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[1] The atmospheric chemistry instrument Global Ozone Monitoring Experiment
(GOME) was launched in April 1995 on the ERS-2 platform. The GOME data processor
(GDP) operational retrieval algorithm has produced total ozone columns since
July 1995. With a data record of over ten years, GOME has become important for ozone
trend analysis. In 2004, GDP was upgraded to version 4.0, a new validation was
performed, and the entire GOME data record was reprocessed. In the preceding paper
(Van Roozendael et al., 2006), the GDP 4.0 algorithm was described. In this paper, we
deal with geophysical validation of the GDP 4.0 algorithm and the retrieved ozone
products. We present results of a validation exercise involving comparisons of GDP 4.0
total ozone with the Network for Detection of Stratospheric Change (NDSC) and the
World Meteorological Organization (WMO)/Global Atmospheric Watch (GAW) ground-
based networks. We compare these results with similar validations of earlier GDP ozone
products. We also present ground-based validation of TOMS versions 7 and 8 total ozone
products, and we contrast these with GDP 4.0 values. On a global basis, GDP 4.0
total ozone results lie between �1% and +1.5% of ground-based values for solar zenith
angles less than 70�; accuracy is now comparable to that obtainable from
ground-based stations. At higher solar zenith angles in polar regions, larger discrepancies
of up to +5% are found; in these regimes, errors on both satellite and ground-based
measurements are higher. The validation also showed marked improvement in TOMS total
ozone performance for the version 8 algorithm.
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1. Introduction

1.1. GOME Operation and Data Processor

[2] The Global Ozone Monitoring Experiment (GOME)
is one of several instruments on board the European Remote
Sensing Satellite-2 (ERS-2), launched in April 1995.
GOME is the successful predecessor of a number of new
generation atmospheric chemistry sensors; these include
Scanning Imaging Absorption Spectrometer for Atmospheric
Cartography (SCIAMACHY) [Bovensmann et al., 1999],
launched in 2002 as part of the Environmental Satellite
(ENVISAT) payload, the Ozone Monitoring Instrument
(OMI) on board the NASA’s Aura platform launched in
July 2004 [Stammes et al., 1999], and the GOME-2 series of

instruments, the first of which was launched in October
2006 on board the Meteorological Operational (METOP)
platform. The primary aim of these atmospheric chemistry
instruments is to provide global measurements of key
ozone-related species for the assessment of current and
future changes in atmospheric composition and chemistry
atmosphere [Burrows et al., 1999]. GOME provides a
global picture of atmospheric ozone (O3); it is also the first
orbiting instrument with the ability to measure the vertical
column amount of nitrogen dioxide (NO2).
[3] GOME on ERS-2 is an across-track nadir-viewing

spectrometer with four linear array detectors covering the
spectral range 240–793 nm and with resolutions from 0.2 to
0.4 nm. The satellite has a sun-synchronous polar orbit at
height �790 km, and the instrument swath is 960 km, with
three forward scans (footprint 320 � 40 km2) in nominal
viewing mode. For the correction of polarization effects and
for use in cloud fraction determination, GOME also has
three broadband detectors (PMDs or Polarization Measure-
ment Devices) measuring at subpixel read-out times. For
more details on the GOME instrument, see the GOME
Users Manual [ESA, 1995]. Since August 1996, GOME
total O3 and NO2 column data have been processed with the
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GOME data processor [Loyola et al., 1997] at the German
Processing and Archiving Facility (D-PAF) established at
the German Aerospace Centre (DLR) on behalf of the
European Space Agency (ESA).
[4] GOME has now been producing global distributions

of total ozone for ten years. The length and the long-term
stability of this data record make it desirable for use in long-
term ozone trend monitoring. Following the ESA’s call in
summer 2002 for improved GOME total ozone algorithms
to meet trend analysis accuracy and stability requirements,
three new Differential Optical Absorption Spectroscopy
(DOAS)–based algorithms were developed to reprocess
the GOME total ozone record. These algorithms are (1) the
WFDOAS algorithm [Coldewey-Egbers et al., 2005; Weber
et al., 2005]; (2) the TOGOMI/TOSOMI algorithm [Eskes
et al., 2005]; and (3) the GDOAS algorithm (this work).
GDOAS was implemented operationally in the D-PAF at
DLR. This GDOAS implementation has become GDP 4.0
(version 4.0 of the GOME data processor). A description of
the GDP 4.0 GDOAS algorithm was given in the preceding
paper [Van Roozendael et al., 2006].
[5] The GOME data processing environment at D-PAF

was replaced recently by a fully redesigned system called
the ‘‘Universal Processor for UV/visible Atmospheric Spec-
trometers’’ (UPAS). The greater flexibility of the UPAS
environment has facilitated the implementation, verification
and validation of the new GDP 4.0 operational total column
retrieval algorithm. The complete reprocessing of the entire
GOME total ozone record was finished in December 2004,
and the reprocessed GOME data record, including historical
data, is already available to the public via the ERS Help and
Order Desk.

1.2. Summary of the GDP 4.0 Algorithm

[6] In this section, we summarize the GDP 4.0 algorithm;
more details are given by Van Roozendael et al. [2006]. We
shall also refer to the predecessor GDP 3.0 algorithm for
operational total column products; a description and vali-
dation summary may be found in [Spurr et al., 2005].
GDP 4.0 is a DOAS retrieval algorithm, comprising a least
squares fitting for the slant column of ozone followed by an
Air Mass Factor (AMF) computation to derive the
corresponding vertical column amount.
[7] In addition to the ozone slant column, the DOAS part

of the algorithm also retrieves an effective temperature to
characterize the Huggins-bands ozone absorption tempera-
ture dependence, and two fitting amplitudes corresponding
to additive reference spectra for undersampling and
Fraunhofer filling-in (Ring) effect [Van Roozendael et al.,
2006, section 2.2]. There is also an explicit shift and
squeeze fitting to improve the wavelength registration of
the earthshine radiance spectrum, plus an additional cross-
correlation for the Level 1b irradiance spectrum in the
region of the DOAS fitting window (325–335 nm).
[8] GDP 4.0 uses an iterative computation for the AMF

and vertical column density VCD, with the radiative transfer
calculations based on the use of a column classified ozone
profile climatology. This method was first used in GDP 3.0,
where neural network functions were employed to deliver
the AMFs at 325.0 nm. In GDP 4.0, AMFs are calculated
directly with calls to a radiative transfer model. Also in
GDP 4.0, the improved TOMS version 8 ozone profile

climatology (P. K. Bhartia and C. Wellemeyer, TOMS
version 8 Algorithm Theoretical Basis Document, available
at http://toms.gsfc.nasa.gov, 2004-11-24, hereinafter
referred to as Bhartia and Wellemeyer, 2004) was used in
place of the version 7 data set for GDP 3.0, and the AMFs
were calculated at 325.5 nm (the use of this wavelength has
improved total ozone accuracy [see Van Roozendael et al.,
2006, Figure 5]).
[9] Perhaps the most important change from GDP 3.0 to

GDP 4.0 has been the introduction of a completely new
algorithm component to deal with the telluric filling-in
interference effects in ozone absorption signatures caused
by inelastic rotational Raman scattering (RRS). This ‘‘mo-
lecular Ring correction’’ generates a scaling on the effective
slant column at each AMF/VCD iteration. It has resulted in
a dramatic improvement in accuracy [Van Roozendael et al.,
2006, section 4, Figure 6]. New parameterizations of the
molecular Ring effect contribution were also incorporated in
the other two algorithms used for GOME total ozone
reprocessing [Coldewey-Egbers et al., 2005; Eskes et al.,
2005].
[10] Last, a new cloud preprocessing step has been

introduced in GDP 4.0 for the treatment of clouds in the
independent pixel approximation (IPA). This replaces the
GDP 3.0 system, which relied on databased selections of
cloud top albedo and height, and only retrieved the cloud
fraction. In GDP 4.0 there are two new algorithms; the first
(OCRA) uses data fusion techniques to derive the cloud
fraction from the subpixel PMD measurements, while the
second (ROCINN) derives the required cloud top informa-
tion from the spectral fitting of reflectivity in and around the
Oxygen A band. For details, see Van Roozendael et al.
[2006, section 5].
[11] Improvements in total ozone accuracy were dis-

cussed by Van Roozendael et al. [2006] for a limited
number of orbits, and a number of sensitivity tests were
carried out [Van Roozendael et al., 2006, section 6]. An
important requirement for trend analysis is the lack of
drift in the ozone record, and this has been a remarkable
feature of the GOME record. This point was given by Van
Roozendael et al. [2006] (see, e.g., Figure 11). In the present
paper we will present a thorough documentation of the
improvement in the accuracy of the new GDP 4.0 total ozone
product. This validation will be based on detailed comparisons
with ground-based networks and with results from the TOMS
version 7 and 8 algorithms for total ozone.

1.3. Introduction to the GDP 4.0 Delta Validation

[12] Prior to the implementation of any major change in
the operational GDP processing chain, it is essential to
verify the accuracy and effectiveness of new modifications
and to assess the quality of the new data product. Such
‘‘Delta Validations’’ of putative product improvements
have been executed after every major GDP upgrade by a
subgroup of the GOME Validation Group responsible for
the investigation of GOME data product quality throughout
the mission lifetime. In the context of the present GDP
upgrade to version 4.0, a delta validation campaign was set
up in 2004 with the main emphasis on the quality assess-
ment of new ozone column amounts on the global scale and
in the long term. The nitrogen dioxide (NO2) column
product has also been reprocessed. The GDP 4.0 validation
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effort involved a team of scientists from the Belgian
Institute for Space Aeronomy (IASB-BIRA, Brussels,
Belgium), the Laboratory of Atmospheric Physics (AUTH,
Aristotle University of Thessaloniki, Greece), and DLR’s
Remote Sensing Technology Institute (DLR-IMF, Oberp-
faffenhofen, Germany).
[13] Ground-based data have been compared with various

versions of GOME and TOMS satellite data: GDP 2.7,
GDP 3.0, GDP 4.0, and TOMS versions 7 and 8 provided
by NASA/GSFC. In the ground-based validation for
GDP 2.7 total ozone [Lambert et al., 1999, 2000], there
were a number of marked dependencies in the total column
differences on the season, the solar zenith angle, the ozone
column value itself, and the latitude. Validation of the
GDP 3.0 total ozone product revealed that the ozone column
dependence had nearly disappeared and the amplitudes of
the other dependencies were reduced by about 50% on
average [Lambert et al., 2002; Spurr et al., 2005]. With
TOMS V7 ozone product validation, seasonally varying
errors showed lower amplitude, but a systematic offset
affected the whole Southern Hemisphere, increasing with
latitude from a few percent in the Tropics to about 10% in
Antarctica [Lambert et al., 2000]. Ozone column depen-
dence was also found in TOMS V7. Effects of instrumental
degradation were noted with both TOMS V7 and GDP 2.7,
but these were corrected with GDP 3.0.
[14] This paper describes the main results for total ozone

column validation from the GDP 4.0 Delta Validation
Campaign in 2004. The new GDP 4.0 total ozone product
is characterized first by comparison with correlative
measurements from extensive ground-based networks
archived in theWorld Ozone and UVData Center (WOUDC)
operated at Toronto (Canada), and in the database of the
Network for the Detection of Stratospheric Change (NDSC)
operated at NOAA (National Oceanic and Atmospheric
Administration) and mirrored at NILU (Norwegian Institute
for Air Research). Secondly, a similar characterization is
performed for the Earth Probe (EP) TOMS total ozone
overpass products as available from NASA Goddard Space
Flight Center (GSFC), and the results compared with those
from GDP 4.0. Although the choice of GOME validation
orbits is oriented toward validating the ten-year ozone record
from GDP 4.0, the advent of a recent major upgrade of the
TOMS BUV total ozone algorithm gives us a unique oppor-
tunity to extend the GDP 4.0 validation with a series of
comparisons against TOMS data.
[15] In chapter 2, we discuss the reference data sets used

for the GDP 4.0 delta validation, the selection procedure for
ground-based stations (section 2.1), the GOME orbits
chosen for the exercise (section 2.2) and a summary of
the TOMS measurements selected for the intercomparisons
(section 2.3). In section 3 we deal with uncertainties in
ground-based data that might impact the validation of
satellite ozone columns. Section 4 contains the validation
results. In section 4.1, we present results from test case
studies at an NDSC Alpine station and use them to illustrate
how validation at the ‘‘percent level’’ is made feasible
owing to the integrated exploitation of complementary
measurement types (Brewer and Dobson). We demonstrate
the large-scale capability of ground-based networks to
investigate major characteristics of the GDP 4.0 and TOMS
V8 total ozone products in terms of global agreement

(section 4.2), seasonal dependency (section 4.3) and long-
term stability (section 4.4). The remaining part of section 4
focuses on the major dependencies due to solar zenith angle
(section 4.5), total ozone column, especially in ozone
hole scenarios (section 4.6), and fractional cloud cover
(section 4.7).
[16] Much more information is available in the GDP 4.0

Validation Report produced in December 2004 [Lambert
and Balis, 2004]. This report may be downloaded from the
Web page http://wdc.dlr.de/sensors/gome/gdp4.html (under
"GDP 4.0 Validation"), which accompanies this paper and its
predecessor [Van Roozendael et al., 2006]. Older validation
documentation may also be downloaded from this site.

2. Selection of Validation Data Sets

2.1. Ground-Based Correlative Data Sets

[17] The present study is based on archived total ozone
measurements provided by two major contributors to World
Meteorological Organization (WMO)/Global Atmospheric
Watch (GAW): Dobson and Brewer total ozone data
records, as deposited at the WOUDC in Toronto, Canada
(http://www.woudc.org); and UV-visible DOAS, Dobson
and Brewer total ozone data records acquired as part of the
NDSC (public archive available via http://www.ndsc.ws).
The WOUDC contains total ozone data mainly from
Dobson and Brewer UV spectrophotometers and from
M-124 UV filter radiometers. The NDSC database contains
total ozone data from DOAS UV-visible and Fourier Trans-
form infrared spectrometers, plus Dobson and Brewer
instruments at selected stations that routinely upload their
preliminary data to WOUDC. In general, coincidences
offered by the Dobson, Brewer and UV-visible networks
with the list of validation orbits are sufficient to investigate
the effects of the current GDP upgrade. For this and other
reasons (sparser records, fewer coincidences, some biases),
ground-based measurements performed with FTIR spec-
trometers and with M-124 radiometers have not been
considered in the GDP 4.0 total ozone validation. Total
ozone data from a large number of the WOUDC and NDSC
stations have already been used extensively both for trend
studies [e.g., WMO, 1998, 2003] as well as for validation of
satellite total ozone data [e.g., Lambert et al., 1999; Fioletov
et al., 1999; Lambert et al., 2000; Bramstedt et al., 2003;
Labow et al., 2004].
[18] To prepare ground-based data sets for GOME and

TOMS validation, we investigated the quality of the total
ozone data of each station and instrument that deposited
data at NDSC and WOUDC for any periods during 1995–
2004. We examined for each station a series of plots and
statistics based on GOME and TOMS comparisons. A
sample of these plots is shown in Figure 1 for the Dobson
station of Potsdam in Germany. Comparisons using direct
sun ultraviolet measurements, which offer a greater
accuracy (�1%) than those based on zenith-sky data, are
performed separately (Figure 1, right). For each station we
checked time series of the percent relative differences with
the satellite data on a daily basis (first row) and monthly
mean basis (second and third rows), the distribution and
scatter of these differences (fourth and fifth rows), and
finally the dependence of the difference on the solar zenith
angle of the satellite observation for each season of the year
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Figure 1. Sample of individual station statistics and plots carried out for all the stations and satellite
data set examined (see section 2.1 for details). (left) All direct sun and zenith-sky Dobson data included.
(right) direct sun data only.
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(last row). In some cases, there were systematic inconsis-
tencies between comparisons from neighboring stations. In
certain cases, small correlation coefficients were found
between the ground-based and satellite data.
[19] For the NDSC, there is a strict protocol on data

verification, resulting in a 2-year delay between data acqui-
sition and the upload of consolidated data to the central
archive. For the longer-term validation considered in this
paper, it was necessary to augment NDSC-endorsed data
records with unconsolidated data reported in near real time.
For the latter, an additional verification is based on clima-
tological grounds. At ground stations where sufficiently
long time series are available, the verification procedure
consists in comparing fresh data to climatological means
and standard deviations that were calculated from low-pass
filtered time series acquired since 1995. The procedure
singles out and records exceptions. First to be identified
are the aberrant cases (e.g., Dobson data erroneously
referred to as polar night data). Second, ozone column
values deviating from the climatological mean by more
than 2 or 3 standard deviations (2s or 3s) are singled out.
Groups of consecutive values lying outside the ±3s interval
are examined carefully to determine whether such persistent
deviations are due to data quality issues, to natural atmo-
spheric variability, or to unexpected atmospheric features
such as the 2002 Antarctic vortex split. Single values
outside the ±3s interval that do not belong to a justifiable 2s
train are flagged accordingly but are not rejected systemat-
ically since they could reflect natural atmospheric
variability (e.g., high frequencies near the polar vortex
boundary) or indicate special events such as tropospheric
pollution episodes.
[20] From the above selection procedure, some 41 Brewer,

61 Dobson and 27 UV-visible DOAS instruments were
considered for the comparisons with GDP 3.0, GDP 4.0,
and TOMS V8. A complete listing of all instruments used in
the validation may be found in the GDP 4.0 Delta-Validation
Report [Lambert and Balis, 2004], wherein the Brewer,
Dobson, and DOAS instruments are catalogued respectively
in Tables 1, 2 and 3 in the report.

2.2. Selection of GOME Orbits

[21] In 2002, a list of 2257 validation orbits was compiled
for the delta validation of the GDP upgrade to version 3.0
[Lambert et al., 2002]. With a longer data record and
additional validation required to test algorithmic upgrades
in GDP 4.0, the selection will be larger. The selection is
based on available ground-based data for the period 1995–
2004, and it allows for delta-validation of total ozone from
GOME from 1995–2004, of EP-TOMS total ozone from
1996–2004 and for the verification of GOME NO2 column
data from 1995–2004. The selection is large enough to
characterize changes in cyclic errors, i.e., dependencies on
the season, the latitude, the ozone column value and the
solar zenith angle. Finally, results using the older GDP 3.0
algorithm are consistent between the new set of validation
orbits and the previous set of 2257 orbits used in 2002.
[22] The current selection of about five thousand orbits

based on histograms of GOME/ground comparisons at a list
of 40 stations from pole to pole. Among these stations, there
are 30 WMO/GAW stations equipped with Dobson and/or
Brewer spectrophotometers, including the Canadian and

NOAA/CMDL subnetworks and a few NDSC sites, and
20 NDSC sites operating UV/visible DOAS spectrometers.
Orbits have been selected on the basis of proximity to the
median value of the relative difference in total ozone. The
selection has been constrained in such a way that
the sampling of the column range and of its cyclic variations
(with season, latitude and SZA) complies with both the
Nyquist and Central Limit theorems [Papoulis and Pillai,
2002]. Another constraint is that there must be sufficient
sampling of seasonal and meridian variations of the DOAS-
derived effective temperature.
[23] Coincidences between GOME and ground-based

observations are said to occur when any part of the GOME
footprint covers the effective ground-based air mass. For
Dobsons and Brewers, this is a maximum of 150 km
between the footprint center and the stations, and within a
temporal window of three hours. For UV-visible zenith-sky
observations, the GOME footprint must intercept the air
mass estimated with a ray tracing model (this is discussed
further in section 3.1); observations must take place the
same day (zenith-sky data are always taken at twilight).
[24] In Figure 2 we show time series of coincidences

obtained at four stations from the Arctic, northern middle
latitudes, the equator, and the Antarctic. This figure illus-
trates the degree to which selected coincidences capture
geophysical variations of the ozone column (Figure 2, left),
as well as major GDP 3.0 features (Figure 2, right) such as
GDP 3.0 errors varying with the season. The set of selected
orbits also offers adequate sampling of the Antarctic spring-
time, when the extreme ozone column range makes it easier
to detect changes in ozone column dependence in the
product. Sampling at single stations is not always constant
with time. Selected orbits produce a total average value of
about 3000 coincidences by station.

2.3. TOMS Measurements Used in the GDP 4.0
Validation

[25] The TOMS instruments provide measurements of
Earth’s ozone total column by measuring the backscattered
Earth radiance at a set of discrete 1-nm wavelength bands in
the region 310–380 nm. The experiments use a single
monochromator and scanning mirror to sample backscat-
tered ultraviolet (BUV) radiation, with periodic solar
measurements to provide radiance normalization, and
remove some instrumental dependence. The TOMS scanning
mechanism provides (except for Earth Probe) equatorial
interorbit overlap so that the entire sunlit portion of the globe
is sampled daily. The sun-synchronous near-polar orbits
(except for Meteor-3) provide these measurements at the
same approximate local time. The new version 8 (V8) total
ozone algorithm (Bhartia and Wellemeyer, 2004) has cor-
rected several errors that were discovered in the predecessor
version 7 (V7) algorithm [Labow et al., 2004]. TOMS V8
uses only two wavelengths (317.5 and 331.2 nm) to derive
total ozone, while the other 4 wavelengths (depending on
the instrument) are used for diagnostic and error corrections.
Upgrades have been made to the set of a priori ozone
profiles, and to the tropospheric ozone climatology, and the
algorithm now includes fixed ozone temperature dependency
corrections based on month latitude temperature fields
derived from numerical weather analysis models. For the
GDP 4.0 validation study, we used EP-TOMS data,
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Figure 2. Time series of selected coincidences between GOME and ground-based ozone column
observations at (top to bottom) the Arctic station of Thule (77�N, Danish Meteorological Institute
SAOZ), the northern midlatitude station of Uccle (50�N, Royal Meteorological Institute of Belgium
Brewer), the equatorial station of Singapore (1�N, Singapore Meteorological Office Dobson), and the
Antarctic station of Rothera (68�S, British Antarctic Survey SAOZ). (left) Coincident ozone column
measurements; (right) percent relative difference of GDP 3 versus ground-based ozone column data. Note
that the vertical scale differs from one station to another. Gray dots show all coincidences between the
available GOME and ground-based data records; the subset of coincidences plotted as red dots satisfies
minimal sampling requirements (Nyquist, Shannon, etc.) for the known errors of GDP 3.0; blue dots
show actual coincidences with the selected set of delta validation orbits. Total amount of coincidences for
each subset of orbits is indicated in the legend.
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processed at NASA/GSFC for the period 1996–2003. EP-
TOMS time-dependent calibration is maintained (by using
three on-board diffuser plates) to high accuracy by analyz-
ing the degradation of the cover diffuser relative to the
working and reference diffusers. The 150 km overpass
criterion for GOME is also applied to the selection of
TOMS data. As overpass data files provided by NASA/
GSFC report only one value a day, corresponding to the
closest ground pixel to the station, the total amount of
coincidences by station is closer to 1000 for TOMS data, as
compared with an average of 3000 for GOME data - still
sufficient for reliable statistics (for details, see Lambert and
Balis [2004]). In 2001, a bias in measurements made on one
side of the orbital track relative to measurements from the
opposite side of the scan was discovered in EP-TOMS data.
A correction was implemented to stabilise the calibration
relative to NOAA-16 SBUV/2 in the equatorial zone
(Bhartia and Wellemeyer, 2004). However, there is still a
latitude-dependent error that cannot be corrected by a
simple calibration correction; at 50 degrees latitude, there
are now �2% to �4% errors in TOMS. Because of this
problem, NASA/GSFC recommends that data from 2002
should not be used for trend analysis. However, this
validation exercise is a good opportunity to assess the
performance of the TOMS corrections with respect to
ground-based network data.

3. Error Sources in Ground-Based Data Sets

3.1. Ground-Based Errors and Mutual Consistency

[26] The present GDP 4.0 validation relies on the syner-
gistic use of complementary ground-based network data
contributing to the WMO GAW program. More than 300
Dobson [Dobson, 1957] and Brewer [Kerr et al., 1983]
stations form the world’s primary total ozone monitoring
network archived at WOUDC. Dobson and Brewer spec-
trophotometers derive total ozone from the ratio of direct
sunlight intensities measured at standard wavelengths in the
Huggins band. In the framework of the NDSC, there are
also some 40 UV-visible DOAS spectrometers that monitor
total ozone at twilight (this includes the automated network
of 14 Système d’Analyse par Observation Zénithale
(SAOZ) spectrometers [Pommereau and Goutail, 1988]
measuring in the Chappuis bands). Here, ozone is derived
from measurement of UV-visible sunlight scattered at the
zenith of the instrument. Established procedures for main-
taining high quality with Brewer and Dobson instruments
are described in detail by [Staehelin et al., 2003]. NDSC
certification requires participation for UV-visible spectrom-
eters in blind intercomparison campaigns [see, e.g., Roscoe
et al., 1999]. Ground-based stations delivering ozone col-
umn data regularly to WOUDC and/or NDSC are expected
to provide well-controlled, long-term time series of data.
However, there are several sources of uncertainty in the data
that are known to interfere with GDP validation, and we
now summarize these error sources.
[27] The work of [Van Roozendael et al., 1998] has

shown that mutual agreements between Dobson, Brewer
and UV-visible data can reach the ‘‘percent’’ level when the
major sources of discrepancy are properly accounted for.
We summarize the main findings from this work. For
Dobson instruments, the temperature dependence of the

ozone absorption coefficients used in the retrievals might
account for a seasonal variation in the error of ±0.9% in the
Alps and ±1.7% at Sodankylä (Finland, 67.4�N), and for a
systematic errors of up to 4% [Bernhard et al., 2005]. The
effect can dramatically increase in extremely cold condi-
tions (winter polar vortex). The effect is smaller for Brewer
instruments because of their use of wavelengths with
reduced ozone absorption temperature dependency. Dobson
and Brewer instruments might also suffer from long-term
drift associated with calibration changes. Additional prob-
lems arise at solar elevations lower than 15�, for which
diffuse and direct radiation contributions can be of the same
order of magnitude. Assuming that the Dobson and Brewer
instruments are well-calibrated, and that data are filtered to
avoid air mass dependence, then the data can be corrected
for temperature dependence using formulas given by
[Komhyr et al., 1993].
[28] For zenith-sky UV-visible spectrometers measuring

ozone in the Chappuis band, the use of DOAS minimizes
uncertainties associated with the temperature dependence of
the absorption cross sections [Burkholder and Talukdar,
1994]. Major uncertainties on the vertical column are
associated with the AMF conversion from spectrally
derived slant columns to vertical columns. Real-time SAOZ
data are based on the a single-profile standard AMF
calculated at 60�N in winter and at sea level [Sarkissian
et al., 1995]. However, it is essential to calculate air mass
factors at the correct station altitude, as otherwise offsets of
up to 5% can appear in results from high mountain stations.
Seasonal changes of the ozone profile and scattering geom-
etry are responsible for a systematic bias of about 5–6%
amplitude at 67�N, falling to 3–4% at 44�N. This is in
addition to the ±1% scatter that might result from short-term
fluctuations. The use of the standard SAOZ AMF also
introduces an average meridian dependence of �3% at
67�N to +2.8% at the tropics.
[29] Accounting for these Dobson, Brewer and SAOZ

effects, apparent seasonalities between Dobson/Brewer and
SAOZ ozone column measurements vanish and the mutual
consistency can reach the ‘‘1% level’’ on average. However,
we do not include these corrections in the standard NDSC
and WOUDC ozone data products as used in this GDP 4.0
validation; to do this would require a tremendous amount
work that is beyond the scope of this paper. Consequently,
ground-based uncertainties (and the same is true for
smoothing errors described next) can be larger than differ-
ences between improved satellite ozone column data (from
GOME GDP 4.0 and TOMS V8) and the ground-based
results. Nevertheless, ground-based validation of satellites
at the ‘‘1% level’’ is feasible provided that the interpretation
includes an accounting of significant ground-based uncer-
tainties. This will be done in sections 4 and 5 when
discussing comparison results.

3.2. Smoothing Errors

[30] Validation comparisons require a sufficient degree of
collocation of the air masses probed by the different sensors.
In the GOME and TOMS ozone validation literature,
collocation criteria are based on spatial windowing varying
from 100 to 600 km and temporal windows from 1 hour to
1 day. The underlying assumptions in this procedure are that
all collocated instruments are reporting the integral of the
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ozone distribution in a restricted vertical interval, and that
the variability of the ozone field within this window is
smaller than the anticipated data agreement. The reality is
different: Remote sensing instruments actually report a
three-dimensional weighted average of the ozone field.
The concepts and formalism for vertical smoothing are
described in detail by [Rodgers, 1990]. Horizontal smooth-
ing has been much less studied.
[31] Vertical and horizontal smoothing properties depend

not only on instrumental properties (e.g., viewing geometry,
scanning strategy, field of view, etc.) but also on atmo-
spheric and measurements parameters (solar elevation,
aerosol loading, atmospheric profile of ozone, Rayleigh
scattering geometry, surface albedo, presence of clouds,
etc.). The GOME scanning strategy limits the horizontal
resolution to the footprint dimensions (320 � 40 km2 for the
three forward scans). The TOMS Field of View is 40 �
40 km2. The GOME and TOMS backscatter spectra are
smoothed additionally since the measured radiation passes
twice through the atmosphere (solar and scattered beams).
Further, some solar and scattered radiation will pass through
parts of the atmosphere that are outside the ground pixel
box. Dobson and Brewer air masses are located between the
measuring station and a maximum distance of 80 km in the
direction of the sun. Zenith-sky air masses extend over
several hundred kilometers in the azimuth of the rising and
setting sun. Selection criteria based on simple time/space
window limits can lead to comparisons based on very
different perceptions of the atmospheric ozone burdens.
[32] Figure 3 illustrates this issue for a GOME/SAOZ

total ozone comparison at Jungfraujoch on a day with large
spatial gradients and high variability typical of the fall
season over the European Alps. In this example, compari-
son of the SAOZ sunset data with all GOME pixels
acquired within a radius of 500 km around the station

would generate a systematic offset of nearly 5% and a 1s
scatter of 6%. The same GOME/SAOZ comparison based
on daily averages of sunrise and sunset SAOZ data would
generate even larger discrepancies, since sunrise SAOZ
measurements are associated with high-ozone air masses
located several hundred kilometres eastward from the
station. On the other hand, if we compare only those GOME
measurements with footprints overlapping by more than
25% with the effective air mass probed by SAOZ, then the
mean agreement for this unstable day falls down to 2.5%
and its 1s scatter down to about 1%. The remaining 2.5%
difference can be partly attributed to the use of older
GDP 2.7 data in this illustration and partly to the 6-hour
time interval between sunset (SAOZ acquisition) and mid-
morning (GOME overpass). These horizontal smoothing
uncertainties due to air mass extensions will in part be
responsible for differences in the scatter patterns observed
between GOME/SAOZ, GOME/Dobson, TOMS/SAOZ and
TOMS/Dobson comparisons (see section 4). More generally,
inappropriate selection of collocated data can dramatically
increase the dispersion of the comparison results, from a
few percent at middle latitudes to values approaching 60%
percent at Antarctic stations located at the edge of the polar
vortex and situated sometimes inside and sometimes outside
the ozone hole. At stations experiencing stationary gra-
dients, e.g., those near high mountain ranges with a north-
south orientation or close to the vicinity of a stationary
weather pattern, poor selection can even result in fictitious
systematic biases up to 10% and beyond.

4. Ozone Column Validation

4.1. Test Case Studies in the Alps

[33] In order to assess the impact of the accuracy of the
ground-based data on the validation of GOME and TOMS
total ozone sensors, we have performed a comparative study

Figure 3. Effect of air mass differences on the GOME/SAOZ comparisons, illustrated at Jungfraujoch
(Switzerland) on 4 September 1995. (a) Horizontal projection of the centers of individual GOME
footprints recorded on this day in a radius of 500 km around the station (four kinds of blue open symbols
represent four different GOME flight tracks); the red line indicates the horizontal projection of the SAOZ
sunset air mass; GOME measurements crossing the SAOZ air mass with at least 25% of area overlap are
highlighted in red. (b, c) Corresponding difference between GOME and SAOZ total ozone as a function
of the longitude (Figure 3b) and latitude (Figure 3c) of the footprint centers; differences corresponding to
the GOME footprints overlapping the SAOZ air mass are highlighted in red.
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for a small region with collocated high-quality Brewer,
Dobson and SAOZ ground-based total ozone measure-
ments. Figure 4 shows for each season the percent relative
difference between GOME and ground-based total ozone
data, the latter recorded by three well-documented instru-
ments at two NDSC Alpine stations: the Dobson and
Brewer operated by MCH/ETHZ at Arosa (46.78�N,
9.68�E) and the SAOZ/UV-visible spectrometer operated
by IASB-BIRA at Jungfraujoch (46.55�N, 7.98�E). Open
circles represent results obtained with the earlier GDP
versions 2.7 (gray open circles) and 3.0 (black open circles),
while solid black circles indicate results for GDP 4.0. The
ground-based data selected for the comparisons are based
on recalibrated records of direct sun measurements only. In
order to reduce the impact of air mass dependence, a filter is
applied to the individual measurements to rule out Dobson
and Brewer data recorded at solar elevations lower than 15�.
For greater temporal coincidence, Dobson and Brewer time
series are also filtered by a time window of two hours
around the GOME overpass. With the Brewer (Figure 4,
top), it is clear that the GDP 4.0 upgrade is an improvement:
The fall-to-winter offset of +4% to �3% between GDP 2.7
and the Brewer, and of ±2% with GDP 3.0, has fallen with
GDP 4.0 below the estimated accuracy limit of the ground-
based data (this is about 1% for a well-calibrated Brewer
instrument with direct sun observations [e.g., Fioletov et al.,
1999]). With the Dobson comparison (Figure 4, center),
GDP 4.0 clearly outperforms GDP 2.7, but one cannot
really conclude that the differences have improved from
GDP 3.0 to GDP 4.0. In the latter case, a small seasonal
variation persists, with a mean offset that is negligible in
summertime but reaches a maximum of +3% in late fall and
early winter (GOME SZA beyond 60�). With the SAOZ, the
improvement with GDP 4.0 compared to GDP 3.0, and a
fortiori to GDP 2.7, is clear: The yearly mean agreement
does not exceed ±1%. From one 2.5� SZA bin to another,
the mean GDP 4.0/SAOZ agreement ranges between +2.5%
and �2%, while Brewer comparisons show only a limited
range of ±1%. This difference in dispersion can be
explained by the smaller number of coincidences with the
SAOZ data (with the air mass matching technique, only one
SAOZ value is relevant for each GOME pixel) compared to
the larger number of GOME/Brewer coincidences (several
Brewer values for each individual GOME pixel). Similar
differences have been reported by [Weber et al., 2005] when
comparing GOME ozone data processed with theWF-DOAS
algorithm with Brewer and Dobson data. The differences
between Brewer, Dobson and SAOZ results are discussed in
detail in the next paragraph.
[34] Dobson and Brewer total ozone data are processed

with standard WMO recommendations [see, e.g., Staehelin
et al., 2003] at Arosa: Retrievals are based on absorption
coefficients at a fixed temperature of �46.3�C. The sensi-
tivity of the ozone absorption cross sections to temperature
is typically 1.3% per 10K for Dobson spectrophotometers
[Komhyr et al., 1993], and 0.7% per 10K for Brewer
instruments, leaving 0.6% per 10K for the difference
between the two types of instruments [Kerr et al., 1988].
It follows that the comparison results presented in Figure 4
are affected by the temperature dependence of the ozone
absorption coefficients. Comparisons between collocated
Brewer and Dobson measurements show a seasonally

varying offset of about ±0.9% in amplitude for the Dobson
data relative to the Brewer [Staehelin et al., 2003], with a
maximum of 2% offset in winter and no offset in summer.
The seasonally varying overestimation presented in Figure 4,
center, is comparable (but not equal) in phase and amplitude
with the Dobson temperature effect (maximum offset in
winter) calculated at this station [Van Roozendael et al.,
1998]. According to [Staehelin et al., 2003], the temperature
effect on Brewer data is less significant, and this is consis-
tent with results in Figure 4, center. The data processing
performed at IASB-BIRA on the Jungfraujoch SAOZ
measurements includes a number of refinements to the
standard SAOZ analysis procedure [Lambert et al., 1998],
and the resulting total ozone data does not show a signif-
icant AMF dependence. The agreement of the three closely
collocated measurements at Arosa and at Jungfraujoch has
been studied in detail [Van Roozendael et al., 1998;
Staehelin et al., 2003]. When Dobson and Brewer data
are corrected for their temperature and air mass dependen-
cies, and provided that the SAOZ data is corrected for AMF
variations and for station altitude, then the average agree-
ment for the three ground-based data sets is better than 1%,
and there is no detectable seasonal variation in the differ-
ence results. Taking into account the documented error
budget of ozone column measurements at Arosa and Jung-
fraujoch, we can conclude that the average agreement
between GDP 4.0 and ground-based measurements is close
to ±1%.

4.2. Global Comparisons of Total Ozone

[35] GDP 2.7 overestimated ground-based total ozone
during winter-spring by 2%, while during summer-autumn
it underestimated ground-based ozone values by as much as
4%, the resulting amplitude is about 3%. In the tropics there
was no significant seasonal dependence in the differences
but in general, ozone was underestimated with GDP 2.7 by
1–2%. With GDP 3.0 the amplitude of the seasonal
dependence over the middle and high latitudes was reduced
by almost 50%. The remaining dependence was found to
have almost the same phase with its counterpart in GDP 2.7
[Lambert et al., 2002]. The change was mainly reflected in
the winter-spring season where overestimation by GOME
was minimized. In addition, GOME underestimated ground-
based total ozone by 2% to 4% over desert areas. In the
tropics, GDP 3.0 showed again a negative bias of about 2%,
similar to that observed with GDP 2.7.
[36] The algorithm upgrades introduced in GDP 4.0 (see

section 1.2) have generated in a different picture of the
month-latitude cross sections of the differences between
GOME and ground-based stations. The comparison results
are shown in Figures 5a and 5b separately for the Dobson
and the Brewer, and they are based on the selection of
validation orbits as described in section 2.2. Figures 5c and 5d
show the same month-latitude cross sections, but here direct
sun Dobson and Brewer data are compared to TOMS V8
overpass data records. TOMS V8 has almost no bias against
the Dobson total ozone observations and shows no season-
ality in nearly all latitudes. The systematic TOMS V7
overestimation of Southern Hemisphere total ozone values
has disappeared. Both GDP 4.0 and TOMS V8 results show
substantial improvements compared to total ozone from
previous operational versions. Remaining structures in time
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and latitude will be discussed below in sections 4.3 and 4.4
respectively. Systematic offsets of GDP 3.0 versus Brewer
(�1.89%) and Dobson (�2.06%) data have all but vanished
with GDP 4.0: to �0.17% for Brewer and 0.11% for
Dobson comparisons. Zonal mean agreement varies within
±1–2%, with no marked meridian structure. Over the polar
latitudes of both hemispheres, GDP 4.0 results are based on
few measurements, especially at large SZA, and therefore
they do not have the same significance with results at other
latitudes. Studies relevant to high latitude and large SZA are
detailed in section 4.5. TOMS has improved performance in
all latitudes no meridian dependence of the differences.
TOMS V8 data, when compared with Dobson instruments,
have almost no offset (�0.3%), but they show a negative
bias of about 1.5% compared with Brewer instruments.

4.3. Seasonal Dependence

[37] From Figures 5a–5d it can be concluded that there is
still a small mean seasonal dependence remaining in the
comparisons with the ground-based measurements north of

40�N and south of 40�S. The amplitude of this seasonality
does not exceed 1%�1.5% for the Dobson comparisons and
is even less for the Brewer comparisons. Over the tropics,
the comparisons show results between 0 and 1% with nearly
no seasonal variation. The GDP 4.0 seasonality is not in
phase with the one observed in GDP 3.0, but it is rather in
phase with the variation of the stratospheric temperatures
(see 25�N–65�N zonal mean temperatures estimated by
NOAA at 50 hPa (http://www.cpc.ncep.noaa.gov/products/
stratosphere)): There is almost no bias to date during the
warm period, while a positive bias of about 2% occurs
during the cold period (including ozone hole conditions).
[38] As discussed in section 3 and in section 4.1 above,

the use of absorption coefficients at a fixed temperature for
both Dobson and Brewer total ozone measurements results
in ozone column values dependent on stratospheric temper-
ature variations. On the other hand, GDP 4.0 includes the
spectral fitting of the effective temperature at which cross
sections are calculated. Therefore GDP 4.0 should not

Figure 5. Month-latitude cross section of the relative difference between GOME and TOMS ground-
based total ozone. GOME total ozone data are taken from the 4900 validation orbits processed with
GDP 4.0, and the results obtained by comparison with (a) Dobsons and (b) Brewers are presented
separately (note that nearly no Brewers operate in the Southern Hemisphere). TOMS version 8 total
ozone overpass data are also compared separately with (c) Dobsons and (d) Brewers.

D07307 BALIS ET AL.: GDP 4 TOTAL OZONE VALIDATION

11 of 17

D07307



depend significantly on the variability of stratospheric
temperatures. A seasonal signature with similar phase and
amplitude is found when comparing colocated Brewer and
Dobson measurements from well-calibrated instruments for
a long period (see examples at Hradec Kralove and Hohen-
peibenberg given by Staehelin et al. [2003]).
[39] Brewer comparisons have smaller amplitudes than

their Dobson counterparts. This indicates that a large part of
the observed differences between GDP 4.0 and ground-

based measurements can be attributed to characteristics of
the ground-based retrieval algorithms rather than to aspects
of the GDP 4.0 algorithm. This is supported by the fact that
the seasonal behavior of the GDP4.0/ground differences is
in phase with the variability of stratospheric temperature.
This seasonal behavior is also consistent with comparisons
between collocated Brewer and Dobson measurements,
which show similar degrees of phase and amplitude sea-
sonality [Stahelin et al., 2003]. Further confirmation is
provided by the comparisons between Dobson, Brewer
and TOMS V8 total ozone. Comparison results displayed
in Figure 5c and 5d indicate that TOMS has almost no bias
against the Dobson total ozone observations and shows no
seasonality almost in every latitude belt. On the other hand
the Brewer comparisons over middle latitudes show a small
negative bias of �1% and a seasonal behavior with an
amplitude of 0.5% in phase with the one found in GDP 4.0.
Given that (1) the forward model of TOMS V8 uses a single
temperature profile for calculating radiances, and (2) the
TOMS wavelengths are closer to those for the Dobson
instruments, we can infer that TOMS V8 and Dobson
measurements have similar dependence on the lower
stratospheric temperature. In consequence, their temperature-
related errors are likely to cancel out when calculating
their differences. This is also partly valid in the Brewer
comparisons.

4.4. Long-Term Stability

[40] In the previous paper [Van Roozendael et al., 2006],
we demonstrated that GDP 4.0 ozone record shows a weak
sensitivity not only to instrumental degradation but also to
trends in atmospheric parameters other than ozone - in other
words, the lack of ‘‘atmospheric drifts’’ interfering with the
targeted total ozone trend [see Van Roozendael et al., 2006,
Figure 11]. In order to examine and compare the long-term
stability of GDP 3.0, GDP 4.0 and TOMS V8 on a global
basis, we averaged the individual station comparisons
(based on all available orbits) separately over the Northern
and Southern Hemisphere. Results for Dobson and with
Brewer instruments were also separated. The Dobson com-
parisons are shown in Figure 6 for both hemispheres
(Brewer results only for the Northern Hemisphere). It is
evident from Figure 6 that until June 2003, both GDP 3.0
and GDP 4.0 total ozone data do not show any drift with
respect to the ground-based data. (Because of technical
problems on ERS-2, GOME data lack global coverage from
June 2003 onward). However, sampling issues (less ground-
based data available during 2003–2004 and fewer valida-
tion orbits) might increase the noise at the end of the time
series. There is still a residual seasonal dependence of
differences; this is different in phase compared to that for
GDP 3.0 and also different in amplitude when considering
Brewer or Dobson comparisons by 1% and 1.5% respec-
tively. This remaining seasonal dependence is related to the
one discussed already in section 4.3.
[41] In the Southern Hemisphere, GDP 4.0 is consistent

with Northern Hemisphere results; however there are fewer
measurements available for comparison and therefore the
noise in the time series is larger. The TOMS V8 time series
for the Northern Hemisphere do not show any drift until
mid-2001. After that, TOMS/ground differences show an
increasing bias, evident both in the Dobson and Brewer

Figure 6. Time-series of the percent relative differences
between satellite (GDP 3.0, GDP 4.0 and TOMS V8) and
ground-based Dobson ozone data for the period 1996–
2004, averaged over the Northern Hemisphere (top) and
Southern Hemisphere (bottom).
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comparisons (see Lambert and Balis [2004] for details). The
sizes of the GOME (320� 40 km2) and TOMS (40� 40 km2)
footprints will generate differences in spatial smoothing of
the ozone field, and this could partly explain why the
scatter in the comparisons depends on the remote sensing
instrument.

4.5. Dependence on Solar Zenith Angle

[42] Errors linked to the estimation of AMF and the
correction for Raman scattering can result in a significant
dependence of the vertical column product on the solar
zenith angle (SZA) at which the observation was acquired.
The SZA dependence in GDP 2.7 ozone columns possessed
an average amplitude ranging from a few percent to ±15%,
varying with latitude, season, vertical column amount, and
sometimes from year to year [Lambert et al., 2000, 2002].
With GDP 3.0, where the improved AMF calculation was
based on an iterative neural network approach and the use
of ozone profile climatology instead of modeling results, the
amplitude of the SZA dependence was cut down by about
50% on average [Lambert et al., 2002; Spurr et al., 2005].
In GDP 4.0, with a new molecular Ring effect correction
procedure and improvements in the AMF calculation, we
expect to see a drastic reduction of the SZA dependence.
This section assesses this reduction.

[43] We have already remarked in previous sections that it
is more difficult to conclude that there is a clear reduction of
the SZA/seasonal dependence at high latitudes. This diffi-
culty arises not only as a result of the smaller number of
delta validation coincidences with latitude, but also because
of increasing uncertainties on both the satellite and ground-
based measurements at such large latitudes and/or solar
zenith angles. To detect and quantify possible improvements
in the SZA dependences, we have first compared GOME
data acquired during polar day at different solar elevations,
to ground-based data acquired at fixed SZA values and
therefore free from any air mass or SZA dependence. At
high latitudes, the polar orbit of ERS-2 together with polar
convergence of the meridians generates several daily over-
passes. During polar summer, when the poles are illuminated
permanently, GOME acquires measurements over the same
high-latitude stations at least two times a day under different
solar elevations. As the ozone field is usually relatively
stable around the time of the summer solstice, this multiple
daily overpass allows for the detection of the SZA depen-
dence between GOME data acquired in the midmorning
(medium SZA) and GOME data typical of midnight sun
conditions (large SZA). Ground-based data are used in the
comparison as a standard transfer.

Figure 7. Comparison of the polar day SZA dependence of GDP 3.0 and GDP 4.0 total ozone at
Sodankylä (Arctic Finland), using the FMI Brewer (top) and CNRS SAOZ (bottom) as standard transfers.
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[44] For the present study, the polar day technique was
applied to 6 polar stations in both hemispheres. Figure 7
shows GOME polar day SZA dependences with respect to
two ground-based sensors operated at the NDSC/Arctic
station of Sodankylä (67�N). Comparison with the FMI
Brewer instrument (Figure 7, top) demonstrates that the
average bias of about 6% observed between midmorning
(moderate SZA) and midnight sun (large SZA) data with
GDP 3.0 has reduced to a value of 1.5% with GDP 4.0.
Comparison with the collocated CNRS/FMI SAOZ UV-visible
instrument confirms this improvement. Similar comparisons
were performed with the British Antarctic Survey (BAS)
Dobson instruments operated at the Antarctic stations of
Rothera (68�S) and Halley (76�S) [see Lambert and Balis,
2004]. At Rothera, the decrease of the polar day SZA
dependence from 5.4% with GDP 3.0 to 0.9% with GDP
4.0 is similar to that reported in the Arctic. At Halley, where
there was already no clear polar day SZA dependence with
GDP 3.0, we observe no change with GDP 4.0.
[45] In Figure 8 (left), GOME total ozone data generated

by both GDP 3.0 and GDP 4.0 are compared to Dobson and
Brewer total ozone measurements on a global scale, as a
function of the GOME SZA. In contrast to polar day studies
where ground-based data are selected within fixed SZA
ranges, it is important to take into account possible temper-
ature/SZA dependences of the ground-based data that might
interfere with dependences of the satellite data. It appears
that in GDP 4.0 there is an overestimation of GOME for
SZA between 60� and 70�, and a reversal of the SZA trend
at 75� for the GDP 4.0/Dobson comparisons. These features
were not evident in GDP 3.0, which had a completely
different seasonal dependence. It is difficult to find unam-
biguous explanations for these dependences. However,
when examining different latitude zones, we note that these
results are associated with measurements of the cold period,
and therefore temperature dependence effects in these
differences might be enhanced; this is consistent with the
fact that the Brewer comparisons show a smaller overesti-
mation and no significant trend reversal. For SZA larger
than 80�, there were only occasional data available from the
ground stations for the GDP 4.0 comparisons, so the results
should not be considered as statistically significant.
[46] The polar day technique could not be applied suc-

cessfully to TOMS overpass data files provided by NASA/

GSFC, since multioverpass data sets acquired during polar
day are already filtered to provide only the ozone value
acquired at the lowest SZA. In order to investigate the
TOMS SZA dependence, we have carried out global studies
relying on the statistical significance offered by network
data. Figure 8 (right) shows SZA dependencies for
TOMS V7 and TOMS V8 compared to Dobson and Brewer
observations. Dobson comparisons show no significant
SZA dependence, but this is not the case with the Brewer
comparisons, where TOMS overestimates by 2% for small
SZA and underestimates by �2% for large SZA. This
behavior is similar when comparing Dobson and Brewer
observations as a function of air mass without any
temperature correction and therefore it could be probably
attributed also partly to the temperature dependence of the
comparisons.

4.6. Dependence on Ozone Column

[47] Both GDP 2.7 and TOMS V7 made significant
overestimations of low ozone column values observed
during Antarctic springtime ozone depletion. A similar
effect was also detected in the Arctic, although this was
more difficult to quantify because of the less stable con-
ditions of the Arctic winter [Lambert et al., 1998]. With the
GDP upgrade to version 3.0, the large 10–20% overesti-
mation of low column values (below 200 DU) by GDP 2.7
was greatly reduced to the 5% level for very low column
values (below 130 DU) [Lambert et al., 2002]. In this
section, we examine changes in the ozone column depen-
dence as a result of the GDP 4.0 upgrade. We expect also
that the TOMS V7 column dependence is reduced in TOMS
V8.
[48] In Figure 9, the column dependence of the difference

between GOME (GDP 3.0 and GDP 4.0) and ground-based
total ozone is presented for three different instruments (two
Dobson and one SAOZ) operating in the Antarctic. Compar-
isons are limited to the ozone hole period (from 1 September
to 1 November) in order to avoid interferences with
possible SZA and seasonal dependencies. At all stations,
the upgrade to GDP 4.0 generates an increase of the ozone
column value by about 3% over the entire ozone column
range; there is thus no perceptible change in the ozone
column dependence. Similar comparisons were performed
with TOMS V7 and TOMS V8 data, again using three

Figure 8. Percentage relative difference between GOME (GDP 3.0 and GDP 4.0) (left) and TOMS
(v7 and v8) (right) and ground-based total ozone as a function of the satellite solar zenith angle (SZA).
Dobson and Brewer comparisons are presented separately.
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different instruments operating in the Antarctic [Lambert
and Balis, 2004]. In this case, the strong column
dependence of TOMS V7 (about 15% below 130 DU)
is much reduced, but the level of improvement is difficult
to quantify because of the paucity of TOMS/ground
coincidences.

4.7. Dependence on Fractional Cloud Cover

[49] In the GDP total ozone retrieval, reflecting clouds
play an explicit role in the calculation of the AMF and in the
estimation of the so-called ghost column of ozone below
cloud top. Clearly, uncertainties in the GOME fractional
cloud cover can generate significant errors in the retrieved

Figure 9. Percentage relative difference between GOME and ground-based total ozone during ozone
hole conditions at three NDSC/Antarctic sites, as a function of the ground-based ozone column value:
Dobson at Vernadsky (formerly Faraday), Dobson at Halley, and SAOZ at Rothera (ground-based data
courtesy of the British Antarctic Survey). The main difference between GDP 3.0 and GDP 4.0 total ozone
consists in an offset of a few percent, but there is no change to date in the GDP column dependence from
one version to another.
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total ozone value. To date, the largest effect with GDP 2.7
was the 6% average offset identified in the Antarctic
springtime [Lambert et al., 2000, 2002]. This was due to
the combined effects of (1) the use of an unsuitable ozone
profile database with too high tropospheric ozone values for
the given conditions; (2) a fractional cloud cover systemat-
ically set to 1, thus ensuring maximum application of the
ghost column correction; and (3) a significant contribution
of tropospheric ozone to the vertical column when strato-
spheric ozone is depleted. With GDP 3.0, this particular
offset disappeared, thanks to the use of a more suitable
ozone profile database for both AMF and ghost column
estimations [Lambert et al., 2002; Spurr et al., 2005].
[50] Compared to GDP 3.0 results, the dispersion

between GDP 4.0 and ground-based total ozone data has
improved sometimes by a factor of two for clear sky
scenarios. The situation is unchanged for cloudy scenes.
(For examples of the changes in cloud fraction dependence
between GDP 3.0 and GDP 4.0, see Figure 40 in [Lambert
and Balis, 2004] for comparisons at the NDSC/Alpine
station of Arosa and Figure 41 at high-latitude stations).
The reduced clear-sky dispersion is likely the result of the
new molecular Ring effect correction and improved AMF
calculations in GDP 4.0.

5. Conclusion

[51] For the upgrade to GDP 4.0, improvements in the
algorithm and their effects on the GOME total ozone
products have been validated using a variety of methods
based on comparisons with correlative measurements from
extensive ground-based networks. In general, it is con-
firmed that modifications implemented in GDP 4.0
produced expected changes in the data products. However,
it must be kept in mind that reported studies rely on a
representative but limited set of orbits and unverified effects
cannot therefore be ruled out.
[52] Total ozone data processed with different versions of

the GOME data processor (GDP) have been validated from
pole to pole through comparisons with ground-based
measurements from Brewer and Dobson UV spectropho-
tometers and SAOZ/DOAS UV-visible spectrometers, as
available from the WOUDC and NDSC data archives.
TOMS V7 and V8 ozone column data have been studied
similarly. Special attention has been paid to the quality
control and documentation of ground-based data sets.

5.1. GOME Total Ozone

[53] The main achievement with GDP 4.0 is the drastic
reduction of nearly all the remaining dependences on the
latitude, SZA and season that persisted with GDP 3.0. The
reduced ozone column dependence of GDP 3.0 has not
changed with GDP 4.0. In general, the average agreement of
GDP 4.0 with correlative ozone column measurements is
now at the ‘‘percent level’’ at low and moderate SZA, that
is, within the precision level of ground-based sensors when
the latter are corrected for their own dependences on the
season, solar elevation, temperature etc. At polar latitudes,
and at GOME solar zenith angles larger than 80�, prelim-
inary validation indicates that the agreement is slightly
worse; however, average differences at low solar elevation
usually do not exceed 5%. As noted already, the total

column products do not suffer from any long-term drift of
quality from 1995 to 2003, despite instrument degradation;
the stability of the GDP 4.0 ozone data record enables it to
be used confidently for ozone trend monitoring. In addition,
the greatly improved quality of the GDP 4.0 ozone products
makes them suitable for a wide variety of other geophysical
research applications, such as polar process studies.

5.2. TOMS Total Ozone

[54] The upgrade to TOMS V8 is a marked improvement
(with respect to the seasonal, meridian, and ozone column
dependences) over V7. The systematic offset observed with
TOMS V7 over the whole Southern Hemisphere has been
eliminated. The TOMS V7 overestimation of extremely low
ozone column values observed in the Antarctic springtime
has also been corrected with TOMS V8. Seasonal and
latitudinal dependencies still persist with TOMS V8 but
their amplitudes are reduced to within 1% of ground-based
stations. Both TOMS algorithms exhibit clear sensitivity to
instrumental degradation: TOMS reports systematically
lower ozone column values by a few percent from the
second part of 2001 onward, when compared to more stable
measurement systems. This result confirms the recommen-
dation expressed by NASA/GSFC that EP TOMS ozone
data acquired after 2000 should not be used for trend
assessments.

5.3. GDP 4.0 Product

[55] The complete GOME data record from July 1995
onward has been reprocessed with GDP 4.0 and is available
to the public via the ERS Help and Order desk. Documen-
tation on GDP algorithms and products has been updated: a
new algorithm theoretical basis document (ATBD) and
Validation Report, a revised Product Specification Docu-
ment (PSD), and GOME Data Disclaimer 2004. The GOME
validation Web site has also been updated. To order GOME
products or for further information, please contact EO Help
Desk, ESA ESRIN, Via Galileo Galilei, I-00044, Frascati,
Italy, +39 06 94180 777 (phone); +39 06 94180 272 (fax);
eohelp@esa.int; http://earth.esa.int/gome).
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