (R =~0.9). There is a strong yearly increase in tro- bers at La Réunion can largely be explained by its southern
pospheric ozone during the biomass burning season, startinigcation under the influence of sub-tropical air, and the sparse
in Jung'July and ending in Octob@lovember. The compar- nature of monthly GOME-2 TOC measurements.
ison for the Nairobi station in Kenya is shown in Fig. 7c. It should be noted that the temporal and geographical vari-
At this equatorial eastern African site, tropospheric ozoneability of the tropospheric ozone column is large and there
also increases during the biomass burning season, but the usually only one sonde measurement each week. The un-
maximum ozone column values are smaller than at the Natatertainty in the monthly averaged TOC from sondes can
and Ascension Island sites in the southern tropical Atlantic.therefore be quite large, as can be seen from the occasion-
The comparison for American Samoa is shown in Fig. 7d.ally large b intervals in Fig. 7. A further complication for
Above Samoa over the Pacific Ocean, the tropospheric ozonthe interpretation of the TOC with ozonesondes is the fact
columns are usually low, with values of less than 20 DU, duethat GOME-2 provides an average value over a relatively
to deep convection of ozone-poor air. The smallest ozone vallarge region, while the ozonesondes represent wind-advected
ues of~ 10 DU are found around February. In this period, in- measurements along trajectory paths. Therefore, the satel-
dividual ozone profiles at Samoa show very low ozone con-ite versus ozonesonde comparisons are more useful to eval-
centrations { 15 ppbv and lower). The small increase in the uate seasonal cycles and climatological means, and large
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Figure 7. Tropospheric ozone columns f(a) Natal (3 S, 35 W), (b) Ascension (8 S, 14 W), (c) Nairobi (1° S, 37 E) and(d) American

Samoa (14 S, 172 W) for the period January 2007—-December 2012. The asterisks denote the integrated ozonesonde measurements (monthly
ensemble average) witlvlerror bars. The number of individual ozonesonde profiles at the four sites varies between 1 to 5 per month (if there

is only one sonde measurement in a particular month, the error bar is omitted). The red diamonds denote the tropospheric ozone column:s
derived with the GOME-2/CCD method; the blue triangles are tropospheric ozone columns from the EMAC model (see Sect. 7). The small
diamonds and triangles show the difference in the ozone columns (GOME-2 — ozonesonde and EMAC — ozonesonde, respectively). Scattel
plots of ozonesonde versus GOME-2 (black) and EMAC (blue) monthly mean TOCs for the three sites are shown on the right.
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Table 1. Statistical comparison between GOME-2 and ozonesonde TOCs based on monthly ensemble averages for eight SHADOZ sites.
Included for each site are the measurement period, the mean TOC from GOME-2 and the ozonesondes, the bias and rms difference betwee
the two, and the correlation coefficieRt The ozone column values are in DU.

Ozonesonde site Period GOME-2 Sonde Bias DiffrmsR

Samoa (14S, 17P W) 01.07-12.12 16.3 18.0 —-1.7 3.6 0.75
Hilo (20° N, 155° W) 01.07-12.12 28.2 26.1 +2.1 4.7 0.81
Natal (3 S, 35 W) 01.07-05.11 26.0 269 -0.9 3.4 0.89
Ascension Isl. (85,14 W) 01.07-07.10 29.4 308 —-1.4 3.9 0.85
Nairobi (1° S, 37 E) 01.07-12.12 23.4 21.8 +1.6 3.3 0.61
La Réunion (22 S, 55 E) 07.07-12.12 24.4 28.7 —4.3 6.2 0.73
Kuala Lumpur (3 N,102 E) 01.07-04.10 17.1 189 -1.8 3.2 0.32

Watukosek (8S, 113 E) 01.07-12.12 171 20.8 —-3.7 5.6 0.54

variability such as inter-annual changes in the TOC inducedRoeckner et al., 2006). For the present study we applied
by ENSO. EMAC (ECHAMS version 5.3.02, MESSy version 2.41) in
the T42L90MA-resolution, i.e. with a spherical truncation of
T42 (corresponding to a quadratic Gaussian grid of approx.
2.8 by 2.8 degrees in latitude and longitude) with 90 ver-

An important application of satellite tropospheric ozone datatlcal hybrid pressure levels up to 0.01hPa. The simulation

is the evaluation of CCMs (e.g. Oman et al., 2013; Loyola.Span.'5 the years 1998 to 2009, the quel dynamics (vortic
: . ity, divergence, temperature and logarithm of surface pres-

et al., 2009). CCMs are numerical tools which are used to . .
: : . .sure) was nudged by Newtonian relaxation towards opera-

study connections between atmospheric chemistry and cliz

. ) tional analysis data from ECMWEF. This technique allows
mate. They are composed of two basic parts: an atmospheri . . ; )
: . . the direct comparison of model results with observations,
general circulation model (AGCM) and a chemistry model _. o )
which are interactively coupled. The simulated concentra since the observed (resp. assimilated) synoptic scale mete-
y pied. orology is reproduced by the model (J6ckel et al., 2006). The

tions of the radiatively active gases are used in the calcula- as phase chemistry is calculated by the submodel MECCA

tions of heating and cooling rates. Changes in the abundanc . . .
. L ander et al., 2011) with a comprehensive stratospheric and
of these gases due to chemistry and advection influence heay- . : o .

ropospheric chemistry mechanism including NMHC chem-

ing and cooling rates and, consequently, variables describin ; i
atmospheric dynamics such as temperature and wind. CCMgsStry (up to C4 plus isoprene). Aqueous phase chemistry

are important tools for the assessment of the past, present ar?ﬁ?d wet-scavenging are simulated by the submodel SCAY

) ) " ost et al., 2006), dry deposition by the submodel DRYDEP
future of changes of climate and chemical composition. The ) L
- . . Kerkweg et al., 2006a), primary emissions by the submodels
validation of atmospheric model systems with observed dat

. . Lo . : NLEM, OFFLEM and TNUDGE (Kerkweg et al., 2006b).
regarding their possibilities to describe atmospheric Changeﬁ/lonthly anthropogenic emissions representative for the year

is necessary, providing a foundation for prognostic studies. 2000 have been used for all simulated years from Lamar-

i Since the spatial scales of the satellite and model 0z0NG e et al. (2010). Monthly biomass burning emissions for the
fields are comparable, we analyse the usefulness of tropica

. . ) . years 1998 to 2009 have been taken from the Global Fire
TOC data derived with the CCD method in evaluating CCMs. Emission Database (GFED v3.1: Van der Werf et al., 2010).

H_ere, e compare the GOME-2 tropospheric ozone datg Wm]:or this study, we used monthly average tropospheric ozone
simulations of the ECHAM/MESSy Atmospheric Chemistry
columns calculated from 5-hourly model output.

(EMAC) model, and analyse the variability in the TOC and
the ozone response to 2009 EIl Nifio conditions.

7 Comparisons with chemistry-climate simulations

7.2 Tropospheric ozone variations
7.1 EMAC model

In Fig. 7 also the respective results of EMAC are displayed
EMAC is a numerical chemistry and climate simulation for the four stations Natal, Ascension Island, Nairobi, and
system that includes sub-models describing tropospheridmerican Samoa. Despite an offset towards higher tropo-
and middle atmosphere processes and their interaction witkpheric ozone columns (mean biases of 3—6 DU), the model
oceans, land and human influences (Jockel et al., 2010). ldescribes well seasonal cycles and the inter-annual fluctu-
uses the second version of the Modular Earth Submodel Sysations in accordance with observations. The generally high
tem (MESSy?2) to link multi-institutional computer codes. bias of the EMAC simulations (especially at Natal and As-
The core atmospheric model is the fifth generation Euro-cension Island) is most likely related to biased emissions
pean Centre Hamburg general circulation model (ECHAMS5,of ozone precursors and deficiencies in tracer transport.
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Figure 8. Tropospheric ozone columns calculated with the EMAC model (left) and the difference in the tropospheric ozone columns from
EMAC and GOME-2 (right). The maps are for October 2008 (top) and 2009 (bottom).

Deficiencies in emission data sets are known to give thé'minimum” could be explained by an underestimation of pre-
largest uncertainty in CCM simulations (e.g. Pozzer et al.,cursor emissions (from biomass burning and lightning), since
2007). It is likely that the deviation over Natal and Ascen- the tropospheric ozone column in this area is very sensitive
sion Island is a systematic, combined effect of the timingto changes in precursor emissions (e.g. see Fig. 3 in Sauvage
of the precursor emissions (mainly biomass burning activ-et al., 2007). In addition, dynamical processes could play a
ity in South America and Africa) and transport. Despite the role as well (i.e. too strong convective uplift and subsequent
nudging of the EMAC simulations towards ECMWF opera- large-scale transport). An upcoming exercise regarding this
tional analysis data, smaller-scale transport, in particular byinconsistency between model and satellite observations is to
convection, could under- or overestimate the vertical redis-study in more detail and clarify possible reasons — do we
tribution of emitted ozone precursors, which will alter their have problems/uncertainties with respect to the prescribed
lifetimes and therefore also their long-range transport. emissions/boundary conditions in EMAC, or are there indi-
For comparison with the GOME-2 tropical TOC distri- cations for difficulties with the deduced values derived from
butions for October (Figs. 5 and 6), simulation results de-the GOME-2 measurements here?
rived from EMAC are presented in Fig. 8 for October 2008 To evaluate the response of the 2009 EI Nifio conditions on
and 2009, together with the corresponding EMAC-GOME-2the observed and simulated tropospheric ozone distribution,
difference maps. Generally, there is good agreement of thave calculated the difference between the GOME-2 tropical
spatial patterns of high and low ozone values. In particu-TOC in October 2009 and October 2008 (Fig. 9, left panel),
lar, in the southern tropical region, high tropical ozone is as well as the simulated difference (lower panel). Both the
reproduced by EMAC in the eastern Atlantic, east SouthernGOME-2 and EMAC ozone difference maps show enhanced
Africa, and over the Pacific, west of Australia. Pronouncedozone in the Indian Ocean and western Pacific, and reduced
low ozone values are found the inner tropics in the Westerrozone in the eastern Pacific, as a result of the El Nifio induced
Pacific. EMAC simulates high tropospheric ozone columnsdynamical changes in 2009. Although the basic difference
in the northern tropics in the region of the Near East and In-pattern assessed from observed and model data are satisfac-
dia which are not present in the GOME-2 data. The EMAC tory in agreement, there are clear differences with respect
vs. GOME-2 difference maps also reveal a negative bias irto the absolute difference values between these two Octo-
EMAC for west tropical Africa. This EMAC tropical ozone ber episodes in 2008 and 2009. It gives some indications for
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Figure 9. Difference between the tropical TOC in October 2009 and 2008: (left) difference in the TOC derived with the GOME-2/CCD
method and (right) difference in the TOC calculated with the EMAC model.

Nino 3.4 ENSO temp. index (thin) and Ozone ENSO Index (bold) shown as well. There is good agreement between the GOME-

oL ‘ZO‘C; R ;C“Z‘ Y 2 and EMAC OEl time series, and a high correlation with the
Nifio 3.4 index is found (0.90 for the GOME-2 OEI; 0.81
for the EMAC OEI). During El Nifio, the positive phase of
ENSO, the OEI anomaly is positive, corresponding to in-
creased ozone over the western region and decreased ozone
over the eastern region, while La Nifia has the opposite ef-
fect. The positive response in the OEI during the 2009 El
Nifio is ~ 4 DU. A similar negative anomaly is found during
2010 La Nifa conditions. A linear regression reveals that a
+1.0K change in Nifio 3.4 index corresponds-@.0 DU
change in the OEI for both the observed and simulated data.
Similar results were obtained by Oman et al. (2011, 2013) us-
ing OMI, MLS and TES satellite measurements, and GEOS
B T T T Y B B CCM simulations.
JMMJSNJIJMMISNIMMISNIMMISNIMMJISNIMMI SN
Month These analyses demonstrate the clear ozone response to

ENSO observed in GOME-2 TOC measurements, which can
be reproduced in the EMAC model simulations. This requires
both a realistic response of the circulation to the SST and
realistic simulated horizontal and vertical ozone gradients.
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Figure 10.Time series of the Ozone ENSO index (bold lines) versus
Nifio 3.4 SST index (thin black line). The solid red line denotes
the OEI derived from the GOME-2 TOC data, the dashed blue line
shows the OEI derived from EMAC simulations.

8 Summary and conclusions
EMAC problems regarding to reproduce particular events.

Clarifying this problem will need further investigations with In this paper, we have described the retrieval of tropical
EMAC. tropospheric ozone columns (TOC) from GOME-2 mea-
Ziemke et al. (2010) derived an Ozone ENSO index (OEl)surements using the convective-cloud-differential (CCD)
to analyse the response of tropical tropospheric ozone tanethod. The GOME-2/CCD method is based on cloud and
the perturbation in atmospheric dynamics that is due to theotal ozone measurements provided by the GOME Data Pro-
ENSO signature in tropical sea-surface temperature (SST)essor (GDP) 4.7. The cloud parameters (cloud fraction,
The OEI is obtained by averaging gridded TOC over two cloud pressure and albedo) derived with the OCRA/ROCINN
broad equal-area regions in the Indian Ocean/western Pacifiglgorithms indicate that the effective cloud pressure level of
(15° N-15 S, 70-140 E) and eastern Pacific (18-15 S, most tropical convective clouds is between 200 and 400 hPa.
110-180 W), then taking their difference (western minus Cloud slicing analyses using GOME-2 total ozone and cloud
eastern Pacific TOC) and applying a 3-month running av-data show that generally very low ozone amounts are found
erage. Figure 10 shows the OEI derived from the GOME-2inside the high reflective tropical clouds in the eastern Indian
TOC data for the period 2007-2012, and from the EMAC Ocean and western Pacific. This is an important prerequi-
model data for 2007—-2009. The Nifio 3.4 index based uporsite for the CCD method, which uses above-cloud and clear-
sea-surface temperature anomalies in the eastern Pacific &y ozone column measurements to derive the monthly mean
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tropospheric TOC. Comparisons with ozonesonde measureFheoretical Basis Document (ATBD), Product User Manual
ments from the SHADOZ network show that the assumption(PUM), Validation Reports, as well as quick-look images and
of the GOME-2/CCD method of a zonally invariant strato- links to related services are available at the DLR-GOME por-
spheric ozone column has good validity in the tropics. Antal (http://atmos.caf.dIr.de/gomg2
important advantage of the CCD method is that it is insensi- The tropical TOC data set based on the CCD method
tive to the GOME-2 instrument degradation. will be extended with the GOME/ERS-2 and SCIA-

Monthly mean TOC have been calculated on a 1125 MACHY/ENVISAT time period in the framework of the
itude by 2.5 longitude grid (between 2N and 20 S) for ESA CCI programme phase Il. In the same way, the CCD
January 2007 to December 2013, using GOME-2 data fronmethod will be applied to the next generation of European at-
both MetOp-A and MetOp-B. The tropical TOC data have mospheric composition missions staring with the TROPOMI
been used in combination with GOME-2 tropospheric;NO sensor on-board the Sentinel 5 Precursor satellite to be
measurements to analyse the variability in the tropospheridaunched in 2015.
ozone in the tropics. The 2009-2010 ENSO influences on
the large-scale circulation and biomass burnings had a signif-
icantimpact on the tropospheric M@nd ozone distribution.  AcknowledgementsDevelopment of the GOME-2 tropospheric
El Nifio induced dry conditions in September—October 20090zone column products and their validation has been funded by the
resulted in relatively high tropospheric ozone columns overO3M-SAF project with EUMETSAT and national contributions.
the southern Indian Ocean and northern Australia, while LaWe thank EUMETSAT for the ground-segment interfacing work
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strong increase in tropospheric N@ South America, and ~ '€vel-1 products.
enhanced ozone in the eastern Pacific and South America.
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