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I
I.1

INTRODUCTION
STATUS OF GOME OPERATION

Global Ozone Monitoring Experiment (GOME) [1-3] is the successful predecessor of new
generation sensors aiming at the global measurement of key ozone-related species needed in
ozone trend assessments and climate change studies. GOME was launched on board ESA’s
Second European Remote Sensing Satellite (ERS-2) in April 1995. Until the shutdown of
ERS-2 in July 2011 GOME produced global distributions of total ozone (O3) continuously for
sixteen years, although with a reduced spatial coverage since the failure in June 2003 of the
ERS-2 onboard tape recorder. GOME is also the first orbiting instrument having measured
the integrated column amount of several trace species playing a crucial role in the ozone
photochemistry, like nitrogen dioxide (NO2), bromine monoxide (BrO) and chlorine dioxide
(OClO). Currently, three follow-on GOME-like instruments are operational. Launched in
March 2002, Scanning Imaging Absorption spectroMeter for Atmospheric CHartographY
(SCIAMACHY) [4,5], a joint German–Dutch–Belgian contribution to ESA’s Envisat
platform, combines the UV-visible nadir sounding of GOME with limb sounding and infrared
nadir capabilities. Launched in July 2004, a higher spatial resolution version of GOME,
Ozone Monitoring Instrument (OMI) [6], is a joint Dutch–Finish contribution to NASA’s
EOS-Aura platform. In 2006, EUMETSAT started a new series of operational ozone
instruments based on GOME: three identical GOME-2 instruments have been built, with the
first sensor launched in October 2006 on the first of three MetOp satellites [7], and a second
one to be launched in September 2012.
I.2

THE GOME DATA PROCESSOR

Since August 1996, GOME total O3 column data were processed operationally at the German
Processing and Archiving Facility (D-PAF) established at the German Aerospace Centre
(DLR) on behalf of ESA. The exceptional length of the GOME data record makes it desirable
for use in long-term ozone trend monitoring and climate research, for which crucial
requirements are the ability to measure total ozone columns at maximum 1% of bias with
respect to ground-based reference systems, and the ability to measure 1% decadal changes in
total ozone concentrations globally. Since the release in summer 1995 of its first
developmental version, the GOME Data Processor (GDP) was upgraded successively to
different versions 2.x, to version 3.0 [8], and to version 4.0 [9,10], and the quality of ozone
data products has improved significantly. The last major algorithm update 4.0 of the level 1to-2 segment of GDP reached a bias and stability at 1% level compared to ground-based
reference measurements, but larger uncertainties remained at low sun elevations and under
significant cloud covers. In 2006 the GOME total ozone was reprocessed with GDP 4.1.
GDP 4.0/4.1 is based on a DOAS-style retrieval algorithm developed by a consortium in
response to the ESA ITT for improved total ozone algorithms in 2002. Also developed by the
same consortium in 2003 was the Phase A GODFIT direct fitting algorithm. This is a newconcept algorithm for total column retrieval based on a one-step least squares inversion of
radiances based on a full-up on-the-fly radiative transfer simulations of both radiances and
total column sensitivity functions. Following the GDP 4.0 reprocessing, a 2-year Phase B
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study focused particularly on high-latitude total ozone retrieval. Phase B developments of
GODFIT were supported by field activities and algorithm studies carried out during the
SAUNA intercomparison campaign held in arctic Finland in spring 2006 and 2007. As part of
the Phase B work, a number of improvements and upgrades were made to the basic GODFIT
algorithm, and a more thorough error analysis had been completed. At the end of Phase B, the
GODFIT algorithm [11] was considered ready for the implementation into the GDP
operational environment under current version 5.0. This implementation is now completed
and the entire GOME data record has been reprocessed with GDP 5.0 [R1, 12].
I.3

SCOPE OF THIS DOCUMENT

This technical note documents the geophysical validation of ERS-2 GOME total ozone data
retrieved with the new version 5.0 of the GOME Data Processor established at DLR on behalf
of ESA [R1, 12]. GODFIT developments and GDP upgrades have been carried out with
continuous support from validation studies, which were organised for GDP 5.0 with the main
emphasis on the quality assessment of new ozone column amounts on the global scale, in the
long term, and at large solar zenith angles (SZA). Validation studies are based on
comparisons of GOME data with correlative observations acquired by ground-based
reference instruments contributing to WMO’s Global Atmosphere Watch (GAW), namely,
Brewer and Dobson ultraviolet spectrophotometers and DOAS UV-visible spectrometers.
Geophysical validation of the retrieval algorithms and ozone data products was carried out by
the Belgian Institute for Space Aeronomy (IASB-BIRA, Brussels, Belgium) and the
Laboratory of Atmospheric Physics (AUTH, Aristotle University of Thessaloniki, Greece), in
close collaboration with the algorithm developers and the operational processing teams at
DLR’s Remote Sensing Technology Institute (DLR-IMF, Oberpfaffenhofen, Germany),
IASB-BIRA, and RT Solutions Inc. (Cambridge, Massachusetts, USA).
The document is structured as follows:
o Chapter I: This introduction
o Chapter II: Description of the data sources
o Chapter III: Error budget of ground-based validations
o Chapter IV: GDP 5.0 validation: Analysis at individual stations
o Chapter V: GDP 5.0 validation: Global results and statistics
o Chapter VI: Ground-based validation of other satellites
o Chapter VII: Summary and concluding remarks
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II.1

DESCRIPTION OF THE DATA SOURCES
GROUND-BASED NETWORKS

The present study is based on archived total ozone measurements provided by major
contributors to World Meteorological Organization’s Global Atmosphere Watch programme
(WMO/GAW): Brewer and Dobson total ozone data records as deposited at the World Ozone
and Ultraviolet Data Centre (WOUDC) established at Environment Canada (EC) in Toronto,
Canada (public archive available via http://woudc.org); and DOAS UV-visible, Brewer and
Dobson total ozone data records deposited at the Data Host Facility of the Network for the
Detection of Atmospheric Composition Change (NDACC DHF, public archive available via
http://ndacc.org). WOUDC and NDACC operate scientific databases containing a variety of
ozone-related data sets. There are over 300 stations represented in the archives, some of
which comprise over 45 years of continuous data records. WOUDC data sets include total
column ozone, surface ozone, ultraviolet irradiance data, and vertical profile data from
electrochemical ozonesonde flights, differential lidar measurements, and the Umkehr
technique. NDACC data sets include total columns and profiles of ozone, of the nitrogen,
chlorine and bromine families, of greenhouse gases, and of aerosols, as well as ultraviolet
irradiance data, acquired by ultraviolet, visible, infrared and millimetre wave spectrometry
with a variety of complementary observation techniques.
As stressed in the next chapter, since the ground-based total ozone data are used as a
reference, it is essential to assess the quality of these ground-based data in both qualitative
and quantitative terms. As declared on the WOUDC website, the data residing in the database
must be considered preliminary and the originator(s) of data sets should always be contacted
directly for detailed information. These data are of archived quality and are usually quality
controlled by each station and by WOUDC. NDACC affiliated teams are committed to
submit to the NDACC data archive only consolidated data sets duly recalibrated and
validated; nevertheless, the existing literature should always be consulted to ensure that
documented errors for NDACC-certified instruments are taken properly into consideration in
the validation analysis, and the originator(s) of consolidated NDACC data sets should also
always be contacted directly for detailed information.
The studies reported hereafter make use of archived data only. The data sets at individual
stations can cover the entirety or only parts of the GOME data record (from June 1995 to July
2011). The stations considered for the comparisons are listed in Table 1 for the Brewers,
Table 2 for the Dobsons, and Table 3 for the DOAS UV-visible spectrometers. The DOAS
spectrometers perform twice daily measurements year-round up to the polar circles,
independently of the weather conditions. All available DOAS data have been used, as their
quality is mostly insensitive to the presence of clouds. For the Brewers and Dobsons, unless
specified differently, only direct sun observations free of clouds have been used in the
comparison plots and in the statistics presented in this report. Therefore, Table 1 and Table 2
also report the amount of Brewer and Dobson observations used in the analysis.
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Table 1 - List of Brewer stations selected as reference for the GDP 5.0 ground-based validations.
ID
314
454
351
322
306
30
349
325
376
336
332
295
213
252
346
447
308
261
65
326
35
100
99
290
331
96
53
318
316
174
76
21
279
77
284
267
262
24
315
18

Name
BELGRANO
SAN-MARTIN
KING-GEORGE-ISLAND
PETALING-JAYA
CHENGKUNG
MARCUS-ISLAND
LASHA
LINAN
MRSA-MTROUH
ESFAHAN
POHANG
MT.WALIGUAN
EL-ARENOSILLO
SEOUL
MURCIA
GODDARD
MADRID
THESSALONIKI
TORONTO
LONGFENSHAN
AROSA
BUDAPEST
HOHENPEISSENBERG
SATURNA
POPRAD-GANOVCE
HRADEC-KRALOVE
UCCLE
VALENTIA
DEBILT
LINDENBERG
GOOSE
EDMONTON
NORKOPING
CHURCHILL
VINDELN
SONDRESTROM
SODANKYLA
RESOLUTE
EUREKA
ALERT

LAT
-77.87
-68.13
-62.18
3.1
23.1
24.28
29.4
30.3
31.33
32.47
36.03
36.17
37.1
37.57
38
38.99
40.45
40.52
43.78
44.75
46.77
47.43
47.8
48.78
49.03
50.18
50.8
51.93
52
52.22
53.32
53.57
58.58
58.75
64.25
67
67.37
74.72
79.89
82.5

LON
-34.63
-67.1
-58.9
101.65
121.37
153.97
91.03
119.73
27.22
51.12
129.38
100.53
-6.73
126.95
-1.17
-76.83
-3.55
22.97
-79.47
127.6
9.67
19.18
11.02
-123.13
20.32
15.83
4.35
-10.25
5.18
14.12
-60.38
-113.52
16.12
-94.07
19.77
-50.98
26.65
-94.98
-85.93
-62.33
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ELEV( m)
255
30
10
46
0
17
3633
0
35
1550
0
3816
41
84
69
100
0
4
198
0
1860
140
975
0
0
285
100
0
0
98
44
668
0
35
0
150
179
64
10
62

N. Obs.
276
341
235
571
166
192
271
44
673
277
818
569
567
240
762
580
771
35
97
592
644
461
635
110
771
1273
1499
646
724
674
120
120
734
107
502
127
394
130
128
128
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Table 2 - List of Dobson stations selected as reference for the GDP 5.0 ground-based validations.
ID Name
111 AMUNDSEN-SCOTT
268 ARRIVAL-HEIGHTS
57 HALLEY
101 SYOWA
232 VERNADSKY-FARADAY
233 MARAMBIO
339 USHUAIA
29 MACQUARIE-ISLAND
342 COMODORO-RIVADAVIA
256 LAUDER
253 MELBOURNE
91 BUENOS-AIRES
159 PERTH
343 SALTO
27 BRISBANE
191 SAMOA
84 DARWIN
429 MARCAPOMACOCHA
214 SINGAPORE
317 LAGOS
216 BANGKOK
218 MANILA
187 POONA
31 MAUNA-LOA
2 TAMANRASSET
245 ASWAN
209 KUNMING
74 VARANASI
190 NAHA
10 NEW-DELHI
152 CAIRO
11 QUETTA
14 TATENO
106 NASHVILLE
341 HANFORD
213 EL-ARENOSILLO
252 SEOUL
107 WALLOPS-ISLAND
293 ATHENS
208 SHIANGHER
67 BOULDER
410 AMBERD
12 SAPPORO
40 HAUTE-PROVINCE
19 BISMARCK
35 AROSA
20 CARIBOU
99 HOHENPEISSENBERG
96 HRADEC-KRALOVE
53 UCCLE
68 BELSK
43 LERWICK
284 VINDELN
105 FAIRBANKS
199 BARROW

LAT
-89.98
-77.83
-75.52
-69
-65.25
-64
-54.85
-54.48
-45.78
-45.03
-37.48
-34.58
-31.95
-31.58
-27.47
-14.25
-12.47
-11.4
1.33
6.45
13.73
14.63
18.53
19.53
22.8
23.97
25.02
25.45
26.2
28.63
30.08
30.18
36.05
36.25
36.32
37.1
37.57
37.87
38
39.77
40.02
40.38
43.05
43.92
46.77
46.77
46.87
47.8
50.18
50.8
51.83
60.15
64.25
64.8
71.32

LON
-24.8
166.4
-26.73
39.58
-64.27
-57
-68.31
158.97
-67.5
169.68
144.58
-58.48
115.85
-57.95
153.03
-170.57
130.83
-76.32
103.88
3.5
100.57
121.08
73.85
-155.58
5.52
32.45
102.68
82.87
127.67
77.22
31.28
66.95
140.13
-86.57
-119.63
-6.73
126.95
-75.52
23.7
117
-105.25
44.25
141.33
5.75
-100.75
9.67
-68.02
11.02
15.83
4.35
20.78
-1.15
19.77
-147.89
-156.6
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ELEV( m)
2835
250
31
21
7
198
7
6
43
3701
125
25
2
31
5
82
0
4479
14
0
2
61
559
3397
1395
193
1917
76
29
216
35
1799
31
182
73
41
84
4
15
13
1634
2070
19
580
511
1860
192
975
285
100
180
90
0
138
11

N. Obs.
177
175
6
414
16
296
450
629
544
376
599
556
385
492
572
211
504
224
383
309
512
462
385
263
563
606
332
415
566
787
647
178
615
450
359
216
318
118
437
513
360
458
657
175
466
561
280
357
329
360
208
627
165
124
126
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Table 3 - List of DOAS UV-visible stations selected as reference for the GDP 5.0 ground-based validations.
ID
na
sy
ne
ro
dd
fa
mb
ke
ba
re
nr
tw
iz
oh
ju
ab
br
ha
zg
sl
sk
an
sc
th
ly
na

II.2

NAME
BELGRANO
SYOWA
NEUMAYER
ROTHERA
DUMONT D’URVILLE
FARADAY
MARAMBIO
KERGUELEN
BAURU
SAINT-DENIS
NAIROBI
TARAWA
IZANA
HAUTE PROVENCE
JUNGFRAUJOCH
ABERYSTWYTH
BREMEN
HARESTUA
ZHIGANSK
SALEKHARD
SODANKYLA
ANDOYA
SCORESBYSUND
THULE
LONGYEARBYEN
NY ALESUND

LATITUDE
-77.87
-69.00
-70.65
-67.57
-66.67
-65.25
-64.28
-49.36
-22.35
-20.85
-1.27
1.37
28.29
43.92
46.55
52.42
53.11
60.22
66.72
66.7
67.37
69.28
70.48
76.51
78.12
78.93

LONGITUDE
-34.63
39.58
-8.25
-68.13
140.01
-64.27
-56.72
70.26
-49.03
55.47
36.80
172.93
-16.49
5.75
7.98
-4.07
8.86
10.75
123.40
66.7
26.65
16.18
-21.96
-68.76
15.40
11.88

ELEVATION
255
21
0
0
0
7
1
1
10
50
1710
1
580
3580

179

0
0

ERS-2 GOME

This validation study covers the entire GOME total ozone data record reprocessed with GDP
5.0, over the period from June 1995 through July 2011. The reprocessed data record has been
stored locally and compared with ground-based network data. In order to check the
consistency of the two successive versions of GDP and the improvement gained with GDP
5.0, GOME total ozone data processed operationally with GDP4.1 over the period of June
1996 through October 2006 have also been compared with ground-based data.
Reference: Van Roozendael, M., R. Spurr, D. Loyola, C. Lerot, D. Balis, J.-C. Lambert, W. Zimmer,
J. van Gent, J. van Geffen, M. Koukouli, J. Granville, A. Doicu, C. Fayt, and C. Zehner,
Sixteen years of GOME/ERS-2 total ozone data: The new direct-fitting GOME Data
Processor (GDP) version 5 — Algorithm description, Journal of Geophysical Research –
Atmosphere, Vol. 117, D03305, doi:10.1029/2011JD016471, 2012.
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EOS-AURA OMI

In this report we also present comparisons of GOME data with OMI total ozone data using
both OMITOMS and OMIDOAS overpass data extracted from the Aura Validation Data
Center (AVDC). OMITOMS and OMIDOAS level-2 total ozone data are based on collection
3 level 1b data and have been processed with TOMS v8.5 and OMDOAO3 v1.0.1 algorithms
respectively
References: see ATBD documents at http://toms.gsfc.nasa.gov and http://www.temis.nl
II.4

ENVISAT SCIAMACHY

We also present comparisons of GOME versus ground-based data together with comparisons
of SCIAMACHY total ozone versus ground based data, for common dates only.
SCIAMACHY total ozone columns are retrieved with SDOAS (BIRA/IASB), i.e. using the
GDP 4.0 algorithm.
Reference: Lerot, C., M. Van Roozendael, J. van Geffen, J. van Gent, C. Fayt, R. Spurr, G.
Lichtenberg, and A. von Bargen, Six years of total ozone column measurements from
SCIAMACHY nadir observations, Atmos. Meas. Tech., Vol. 2, 87-98, doi:10.5194/amt2-87-2009, 2009.

II.5

METOP-A GOME-2

The total ozone data record produced since January 2007 by the GOME-2 instrument on
board of MetOp-A and processed at DLR with GDP 4.4 on behalf of EUMETSAT O3MSAF, has been compared recently to the same ground-based observations as those used
hereafter. We don’t reproduce the results here but we make reference to them in the
discussion.
Reference: Loyola, D. G., M. E. Koukouli, P. Valks, D. S. Balis, N. Hao, M. Van Roozendael, R. J.
D. Spurr, W. Zimmer, S. Kiemle, C. Lerot, and J-C. Lambert, The GOME-2 Total
Column Ozone Product: Retrieval Algorithm and Ground-Based Validation, J. Geophys.
Res., Vol. 116, doi:10.1029/2010JD014675, 2011.
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ERROR BUDGET OF GROUND-BASED VALIDATIONS

III.1 INTRODUCTION
Three main objectives of this validation exercise are:
To assess the improvement of GDP 5.0 ozone columns with respect to GDP 4.0/4.1;
To establish whether GDP 5.0 data quality meets requirements of most demanding
geophysical research applications like long term trend monitoring on the global scale,
polar process studies, and research on ozone-climate interactions;
To investigate the consistency between GOME GDP 5.0 total ozone data and ozone
data records from other satellites, using ground-based networks as a standard transfer.
To fulfil these objectives, it is essential to detect and quantify long-term instrumental
degradation effects, and errors reflecting the sensitivity of the satellite algorithms to
variations of the solar zenith angle, the ozone column amount, the fractional cloud cover etc.
In principle, ground-based monitoring networks contributing to World Meteorological
Organization’s Global Atmospheric Watch are natural candidates for the aimed studies.
Indeed, ground-based stations delivering ozone column data regularly to the WOUDC and/or
the NDACC DHF are expected to provide well-controlled, long-term time-series.
Furthermore, the variety of stations from pole to pole covers most of relevant atmospheric
states. Nevertheless, due to the high level of quality requirement, it is of prime importance to
quantify in a first stage the actual capabilities of existing ground-based databases for an
accurate validation of the satellite ozone columns. This is the purpose of this Chapter, where
the focus will be on the average characteristics of existing data records rather than on the
accuracy of single measurements. Most of the information presented hereafter has already
been published [e.g. Lambert et al. 1998, Balis et al. 2007, GDP 4.0 validation report]. The
reader interested in further details is invited to consult the references provided at the end of
the chapter.
III.2 GROUND-BASED OZONE COLUMN SENSORS
The three ozone column sensors used in this study rely on the principle of differential
absorption. Designed in the 1920s, the Dobson spectrophotometer consists of a double prism
monochromator [Dobson, 1957]. Its principle relies on the measurement of the ratio of the
direct sunlight intensities at standard wavelengths in the ultraviolet Huggins band, where the
absorption by ozone presents large spectral structures. The most widely used wavelength
combination, recommended as the international standard, is referred to as the AD pair (305.5325.4 nm; 317.6-339.8 nm) [Komhyr et al., 1993]. Other pairs are also used, especially at low
sun elevation in polar regions when the rapidly decreasing intensity of short wavelength
radiation weakens the signal-to-noise ratio.
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The Brewer grating spectrophotometer [Brewer, 1973] is similar in its principle to the
Dobson, but with an improved design that is fully automated [Kerr et al., 1983]. The ozone
column abundance is derived from a combination of four wavelengths between 310 and 320
nm. A fifth wavelength is used to determine the SO2 column abundance.
Initiated in the 1950s, the international network of more than 300 Dobson and Brewer
spectrophotometers forms the world’s primary total ozone monitoring network, and is a key
component of WMO’s Global Ozone Observing System (GO3OS). A few Dobson and
Brewer spectrophotometers are recommended at NDACC sites. More than 300 Dobson and
Brewer stations archive total ozone at the World Ozone and UV radiation Data Centre
(WOUDC) in Toronto, Canada (http://www.woudc.org). Some data records comprise over 35
years of continuous measurements.
The established procedures for maintaining high quality with the Brewer and Dobson
instruments are described in detail by Staehelin et al. [2003]. Both instruments are calibrated
by intercomparison with world or regional standard instruments. The Dobson calibrations are
organized by WMO and the results are usually printed within a couple of years in relevant
WMO reports (WMO/GAW reports 19, 108, 118, 119, 138, 145). The Brewer instruments
are calibrated against a travelling standard by two private companies, but there is no official
publication of these calibrations [see Staehelin et al, 2003]. However there are various
publications [e.g. Fioletov et al., 1999], which provide valuable indications to the user about
the quality of the deposited data, either through inter-comparison campaigns, workshops (e.g
biennial Brewer workshops), or comparisons with satellite data.
Since the 1980s, the technique pioneered by Dobson for single wavelengths measurements in
the ultraviolet has been extended to UV-visible spectroscopy. The retrieval method, usually
referred to as the Differential Optical Absorption Spectroscopy (DOAS), consists of studying
the narrow absorption features of the species, after removal of the broadband signal
associated to scattering processes. A differential optical thickness is calculated as the
logarithm of the ratio between the actual spectrum and a reference spectrum recorded at low
SZA. Column densities along the optical path, or apparent slant columns, are derived by an
iterative least squares procedure, fitting the observed differential optical thickness with high
resolution differential absorption cross-sections measured in the laboratory and convolved
with the instrument slit function. Apparent slant columns are converted into vertical columns
using a geometrical enhancement factor, or air mass factor (AMF). This AMF is calculated
with a radiative transfer model assuming vertical distributions of the target absorber and of
the atmospheric constituents controlling the path of the solar radiation into the atmosphere.
Based on this technique, about 40 UV-visible DOAS spectrometers constitute the backbone
of the NDACC for total ozone and nitrogen dioxide monitoring. They measure UV-visible
sunlight scattered at the zenith of the instrument. Ozone columns are retrieved using the
DOAS technique applied to spectra acquired during twilight, between typically 86° and 91°
SZA, when the sensitivity to the stratospheric absorbers is the highest (see III.4). Among
them, the SAOZ grating spectrometer [Pommereau and Goutail, 1988a,b] derives apparent
slant column amounts of ozone in the Chappuis band (between 470 and 540 nm) and of NO2
in the 406-526 nm spectral window. Slant columns retrieved from a real time spectral
analysis at the station are converted into preliminary total vertical columns by the use of a
standard AMF calculated for 60°N in winter, at sea level [Sarkissian et al., 1995]. Real-time
data are reprocessed with state-of-the-art algorithms before submission to the official
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NDACC database. Other types of DOAS UV-visible instruments contribute also to the
NDACC and are listed in Table 3 in Chapter II.
NDACC-certified ozone column data are archived in the NDACC DHF established at NOAA
(http://www.ndacc.org). Several time-series extend well before the inception of the network
in 2001. Procedures to certify the quality of NDACC data are governed by the NDACC Data
Protocol, established by experts participating to the different working groups of the network.
Contributing teams are committed to participate to blind inter-comparison field campaigns of
measurements and to algorithm inter-comparison exercises organised under the auspices of
the NDACC and/or WMO. The Data Protocol recognises that, in order to produce a verifiable
data product, sufficient time is needed to collect, reduce, calibrate, test, analyse, and intercompare the streams of preliminary analyses at every NDACC site. Among others, seasonal
analyses may be required for observations from both individual and multiple sites. It is
expected that such a procedure shall yield the verifiable product referred to as "NDACC data"
within a two-year period after acquisition. Working group activities, including consolidation
and validation of ground-based measurements, are reported once a year to the NDACC
Steering Committee.
III.3 MUTUAL CONSISTENCY AND KNOWN ERRORS
III.3.1

Brewer and Dobson spectrophotometers

During international inter-comparison campaigns, Dobson instruments can be adjusted to
agree within 0.3-1% [Basher, 1994]. The long-term agreement between Dobson and Brewer
total ozone at high and moderate sun elevation – that is, at low and moderate air mass – can
be better than 1%, while day-to-day fluctuations in the difference are usually small, on
average less than ±1.5% [e.g., Kerr et al., 1988; De Backer and De Muer, 1991]. Dobson and
Brewer instruments might suffer from long-term drift associated with calibration changes for
which corrections are needed. Calibration uncertainties are also responsible for a relative air
mass dependence between collocated instruments. Additional problems arise at low solar
elevation, when the contributions of diffuse and of direct radiation can be of the same order
of magnitude. The contribution of short wavelengths is relatively larger in the diffuse
component, leading to an erroneous decrease in measured ozone abundance as the solar
zenith angle increases [Josefsson, 1992]. This effect can vary with e.g. the aerosol load and
the surface albedo. The design of spectrophotometers is such that internal scattering
(straylight) also increases at low solar elevation. For those reasons and a few others
mentioned hereafter, at low sun elevation, mean differences of ±5% have been reported
between well-calibrated instruments [e.g. Nichol and Valenti, 1993].
According to Van Roozendael et al. [1998], the temperature dependence of the ozone
absorption coefficients used in the Dobson and Brewer retrievals might account for a
seasonal variation of ±0.9% in the Alps and ±1.7% at Sodankylä (Finland, 67.4°N), and for a
systematic offset smaller than 1%. The effect can dramatically increase in extremely cold
conditions such as those met in the winter polar vortex, where temperatures in the low
stratosphere can be as low as 185 K.
Ozone measurements in the ultraviolet can be affected by interfering species, such as SO2 and
NO2 [Kerr et al., 1988, and references therein]. The effect of SO2 on Dobson data is an
erroneous increase of total ozone by 0.3% on average, depending on the location of the
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station with respect to SO2 sources. Furthermore, according to De Muer and De Backer
[1992], the long-term trend of SO2 generally ascertained in Western European and North
American urban areas would induce, if not properly taken into account, a fictitious Dobson
total ozone trend, e.g., of –1.69% per decade in urban stations such as Uccle (Belgium,
50.5°N). The wavelengths used in the Brewer ozone measurement are chosen to avoid
interferences by SO2. Interferences by NO2 may be neglected for both Dobson and Brewer
measurements, except during strong NO2 tropospheric pollution events which can produce an
erroneous increase of total ozone by 0.6% in extreme cases.
Built up from quasi-simultaneous direct sun and zenith-sky measurements, a sky chart can be
used to derive total ozone from Dobson and Brewer zenith-sky readings. This method is
useful for obtaining data in cloudy conditions, or in regions frequently overcast like polar
regions in winter. However, a sky chart is known to be less accurate, depending, among other
things, on the optical properties of the cloud cover [Dahlback, 1995]. Moreover, due to the
degradation of accuracy at low solar elevation and the mostly cloudy conditions in winter,
sky charts at polar latitudes would not be suitable in winter [Taalas and Kyrö, 1992].
III.3.2

DOAS UV-visible spectrometers

When the uncertainty of the high-resolution ozone absorption cross-sections and the 1σ
confidence level of the least squares fit calculated for each spectrum are taken into account,
the overall accuracy of the DOAS ozone apparent slant column amounts is better than 2%.
Wavelength calibration changes should not exist for SAOZ instruments since they are selfcalibrated permanently by reference to the solar Fraunhofer absorption lines. As shown by
Brion et al. [1993] and Burkholder and Talukdar [1994], the temperature dependence of the
ozone cross-sections in the visible is too small to have a significant effect on atmospheric
observations with the DOAS method.
The main sources of uncertainty on the vertical column are associated with the AMF. The
zenith-sky AMF is sensitive to the vertical distribution of pressure and temperature, which
control the scattering geometry, to the altitude of the site, and to the ozone density profile.
Short-term fluctuations of these parameters might account for a ±1% scatter in the retrieved
total ozone. For real time SAOZ data based on the standard AMF calculated at 60°N,
seasonal change of the ozone profile and scattering geometry introduces a systematic seasonal
bias of about 5-6% amplitude at 67°N, 3-4% at 44°N, and negligible in the tropics [Høiskar et
al., 1997; Van Roozendael et al., 1998; Denis et al., 1995]. The use of the standard SAOZ
AMF also introduces an average meridian dependence of -3% at 67°N to +2.8% at the
tropics, due to the latitudinal drift in altitude of the ozone maximum.
Another source of uncertainty of the AMF arises from the increasing tropospheric
contribution during strong pollution events. AMFs are also affected by changes in the
effective optical path of the scattered light. Tropospheric multiple scattering, generated by
fog, thick clouds, or snow showers, can enhance the tropospheric light path. This
enhancement increases the absorption by ozone and interfering species, such as O4 and H2O,
resulting in a bias in the retrieved ozone [Van Roozendael et al., 1994]. According to Van
Roozendael et al. [1998], this contribution does not exceed 1% on average at middle latitudes
if erroneous data are rejected after detection by adequate criteria. The impact of aerosols
depends largely on the altitude distribution of both ozone and the aerosols [Sarkissian 1995].
Short-term variations of the background aerosol load should not affect the twilight AMF by
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more than ±0.5%. The reduced stratospheric aerosol layer observed in the Antarctic vortex in
winter might increase the actual AMF by 1%. The effect is expected to be more significant
with the strong aerosol load released by major volcanic eruptions, and with dense polar
stratospheric clouds of type II.
Finally, a constant offset in the retrieved total ozone can result from the uncertainty of the
determination of the residual ozone amount in the low-SZA reference spectrum. The offset
depends on the method used to estimate the residual ozone [Vaughan et al., 1997] and it can
be significantly reduced with methods based on a coincident ozonesonde measurement, or on
a reference spectrum recorded in the direct sun mode if the instrument design allows this
viewing mode.
At the Tenth WMO Dobson Intercalibration Campaign held at Arosa in July-August, 1995
[WMO, 1995], the mean bias between the Dobson and Brewer #40 was found to be less than
1%, and less than 1.6% with SAOZ #13 (operated at the same site for intercomparison
purposes). Long-term comparisons of SAOZ total ozone with Dobson or Brewer co-located
observations at mid-latitudes show an agreement within 0 to 2.4% with a scatter of 3% to 5%
[Van Roozendael et al., 1998]. NDACC and European field inter-comparison campaigns of
UV-visible spectrometers were held in May 1992 at Lauder in New Zealand [Hofmann et al.,
1995]; in September 1994 at Camborne in United Kingdom [Vaughan et al., 1997]; in June
1996 at the Observatoire de Haute Provence in France [Roscoe et al., 1998], and in March
2003 at Andoya in Norway. At Camborne, the difference between four SAOZ and other
DOAS spectrometers was smaller than 3% for total ozone, as well as with the co-located
Dobson and integrated ozonesonde profiles. This result improved by about 1% after the
following NDACC inter-comparison campaigns.

III.4 SMOOTHING ERRORS
Remote sensing gives only a smoothed perception of the true ozone vertical column. Vertical
smoothing of the information is a well-known concept to scientists involved in the retrieval of
height-resolved data from measurements by both ground-based and orbiting sensors [see e.g.
Rodgers 1976,1990]. This concept is applicable to vertical column measurements of ozone by
all ozone sensors considered in this report. Indeed, the absorption of sunlight by ozone is not
the same at all altitudes, but it varies with the abundance of ozone and with scattering and
absorption processes that control the path and the intensity of solar radiation through the
atmosphere. The result is that, instead of measuring the exact integral of the vertical
distribution of ozone, total ozone instruments report only a weighted average of this
distribution, the actual weight being dependent on a list of parameters. In the case of weak
absorbers and an optically thin atmosphere, e.g. like for ozone measurements in the visible
Chappuis band, the optical path is determined mainly by Rayleigh and Mie scattering. The
convolution of this optical path by the ozone profile is a first-order approximation of the
weighting function, often referred to as “static” weighting function.
Figure 1 illustrates schematically the optical path of the solar radiation reaching the entrance
slit of the Dobson and Brewer spectrophotometers (left) and of the zenith-viewing SAOZ
instrument at twilight (right). Figure 2 proposes a similar illustration for GOME nadir
measurements. Having in mind the standard distribution of ozone with altitude, we can
deduce from these figures that the static weighting function for SAOZ twilight data will reach
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a clear maximum for stratospheric absorptions. Dobson and Brewer direct-sun measurements
will increase the relative weight of the troposphere, but again with a maximum weight in the
stratosphere. For nadir-viewing satellites, at first glance, the weighting function resembles
that of ground-based direct-sun observations for large solar elevations, and that of groundbased twilight observations for low solar elevations.
In the case of strong absorbers and of an optically thick atmosphere, like for ozone
measurements in the ultraviolet Huggins band, the approximation of the static weighting
functions (convolution of optical path enhancement and ozone profile) can lack of accuracy.
The effective optical path can vary rapidly within the spectral fitting window (GOME) or
between pairs of wavelengths (Dobson), and absorptions by the target absorber itself add to
the loss of solar flux along the optical path, thus to the loss of photons available to
measurable absorptions in the remaining part of the optical path. Dynamical weighting
functions, including an estimation of the effective optical path as a function of wavelength
and the effect of solar flux variations along this effective optical path, have to be calculated
by appropriate radiative transfer tools.

Figure 1 – Schematic view of the optical path of: (left) direct sunlight measured by the Dobson and the Brewer
instruments; and (right) single-scattered sunlight observed by the ground-based zenith-sky spectrometer at
twilight.

Figure 2 – Schematic view of the optical path of cloud-free, single-scattered sunlight reaching GOME at high
(left) and middle (right) latitudes.
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To investigate the vertical smoothing inherent to GOME, we have calculated dynamical
weighting functions for the nadir sounding of the ozone column using a home-made
adaptation of the DISORT radiative transfer code [Dahlback and Stamnes, 1991]. The
following settings were adopted: 1-km horizontal layers from surface to top of atmosphere at
90 km; full spherical atmosphere; = 325 nm; all orders of multiple scattering included;
AFGL profile database of atmospheric constituents [Anderson et al., 1986]; background level
of aerosols; cloud-free scenario; 64 solar zenith angle values from 30° to 93°; and surface
albedo values typical of the ocean (0.05), land with vegetation (0.15), and aged snow (0.75).
It is assumed that DISORT and the GOME and TOMS forward models provide mutually
consistent results.
Figure 3 shows GOME total ozone weighting functions representative of sub-Arctic winter
(top) and the tropics (bottom). As expected, the total weighting function is found to vary with
a variety of parameters affecting radiative transfer properties, like the solar zenith angle, the
vertical distribution of air density, the vertical distribution of ozone, the surface albedo, the
presence of clouds etc. At high and moderate solar elevations, the sensitivity evolves slowly,
with a maximum weight remaining in the low stratosphere. At solar elevations lower than
10°, the weight moves rapidly up to the middle stratosphere. Increasing the albedo increases
the relative weight of the lower atmosphere. Differences between the polar and tropical
atmosphere result mainly, for the tropical case, in a rise of the stratospheric weight towards
higher altitudes (by about 5km). In any cases, the maximum weight resides slightly below the
ozone density maximum up to 80° of solar zenith angle. Deviations from the simple scenarios
illustrated here, e.g. in presence of clouds, can distort the smoothing functions more or less
significantly.
Vertical smoothing is only part of the smoothing issue. Much less considered than vertical
smoothing, horizontal smoothing can however play a large role in the comparisons of
remotely sensed ozone columns. Actually, smoothing can be a three- and sometimes fourdimensional issue. For clarity, we will investigate in this section vertical and horizontal
smoothing separately. More generally, smoothing contributes to the problematic of the air
mass coincidence. To ensure presumably sufficient coincidence, total ozone comparisons
usually start with the selection of data to be compared. A typical example of basic data
selection
is
the
widely
used
time/space
distance
criteria;
in
the
GOME/TOMS/SCIAMACHY/OMI validation literature, this window is found to vary from
100 to 600 km and from 1 hour to 1 day. Assuming implicitly that space- and ground-based
measurements both yield the exact integral of the ozone vertical distribution, and that they are
concentric when the satellite overpasses the station, the presumed objective of this easy-going
method is to reduce the time and distance differences in air mass. Unfortunately, it often
underestimates the impact of differences in smoothing and in sensitivity to the actual, finescale properties of the atmosphere.
The scanning nature of GOME operation limits its horizontal resolution to its footprint, that
is, 40km along track x 320km across track for the three forward scans. The GOME
information is smoothed additionally by the fact that the measured radiation passes two times
through the atmosphere; the optical path consists of the incoming solar beam and of the
scattered beam. According to the results of weighting function studies, the spatial distance
between the incoming and scattered beams near the ozone maximum should provide a good
estimate of this additional horizontal smoothing of the information, which degrades the
horizontal resolution of nadir data in the direction of the sun.
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Sub-Arctic winter

Tropics

Figure 3 – Weighting functions of GOME nadir ozone column measurements for sub-Arctic winter (top) and
the Tropics (bottom), as a function of the altitude and the GOME solar zenith angle.

The right-hand panel of Figure 4 shows the amplitude of the dilution of the GOME air mass
in the direction of the sun, calculated with a ray-tracing radiative transfer model. For solar
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elevations larger than 15°, the dilution does not exceed 40km. When approaching twilight
conditions, it can reach 150 km. Using the same ray-tracing code, and knowing that the
zenith-sky geometry is more sensitive to the stratosphere, we have also estimated the
horizontal projection of the stratospheric contribution to the SAOZ ozone air mass. As shown
in Figure 4 (left panel), the stratospheric air mass observed at twilight does not comprise the
location of the station, but it starts at a distance ranging from about 100 km at 86°SZA to 180
km at 91°SZA. The ending point of the stratospheric SAOZ air mass travels from a distance
of 300 km at 86°SZA to 550 km at 91°SZA. The horizontal smoothing occurs in the direction
of the rising or setting sun, thus within an azimuth changing with the season, opposite in sign
between sunrise and sunset, and changing during twilight slightly at low latitudes but
significantly near the Terminator. The horizontal projection of the ozone air mass probed by
Dobson and Brewer instruments in direct-sun operation, thus the horizontal resolution of that
kind of measurement, is estimated to extend from nearby the station to a maximum distance
of about 100 km towards the sun, provided that measurements below 15° of solar elevation
are excluded as recommended.
Those estimates of the spatial properties of the probed air masses suggest that selection
criteria based on simple time/space window can lead to the comparison of measurements with
very different horizontal resolution, and even distant by several hundred of kilometres. As
illustrated in the following section, erroneous selection of the total ozone data to be compared
can increase dramatically the dispersion of the comparison results, from a few percent at
middle latitudes to sometimes 60% percent at Antarctic stations located at the edge of the
polar vortex and situated alternatively inside and outside the ozone hole. At stations
experiencing stationary gradients, e.g. near high mountains with North-South orientation or in
the vicinity of stationary weather patterns, erroneous selection can even conclude to fictitious
systematic biases reaching sometimes 10% and more.
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Figure 4 – Estimated horizontal extension (shaded area) of the ozone air mass probed by the SAOZ (left) and
the GOME (right).
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III.5 EXAMPLES
III.5.1

Mutual consistency of UV and UV-visible ozone column data

In Section III.3, we have mentioned several papers dealing with the issue of the consistency
between Dobson and Brewer ozone column measurements, and listed major effects leading to
cyclic errors, systematic offsets and fictitious trends. Here, starting from the paper published
by Van Roozendael et al. [1998], which dealt with the main sources of discrepancy between
Dobson/Brewer data and SAOZ/UV-visible data at several NDACC sites in Europe, we will
show that their mutual agreement can reach the “percent” level when main sources of
discrepancy are properly corrected for.
Assuming that the Dobson and Brewer instruments are well calibrated, and that their data are
filtered to avoid any air mass dependence, Dobson and Brewer data can be corrected for their
temperature dependence using the formulas given by Komhyr et al. [1993]. Corrections at the
stations of Arosa (46°N) and Sodankylä (67°N) are displayed in Figure 5. The temperature
sensitivity is responsible for a fictitious seasonal variation of ±0.9% in the Alps and ±1.7% at
Sodankylä (Finland), and for a systematic offset smaller than 1%.
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Figure 5 – Time-series of the relative difference in total ozone between corrected and uncorrected Dobson data
at Arosa (46°N) and Brewer data at Sodankylä (67°N). Temperature corrections are based on ozone-weighted
mean temperatures derived from ozonesonde profile measurements at Payerne and Sodankylä, respectively.
(adapted from Van Roozendael et al., 1998).
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For the SAOZ, it is essential to calculate air mass factors at the right altitude of the station,
otherwise offsets of up to 5% can show up in the case of high mountain stations. The use of
the standard SAOZ ozone air mass factor, calculated with fixed pressure, temperature and
ozone profiles that can not reproduce the actual variability of the atmosphere, introduces in
the time-series seasonally varying offsets, in addition to the ±1% scatter that might result
from short-term fluctuations of these parameters. This effect is shown in Figure 6 at the
NDACC stations of Jungfraujoch/Payerne (Switzerland), Uccle (Belgium) and Sodankylä
(Arctic Finland).
After due correction for the temperature sensitivity of the Dobson and Brewer instruments
(Figure 5) and the seasonal variation of the SAOZ air mass factor (Figure 6), Figure 7
shows that apparent seasonalities between Dobson/Brewer and SAOZ ozone column
measurements vanish. It is worth mentioning that most of the data archived at WOUDC and
NDACC, and used in the comparisons presented in Chapter VI, are based on standard settings
and consequently do not include the aforementioned corrections. Therefore corresponding
errors will be taken into account in the discussion of comparison results.
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Figure 6 – Time-series of the relative difference between
Year SAOZ ozone air mass factors calculated from
ozonesonde data and standard SAOZ air mass factors, at three different latitudes in Europe (adapted from Van
Roozendael et al., 1998).
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Figure 7 – Time-series of the relative difference of ozone measured by the SAOZ at the Jungfraujoch (a) and at
Sodankylä (b) to that measured respectively by the Dobson at Arosa and by the Brewer at Sodankylä, after
correction for the temperature sensitivity of the Dobson and Brewer instruments (see Figure 5) and for the
seasonal variation of the SAOZ air mass factor (see Figure 6) (adapted from Van Roozendael et al., 1998).

III.5.2

Co-location of effective air masses

The discussion in Section IV.4 suggested that selection criteria based on simple time/space
window could lead to the comparison of measurements with very different horizontal
resolution, and even distant by several hundred of kilometres. Figure 8 illustrates this
problem with the comparison between GOME and SAOZ total ozone at the Jungfraujoch on a
Figure 8
day with spatial gradients and high variability typical of the fall season over the Alps. For this
example, comparing the SAOZ sunset data with all GOME pixels acquired within a radius of
500 km around the station would conclude to a systematic offset of nearly 5% and a 1σ scatter
of 6%. The same GOME/SAOZ comparison based on the daily average of sunrise and sunset
SAOZ data would lead to even worse conclusion since sunrise SAOZ data concern high
ozone air masses located several hundred kilometres eastward from the station. On the
opposite, if we compare only GOME measurements for which the footprint offers at least
25% of overlap with the effective air mass probed by SAOZ, then the mean agreement for
this unstable day falls down to 2.5% and its 1σ scatter down to about 1% [Lambert et al.,
1998]. It is not excluded that the remaining 2.5% difference can be partly explained by the 8hour time distance between sunset (SAOZ acquisition) and mid-morning (GOME overpass).
A similar behaviour is obtained when comparing Jungfraujoch SAOZ and Arosa Dobson total
ozone data. Comparisons based on sunrise SAOZ data only, which overpass the Arosa station
situated Eastern of the Jungfraujoch, are less scattered than comparisons based on sunset data
which concern air masses situated several hundred kilometres westward from Arosa.
The difference in air mass extension, thus in horizontal smoothing, can also explain parts of
the difference in scatter seen in the following chapters between the different comparisons.
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Figure 8 – Effect of air mass differences on the GOME/SAOZ comparisons, illustrated at the Jungfraujoch
(Switzerland) on 4 September 1995. Panel (a) displays the horizontal projection of the centres of individual
GOME footprints recorded on this day in a radius of 500 km around the station (blue open symbols); the SAOZ
location and the horizontal projection of its sunset air mass are represented in red; GOME measurements
crossing the SAOZ air mass with at least 25% of area overlap are highlighted in red. Panels (b) and (c) show the
corresponding difference between GOME and SAOZ total ozone as a function of the longitude (b) and latitude
(c) of the footprint centres; differences corresponding to the GOME footprints overlapping the SAOZ air mass
are highlighted in red.

III.6 CONCLUSION
The main conclusion of this Chapter is that uncertainties in the standard and/or real-time
ozone data products as available from existing databases (namely, NDACC DHF, WOUDC
and Envisat Cal/Val), coupled to smoothing errors, can be larger than the expected agreement
between improved satellite (GOME GDP 5.0) and ground-based ozone column data. Groundbased validation of satellites at the “percent level” is nevertheless feasible provided that the
interpretation takes major uncertainties into account, as it will be done in the following
chapters when discussing comparison results.
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IV

GDP 5.0 VALIDATION: ANALYSIS AT INDIVIDUAL STATIONS

In this chapter we present details of the comparisons between reprocessed GOME GDP 5.0
and ground-based correlative ozone data, as obtained at individual stations. One particular
objective of looking first at individual results is to ensure that the good global behaviour of
GOME GDP 5.0 reported in the next chapter (Chapter V), does not hide larger errors varying
from one station to another and compensating each other when global averages are
calculated.
IV.1 ILLUSTRATION OF COMPARISONS AT INDIVIDUAL STATIONS
Figure 9 and Figure 10 show typical Dobson and Brewer comparison results for the Alpine
stations of Arosa (Dobson) and Hohenpeißenberg (Brewer), using data archived in WOUDC.
These stations report only direct sun measurements, so the comparison results using all
available types of ground-based observations and the ones which correspond to direct sun
observations are identical. This is the case for most of the Brewer instruments but it is not the
case for most of the Dobson instruments. Similar comparisons have been performed for all
Brewer and Dobson instruments considered in the report and are available on request. All
latitudinal and summary plots are based on the individual station comparisons of the stations
listed in Table 1 to Table 3. The comparisons at individual stations along with comparisons
with other satellites are also used to monitor the quality of each individual station, before this
station is considered in the summary statistics.
IV.2 STATISTICAL ANALYSIS OF COMPARISON RESULTS
Figure 11 illustrates the statistical analysis of long-term series at the Dobson station of
Vindeln (top) and the Brewer station of Uccle (bottom). Time series of total ozone data and
percent relative differences are visualised and analysed to draw the general behaviour of the
data records and to detect cycles, trends, particular events, outliers… Statistical analysis is
reported visually in the graphs of Figure 11 and numerically in the tables below the graphs.
Visually, middle graphs showing percent relative differences display all comparison pairs
(grey dots), monthly medians (open black circles) and 68% inter-percentiles (error bars,
corresponding to 1σ standard deviation if the distribution of differences follows a normal law,
which is close to reality according to histograms in Figure 9 and Figure 10). Tables display:
o the sources of the data (WOUDC, NDACC etc.), their version and date range;
o the amount of single data values used in the comparisons;
o the selection method applied to the data (e.g. 300km DS means GOME data within
300km around the station, vs. Brewer direct sun data only);
o the global agreement over the whole time period (median ± 68% inter-percentile);
o the linear drift (of GDP 5.0 data with respect to ground-based data) estimated over the
whole time period (annual trend in %/year and correlation coefficient rp);
o in every cell, from June 1995 till July 2011, the monthly median relative difference
and its 68% inter-percentile, both in percent.
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Figure 9 - The comparison between GOME GDP 5.0 and ground-based Dobson total ozone data at Arosa is
shown in various formats: (from top to bottom and from left to right) ; the time evolution of the percent relative
difference with no averaging performed; the time evolution of the monthly averaged difference; histogram
representation of the percent relative difference with a mean difference of 0.89 and standard deviation of 2.70
for the 934 measurements used in this comparison; the scatter plot of the total ozone values found with a
correlation coefficient of 0.973; the average seasonal variability of the percent relative difference which shows a
small seasonal pattern; the solar zenith angle dependence of the percent relative difference for each of the four
seasons of the year, blue for winter, black for spring, yellow for summer and red for autumn.
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Figure 10 - The comparison between GOME GDP 5.0 and ground-based Dobson total ozone data at
Hohenpeißenberg is shown in various formats: from top to bottom; the time evolution of the percent relative
difference with no averaging performed; the time evolution of the monthly averaged percent relative difference;
histogram representation of the percent relative difference with a mean difference of 0.86 and standard deviation
of 2.37 for the 1051 measurements used in this comparison; the scatter plot of the total ozone values found with
a correlation coefficient of 0.981; the average seasonal variability of the percent relative difference; the solar
zenith angle dependence of the percent relative difference for each of the four seasons of the year, blue for
winter, black for spring, yellow for summer and red for autumn.
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Figure 11 – Comparison between GOME GDP 5.0 and Dobson total ozone at Vindeln, Finland (top plate), and
Brewer total ozone at Uccle, Belgium (bottom plate): (a) time series of the ozone vertical column density (VCD)
measured by the instruments (upper graph in each plate); (b) time series of the percent relative difference
between GOME and the ground-based data (lower graph in each plate); (c) table reporting statistical results (see
text for details).
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IV.3 DECADAL STABILITY OF GOME DATA RECORD
Figure 12 depicts the slope of the linear drift calculated between GOME (GDP 4.1 and 5.0)
and ground-based total ozone data records. At most stations the analysis confirms that both
GDP versions comply with the stringent stability requirement of maximum 1% per decade
(0.1%/year in Figure 12). Larger drifts are observed at about 7 Brewer stations and 20
Dobson stations. But all stations with larger drifts correspond to larger residuals on the drift
estimate (Figure 13). In several cases, but not all, the accuracy of the drift estimate is
questionable due to insufficient time sampling. In a few other cases, larger drifts and
residuals can be explained partly by a change in the ground-based instrumentation or its
calibration, which produces visible events in the ground-based time series and alter the
accuracy of the drift estimate. The general conclusion of this analysis is that GOME data are
thought to offer a good decadal stability meeting the 1%/decade requirement. This excellent
stability allows getting on with further studies of the dependence on the SZA, the ozone
column value and clouding parameters over the entire period from 1995 through 2011 (on
which the drift analysis is based).
Drift between GOME GDP 4/5 and Brewer total ozone data records

Drift between GOME GDP 4/5 and Dobson total ozone data records

Figure 12 – Slope of the linear trend (in percent/year) between GOME (GDP 4.1 and GDP 5.0) and groundbased total ozone data over the 1995-2011 period, as calculated at individual stations of the Brewer (top) and
Dobson (bottom) networks, and plotted as a function of latitude.
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Residual of the drift between GOME GDP 4/5 and Brewer total ozone data records

Residual of the drift between GOME GDP 4/5 and Dobson total ozone data records

Figure 13 – Residual of the linear trend (in percent/year) between GOME (GDP 4.1 and GDP 5.0) and groundbased total ozone data over the 1995-2011 period, as calculated at individual stations of the Brewer (top) and
Dobson (bottom) networks, and plotted as a function of latitude.
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IV.4 DEPENDENCE ON THE GOME SOLAR ZENITH ANGLE
The average solar zenith angle dependence of historical GDP 2.7 ozone columns ranged from
a few percent to ±15%, depending on the latitude, the season, and the ozone column amount.
With GDP 3.0, an improved AMF calculation cut down the amplitude of the average SZA
dependence by about 50%. With GDP 4.0, major improvements in the Raman correction and
additional improvements in the AMF calculation resulted in a more drastic reduction of the
SZA dependence, with remaining residual uncertainties of ±5% at SZA beyond 80°, inherent
to the DOAS approach. The present study aims at assessing the further reduction of the
residual SZA dependence expected from the direct fitting approach of GDP 5.0. In Chapter
V, global comparisons will show that on an average the SZA dependence has reduced to
within ±1% up to 84° of SZA, and ±4% beyond. Here we ensure that this reduction is
observed at individual stations as well and is not a consequence of averaging comparison
results. Comparisons at middle and low latitude sites show no SZA dependence at low and
moderate SZA values, as illustrated in Figure 14. Comparisons at polar stations, as illustrated in
Figure 15
(Arctic) and Figure 16 (Antarctic), confirm these conclusions up to 84° of SZA. At higher
SZAs, close to twilight conditions, comparisons at polar stations show that uncertainties
increase monotonically up to ±4% on an average. The spring and summer panels of these
figures demonstrate that during polar day, when GOME overpasses the same stations several
times a day, there is only a slight bias of maximum ±1% between GOME GDP5.0 data
obtained in the mid-morning (moderate SZA) and those obtained under midnight sun (large
SZA).

Figure 14 – Percent relative difference between GOME GDP 5.0 and IASB-BIRA ground-based UV-visible
total ozone at the Alpine station of the Jungfraujoch, plotted as a function of the GOME solar zenith angle
(SZA), by season (one per panel) and by cloud fraction (range indicated by the colour code).
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Figure 15 – Same as Figure 14, but in the Arctic with the CNRS UV-visible total ozone data at Zhigansk (top), and
the FMI-ARC Brewer total ozone data at Sodankylä (bottom).
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Figure 16 – Same as Figure 14 and Figure 15, but in Antarctic polar spring and summer with the AAS-AAAC
Brewer in San Martin (top), the JMA Dobson in Syowa (upper middle), the CAMS-IAC Brewer at Zhongshan
(lower middle), and the BAS-NERC Dobson in Halley (bottom).
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IV.5 DEPENDENCE ON CLOUD PARAMETERS
At most stations, comparisons reveal a clear dependence of the GOME/ground relative
difference on different cloud properties. The latter are derived from GOME measurements of
the O2 A-band and from readings of the GOME polarisation monitoring devices (PMDs) by
the OCRA/ROCINN algorithm, and they are available in the GOME data files produced by
GDP 5.0. The agreement between GOME and ground-based total ozone is optimal when the
fractional cloud cover within the GOME ground pixel is low and moderate, below values of
80%. At higher cloud fractions, GDP 5.0 uses the so called “fully cloudy” mode [R1]: the
cloud fraction is set to one and effective cloud-top albedo and cloud-top height are retrieved.
Ground-based comparisons conclude to a high bias of GOME GDP 5.0 up to 5% on an
average, correlating with the lowest errors on the cloud fraction. This is illustrated at the
Alpine station of Hohenpeißenberg in Figure 17 and Figure 18, respectively. A clear
correlation is also observed between this high bias and the cloud top pressure, the highest
clouds yielding the larger biases (Figure 19).

Figure 17 – Percent relative difference between GOME GDP 5.0 and ground-based Brewer total ozone at the
Alpine station of Hohenpeißenberg, plotted as a function of the GOME fractional cloud cover. Results are sorted
by season. The colour code corresponds to ranges of the fractional cloud cover derived from GOME
measurements.
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Figure 18 – Same as Figure 17, but plotted as a function of the error on the GOME fractional cloud cover.

Figure 19 – Same as Figure 17 and Figure 18, but plotted as a function of the error on the cloud top pressure.
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IV.6 DEPENDENCE ON THE OZONE COLUMN VALUE
The Antarctic ozone hole season is particularly suitable for testing GOME data over an
extended range of ozone column values, from about 100 DU up to 450 DU. Comparisons at
Antarctic stations in springtime show a clear dependence of the relative difference on the
ozone column value, as illustrated in Figure 20 at nine Antarctic stations. GOME GDP 5.0
usually overestimates the lowest column values in the 100-150 DU range by 5-10% on an
average, while the agreement with the ground is much better at column values of 200 DU and
higher. It is interesting to note that at such high latitudes the cloud retrieval algorithm
included in GDP assigns the large fractional cloud cover value of 0.8 (red dots in Figure 20)
to most of the GOME pixels.
King George Island (UAI Brewer, 62°S/59°W)

San Martin (AAS-AAAC Brewer, 68°S/67°W)

Arrival Heights (NIWA Dobson, 78°S/167°E)

Marambio (SMNA Dobson, 64°S/57°W)

Faraday (BAS/UAC Dobson, 65°S/64°W)

Zhongshan (CAMS-IAC Brewer, 69°S/76°E)

Halley (BAS-NERC Dobson, 75°S/27°W)

Belgrano (CNR Brewer, 78°S/35°W)

Amundsen Scott (NOAA Dobson, 90°S)

Figure 20 – Percent relative difference between GOME GDP 5.0 and ground-based (Brewer, Dobson and UVvisible) total ozone at nine Antarctic stations, during the ozone hole season (Antarctic springtime), plotted as a
function of the ground-based ozone column value. The colour code corresponds to ranges of the fractional cloud
cover derived from GOME measurements.
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V

V.1

GDP 5.0 VALIDATION: GLOBAL RESULTS AND STATISTICS

INTRODUCTION

Time series, SZA dependences and hemispheric averages of the percent relative difference
between GOME GDP 5.0 and ground-based total ozone data, are summarised in the
following sections. Zonal averages are calculated in 10° latitude belts, and SZA dependences
in 10° SZA bins. Results are presented separately for Dobson (Section V.2) and Brewer
(Section V.3) instruments. Hemispheric averages plots display an error bar, which represents
the 1-σ standard deviation on the mean percentage difference. The mean values are always
extracted from the averaging of all individual daily measurements that fall within the bin in
question.
V.2

COMPARISONS WITH DOBSON NETWORK

V.2.1 Southern Hemisphere Dobson Network
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Figure 21 – Comparisons between the GOME GDP 5.0 and Dobson total ozone per 10° latitude zone (from 90° -10°) for the Southern Hemisphere, as a function of time [left] and GOME solar zenith angle [right].
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Figure 22 – Time series of the monthly mean relative difference between GOME GDP 5.0 and Dobson total
ozone over the entire Southern Hemisphere.

V.2.2 Northern Hemisphere Dobson Network
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Figure 23 - Comparisons between the GOME GDP 5.0 and Dobson total ozone per 10° latitude zone (from 10°
to +90°) for the Northern Hemisphere, as a function of time [left] and GOME solar zenith angle [right].

Figure 24 – Time series of the monthly mean relative difference between GOME GDP 5.0 and Dobson total
ozone over the entire Northern Hemisphere.

Figure 25 - Zonal average difference [left] and solar zenith angle dependence [right] between GOME GDP 5.0
and Dobson total ozone based on the period June 1995 to July 2011.
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V.2.3 SUMMARY OF COMPARISONS WITH DOBSON NETWORK
o GOME GDP 5.0 overestimates ozone by about 0.5-1% over the middle latitudes of
the Northern Hemisphere and slightly overestimates (again around 0.5%) over the
middle latitudes of the Southern Hemisphere. Over the high latitudes of the Northern
Hemisphere GOME has almost no offset relative to Dobson readings while over the
high latitudes of the Southern Hemisphere comparisons are within 1% with the
exception of the South Pole stations. Over the tropical latitudes GOME estimates are
on the average between 0 to 2% over compared to Dobson measurements, however
these comparisons are heavily affected by the scarcity of ground-based data.
o GOME GDP 5.0 data when compared to Dobson measurements show a very small
dependence on the high solar zenith angles. GOME constantly overestimates ozone
for SZAs up to 70° (0-2%) and moves towards underestimation for the Arctic stations
with values reaching -2.0%. It bears recalling however that using the current groundbased data set it is not easy to separate the SZA dependence from the seasonal
dependence due to the variability in stratospheric temperatures since both are related
to the stratosphere’s natural seasonal cycle.
o There is a seasonal dependence of the differences between GOME GDP 5.0 and
Dobson data over the Northern Hemisphere, consistent and with the same amplitude
but with less offset when compared to the Brewer measurements. GOME GDP 5.0
data overestimate total ozone during the winter period compared to the Dobson
measurements by around 2% and do not differ for the summer period. This seasonal
dependence of the differences is a known feature from previous validation studies of
GDP4.x and to large extend is associated with the variability of the stratospheric
temperatures which affects the Dobson measurements due the fact that the ozone
absorption cross sections used routinely have a moderate temperature dependence
which is not taken into account in the operational Dobson algorithm [Staehelin et al,
2003.]
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Figure 26 – Latitude/time cross-section of the percent relative difference between GOME GDP 5.0 and Dobson
total ozone data (entire network).

Figure 27 – Total ozone/solar zenith angle cross-section of the percent relative difference between GOME GDP
5.0 and Dobson total ozone. This colour plot reveals a moderate bias at 60-75° SZA at ozone column values
above 300 DU and a strong bias at very low ozone values [less than 150 D.U.] typical of the Antarctic ozone
hole.
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COMPARISONS WITH (NORTHERN) BREWER NETWORK

Figure 28 – Comparisons between the GOME GDP 5.0 and Brewer total ozone per 10° latitude zone (from 30°
to 70°) for the Northern Hemisphere, as a function of time [left] and GOME solar zenith angle [right].
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Figure 29 - The time series of the percent relative difference between GOME GDP 5.0 and Brewer total ozone
data for the entire Northern Hemisphere depicted as monthly mean values.

Figure 30 - Zonal average difference [left] and solar zenith angle dependence [right] between GOME GDP 5.0
and Brewer total ozone based on the period June 1995 to July 2011.
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Figure 31 – Total ozone/solar zenith angle cross-section of the percent relative difference between GOME GDP
5.0 and Brewer total ozone. Note that the Brewers are almost all located in the Northern middle latitudes.

V 3.1 SUMMARY OF COMPARISONS WITH BREWER NETWORK
o GOME GDP 5.0 comparisons with Brewer ozone data over the Northern Hemisphere
are consistent with the GOME GDP 5.0 – Dobson comparisons. A very good
agreement is observed, even at the high latitudes where GDP 5.0 underestimates by
less than 2% for the Arctic stations.
o GOME GDP 5.0 data when compared to Brewer measurements show no dependency
between 10 and 70° solar zenith angle. Above 70° the same features as for the Dobson
comparisons appear, with a sharp decline into the under-estimating region and values
reaching -2.5% for the Arctic stations.
o There is a seasonal dependence of the differences between GOME GDP 5.0 and
Brewer measurements. Its amplitude is smaller in the Brewer comparisons over the
middle to high latitudes with respect to the Dobson comparisons, mainly due to the
fact that the temperature dependence of the Brewer measurements is smaller than the
of the Dobson ones (Staehelin et al. 2003).
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VI

GROUND-BASED VALIDATION OF OTHER SATELLITE DATA

VI.1 INTRODUCTION
Table 4 presents the characteristics of each satellite data set considered in the ground-based
comparisons. Apart from algorithm issues, differences in the estimated total ozone can be
also a result of differences between level-1 data products and between instruments.
Table 4 – Main characteristics of the MetOp-A GOME-2, ERS-2 GOME, Envisat SCIAMACHY, and EOSAura OMI satellite instruments and data used in this validation study.

Detectors
Spectral
resolution
Spatial
resolution
(default)
Swath width
Eq. crossing
time
Level-0-to-1b
processor
Level-1-to-2
processor

MetOp-A
GOME-2
Reticon linear diode
array
0.26 nm

ERS-2
GOME
Reticon linear
diode array
0.20 nm

Envisat SCIAMACHY
(*)
Reticon linear diode
array
0.26 nm

EOS-Aura
OMI
2-dimensional CCD

80 x 40 km2

320 x 40 km2

60 x 30 km2

1920 km
09:30 LT

960 km
10:30 LT

960 km
10:00 LT

2600 km
13:30 LT

GOME2 PPF 4.x

GDP L01 4.0

OML1BRUG (v003)

GDP 4.3/4.4

GDP 4.1

IPF 6.03 till 03.02.2010,
then IPF 7.03
SDOAS (GDP 4.0)

0.45 nm
up to 13 x 24 km2

OMDOAO3 v1.0.5
OMTO3 v1.1.0

(*) Note: The SCIAMACHY Level-2 data set used here was produced at BIRA-IASB from Level-1b
data produced at DLR with IPF 6.03, and corresponds to SCIAMACHY Level-2 data produced with
the operational SCIAMACHY Ground Processor (SGP) version 3.01. However, Level-0-to-1b
processing was upgraded on 4 February 2010 to IPF version 7.03. The resulting Level-2 version SGP
5.01 is still based on GDP version 4.0 but the degradation correction through the so called m-factors
constitutes a major improvement since a smaller ozone drift is expected. The data set used here is
therefore inconsistent for the period 4 February 2010 - July 2011, due to the operational switch in
SCIAMACHY. At the time of this report the SCIAMACHY full mission reprocessing is nearly
complete with version 5.02, but not yet released to the user community.

Zonal averages, SZA dependences and globally averaged time-series of the percent relative
difference between ground-based and satellite total ozone data, are displayed in Sections VI.2
and VI.3, and summarised in Section VI.4. Zonal averages are calculated in 10° latitude belts,
and SZA dependences in 10° SZA bins. Results are presented separately for Dobson (left
column) and Brewer (right column) instruments, and also separately over the Northern
Hemisphere (3rd line) and the Southern Hemisphere (4th line, only for Dobson comparisons).
Zonal averages and SZA dependence plots display an error bar, which represents the 1-σ
standard deviation on the mean percentage difference. The mean values are always extracted
from the averaging of all individual daily measurements that fall within the bin in question.
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VI.2 COMPARISONS WITH PREVIOUS VERSION GDP 4.1 OF GOME DATA

Figure 32 - Comparisons of common dates of GOME GDP4.1 (in black) and GOME GDP5.0 (in mauve) data
with ground-based data, for the same Dobson (left column) and Brewer geolocations (right column). These
include (from top to bottom) latitudinal dependence of the differences, the SZA dependence of the differences
and time series of the differences averaged over the Northern and the Southern hemisphere.
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VI.3 COMPARISONS WITH OMI-DOAS, OMI-TOMS AND SCIAMACHY

Figure 33 - Comparisons of OMI-DOAS (in light blue), OMI-TOMS (dark blue), SCIAMACHY (light green)
and GOME GDP5.0 (purple) data with ground-based data, for the same Dobson (left column) and Brewer
geolocations (right column). These include (from top to bottom) latitudinal dependence, the SZA dependence
and the time series of the differences averaged over the Northern and the Southern hemisphere.
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VI.4 SUMMARY OF COMPARISONS WITH OTHER SATELLITE DATA
Compared to GOME GDP4.1 for the Dobson co-locations:
o On a latitudinal basis, the new version GDP5.0 seems to be shifted towards the
overestimating region for all latitudes, with an average of around 1% except from the
Antarctic region where the comparisons improve for all stations apart from the South
Pole ones.
o On a SZA basis, the new version GDP5.0 shows a marked improvement since the
previously observed SZA dependency does not exist anymore for angles between 10°
and 70° where the differences range between 1-2%. For the high SZAs, GDP5.0
comparisons are also improved however the differences for the angles between 70°
and 90° go from an overestimation of around 2% to an underestimation of around 2%. This is a feature that will be attempted to be resolved in a future version of the
algorithm.
o On a time series basis, for the NH, the peak-to-peak amplitude of the seasonal
variability in the differences seems not to be changed between the GDP4.1 and the
GDP5.0 version of the algorithm. The mean bias seems to be shifted towards the
overestimation with a mean between 1-2%. For the SH, due to the lack of groundbased stations, the seasonal variability is not well-depicted, hence we cannot make
any safe assessments from the diagrams only.
Compared to GOME GDP4.1 for the Brewer co-locations:
o On a latitudinal basis, the new GDP5.0 algorithm provides improved comparisons for
the NH, greatly smoothing the previous latitudinal dependency with mean values
around the zero line.
o On a SZA basis, in the new GDP5.0 algorithm shows no SZA dependency and no
difference between satellite and ground up to around 70°. For higher SZA, same
picture as for the Dobson comparisons is observed and these features are under
consideration.
o On a time series basis, the peak to peak variability of the difference oscillates between
±1% around the zero line for both algorithms.
Compared to OMI_TOMS, OMI_DOAS and SCIAMACHY for the Dobson co-locations:
o On a latitudinal basis, for the middle and high latitude of the NH OMI_DOAS and
SCIAMACHY show almost no dependency and zero mean difference, with
OMI_TOMS showing a light under-estimation of around -1%. For the tropical belts,
the features shown are due to the scarcity of ground-based measurements and are not
due to the satellite analyses. For the SH, near-identical high variability overestimations are seen for GOME GDP5.0, OMI_DOAS and SCIAMACHY with
OMI_TOMS differentiating with under-estimating the ground truth for all latitudinal
bands.
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o On a SZA basis, GDP5.0 behaves better than both OMI_DOAS and SCIAMACHY,
with far less SZA dependency up to 70°. OMI_TOMS shows a very constant -1% bias
for all SZAs, with the differences becoming similar to those of the rest of the satellite
for the SZAs above 70°.
o On a time series basis, for the NH it is obvious that the peak-to-peak seasonal
variability is due to a combination of true seasonal effects and possible ground-based
instrumentation issues since the three DOAS algorithms show precisely the same
behaviour for the common years. OMI_TOMS shows almost no seasonality, and 0.5% seasonal variability. Not a lot can be said for the SH comparisons.
Compared to OMI_TOMS, OMI_DOAS and SCIAMACHY for the Brewer co-locations:
o On a latitudinal basis, GDP5.0 presents a more stable image with near zero
comparisons which only reach -1% for the high Arctic latitudes. OMI_DOAS and
SCIAMACHY show a very similar -1% difference for all latitudes and no dependency
and OMI_TOMS around -2%.
o On a SZA basis, as for the Dobson comparisons.
o On a time series basis, the peak-to-peak seasonality has far smaller amplitude
[compared to the Dobson comparisons] at a ±1% with however exactly the same
comparative picture as before.
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VII

SUMMARY AND CONCLUDING REMARKS

VII.1 SUMMARY
The correctness of upgrades of GOME Data Processor level-1-to-2 from version 4.1 to
version 5.0, as well as their effect on the global quality of the GOME total ozone data record
over the entire lifetime of the ERS-2 mission, have been investigated using different methods.
The investigation is based on comparisons with correlative measurements from ground-based
networks contributing to WMO’s GAW, and on similar analysis of other satellites, with
substantial support from the teams in charge of retrieval algorithm developments and of
implementation in the operational GDP environment.
In general, it is confirmed that modifications implemented in GDP 5.0 produce expected
changes in the data products. Seasonal and solar zenith angle dependences between GOME
and ground-based network total ozone data are not larger than the “percent level” at low,
moderate and moderately high solar zenith angles. They do not exceed an average ±4%
amplitude at solar zenith angles larger than 84°. This clear improvement enhances the use of
GOME data for accurate polar studies.
The GOME GDP 5.0 data record is stable for the complete period 1995-2011, and not only
until the loss of global coverage in 2003 – the latter being only due to the failure of the ERS2 on-board tape recorder, which does affect ozone data quality. This long-term stability
enables the use of GOME GDP 5.0 data for global ozone trend monitoring and for research
on ozone-climate interactions.
Latitudinaly averaged differences between GOME GDP 5.0 total ozone and other
measurement systems (extensive monitoring networks and satellites) are summarised in
Table 5. These statistics are extracted from the top row of Figures 32 and 33, i.e. the
comparisons are already weighted and averaged within each 10° latitude bin and then further
averaged with the three zonal bands chosen for demonstration purposes, namely 0°-30°, 30°60° and 60°-90°.
Globally averaged differences between GOME GDP 5.0 total ozone and other measurement
systems (extensive monitoring networks and satellites) are summarised in Table 6. The
statistics for this table are also extracted from the latitudinaly averaged comparisons, in bins
of 10° in latitude. Apart from the mean percentage difference between satellite and groundbased measurement which is calculated per bin and then averaged for all latitudinal bins, the
mean satellite and ground-based total ozone estimate per bin is also calculated to provide the
correlative factor shown in the third column of the table.
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Table 5 - Mean relative difference between the various instruments examined for coincident measurements
only, averaged in latitude zones, for Brewers (left columns) and Dobsons (right columns).
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Table 6 – Mean global relative difference between the various instruments examined for coincident
measurements only. The standard deviation represents only the latitudinal variability of the differences
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COMPARISONS CAN BE SUMMARISED AS FOLLOWS:
a. With respect to ground-based network data records, GOME GDP 5.0 offers at most of
the stations a long-term stability meeting the requirement of 1% per decade. Similar
results were already obtained with the previous GDP 4.1 data record.
b. GOME GDP 5.0 overestimates ground-based total ozone by about 0.5-1% over the
middle latitudes of the Northern Hemisphere, and slightly overestimates by about
0.5% over the middle latitudes of the Southern Hemisphere. Over the high latitudes of
the Northern Hemisphere GOME GDP 5.0 has almost no offset relative to Dobson
readings, while over the high latitudes of the Southern Hemisphere comparisons are
within 1% with the exception of the Antarctic stations. Over the tropical latitudes
GOME GDP 5.0 total ozone data are on the average between 1 and 3% over
compared to Dobson measurements, however these comparisons are heavily affected
by the scarcity of ground-based data and appropriate co-locations.
c. GOME GDP 5.0 total ozone data when compared to Dobson measurements show a
very small dependence on the solar zenith angle. GOME overestimates ozone for
SZAs up to 70° (0-2%) and moves towards underestimation for the Arctic stations
with values reaching -2.5% on an average, and ±4% at individual stations. It is worth
recalling that using the current Brewer and Dobson data sets, which are based on
ozone absorption cross sections at a fixed temperature, does not allow easy separation
of the GOME SZA dependence from the Dobson and Brewer temperature dependence
(due to the sensitivity of the absorption cross sections to the stratospheric
temperatures), since both are related to the seasonal cycle. UV-visible data are not
affected by any temperature dependence of their ozone absorption cross sections
(Chappuis bands). However, the seasonal variation of the ozone and
temperature/pressure profiles introduces a seasonality in the AMF. At stations using a
standard and fixed AMF (which is not the case e.g. at the Jungfraujoch station
illustrated in Section IV), this AMF seasonality can generate a cycle in the
comparisons with GOME, although generally not in phase with the GOME SZA,
allowing a clearer identification of the GOME SZA dependence.
d. There is a seasonal dependence of the difference between GOME GDP 5.0 and
Dobson data over the Northern Hemisphere, consistent and with the same amplitude
but with less offset when compared to the Brewer measurements. Reprocessed GOME
GDP 5.0 data overestimate total ozone during the winter period compared to the
Dobson measurements by around 2% and do not differ for the summer period. This
seasonal dependence of the differences is a known feature from previous validation
studies of GDP4.x and to large extent is associated with the variability of the
stratospheric temperatures which affects the Dobson measurements [Staehelin et al,
2003.
e. Comparisons of reprocessed GOME GDP 5.0 total ozone data with Brewer ozone
data over the Northern Hemisphere are consistent with the GOME – Dobson
comparisons. A very good agreement is observed, even at the high latitudes where
GOME underestimates by less than 2% total ozone recorded at Arctic stations.
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f. When compared to Brewer measurements, GOME GDP 5.0 data show no dependence
between 10° and 70° solar zenith angle. Above 70° the same features as for the
Dobson comparisons appear, with a sharp decline into the under-estimating region
and values reaching -2.5% for the Arctic stations.
g. There is a seasonal dependence of the difference between GOME GDP 5.0 and
Brewer measurements. Its amplitude is smaller in the Brewer comparisons over the
middle to high latitudes with respect to the Dobson comparisons, mainly due to the
fact that the temperature dependence of the Brewer measurements is smaller than the
of the Dobson ones [Staehelin et al., 2003]. Furthermore there is no positive bias in
this amplitude, contrary to what was seen for the Dobson comparisons.
h. Individual ground-based comparisons of reprocessed GOME GDP 5.0 total ozone
data reveal a high bias of up to 5% at high cloud fractions beyond 80% (the so-called
“fully cloudy” mode), correlating also with lowest cloud fraction errors and lowest
cloud top pressure (highest clouds). The agreement with ground-based data is optimal
at low and moderate cloud fractions, where no dependence can be detected.
i. Individual comparisons of reprocessed GOME GDP 5.0 total ozone data with Brewer,
Dobson and UV-visible data in Antarctic springtime show an overestimation by
GOME of the lowest ozone column values (100-150 DU) by about 5-10% on an
average. Ozone/SZA cross-sections obtained by statistical analysis of GOME/Dobson
comparisons confirm this and also seem to reveal an overestimation of large columns
around 425 DU by a few percent.

VII.2 CONCLUDING REMARKS
Documentation: Existing documentation on GDP and on the quality of GDP data products
was updated:
o Algorithm Theoretical Basis Document (ATBD) for GDP 5.0 [R1], which includes a
validation summary based on the present validation results
o Product user Manual (PUM) for GOME [R2] describing how to access the data and
the detailed HDF5 format of GDP 5.0 products
o Scientific papers in the peer-reviewed literature
Operation: As a result of the general improvement of the GOME total ozone data product,
the complete GOME data record from July 1995 till July 2011 has been reprocessed with
GDP 5.0 and is available to the public via ESA’s Help & Order desk. GOME documentation
(including this report) and imagery can be found at http://atmos.eoc.dlr.de/gome
Applications: The present quality of GDP 5.0 level-2 data products makes them suitable for
a wide variety of geophysical research applications, including global ozone trend monitoring,
polar process studies, and research on the links between ozone and climate change.
Reprocessed data products can be used within the limitations outlined in the existing
literature and updated in the present report.
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