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Samenvatting 

Het centrale onderwerp van dit proefschrift is een studie naar de eigenschappen van 
satellietmetingen van de verticale verdeling van ozon in de atmosfeer. Het sporengas ozon in de 
Aardse atmosfeer speelt een sleutelrol in tal van dynamische en (foto-) chemische processen. 
Ozon in de stratosfeer, tussen 10- en 40-kilometer hoogte, beschermt het leven op Aarde tegen 
schadelijke ultraviolette zonnestraling. Echter, hoge concentraties ozon in de lucht op leefniveau 
zijn schadelijk en ozon is dan ook één van de belangrijkste bestanddelen van luchtvervuiling. De 
verdeling van ozon verandert van dag tot dag, voornamelijk veroorzaakt door luchtstromingen, 
maar ook door de chemische productie en afbraak ervan. De jaarlijks terugkerende afbraak van 
stratosferisch ozon boven de zuidpool en daarmee het ontstaan van het ozongat is het meest 
dramatische voorbeeld van ozonvariatie. Gezien de belangrijke rol van ozon in de atmosfeer is 
het van groot belang om de wereldwijde verspreiding ervan goed te kennen en te karakteriseren. 
Hierbij is zowel kennis van de horizontale als ook de verticale verdeling, het profiel, van belang. 
Het ozonprofiel kan met grote precisie vanaf de grond worden gemeten. We kennen hiervoor 
drie veelgebruikte meetmethoden: metingen met behulp van zogenaamde lidars (radars 
gebaseerd op licht- in plaats van radiogolven), microgolfradiometers en door in-situ metingen 
door middel van ballonsonderingen. De grondmetingen worden meestal in internationaal 
verband gecoördineerd uitgevoerd. Zo is er bijvoorbeeld het “Network for Detection of 
Stratospheric Change” (NDSC), een samenwerkingsverband tussen een groot aantal 
meetstations die metingen aan ozon en verwante sporengassen op een aantal strategische 
plekken op Aarde met een uitgebreid instrumentarium uitvoert. Aan de nauwkeurigheid van de 
metingen worden hoge eisen gesteld en deze worden regulier gecontroleerd door middel van 
onderlinge vergelijkingen. Echter, deze metingen blijven beperkt tot een bescheiden aantal 
locaties, welke bovendien voornamelijk boven land en in ontwikkelde landen plaatsvinden. 
Meten vanuit de ruimte met satellieten biedt daarom een goede uitkomst en een belangrijke 
aanvulling op deze set metingen. 

De eerste satellietmetingen van ozon in de atmosfeer stammen uit het begin van de 70-er 
jaren. Rond 1978 werd er begonnen met het opbouwen van een bruikbare, lange en consistente 
tijdreeks. In die periode werden de eerste metingen gedaan met de “Total Ozone Mapping 
Spectrometer” (TOMS), de “Solar Backscatter Ultraviolet” (SBUV) en de “Stratospheric 
Aerosol and Gas Experiment” (SAGE) instrumenten. TOMS meet de totale kolom van ozon, dat 
is alle ozon geïntegreerd vanaf de grond tot aan de top van de atmosfeer, terwijl de andere twee 
instrumenten ozonprofielinformatie leveren. De meetreeksen van deze instrumenten zijn tot op 
heden voortgezet met vergelijkbare instrumenten, en vergelijkbare missies staan ook voor in de 
toekomst gepland. Inmiddels zijn er een aantal verschillende meetmethodes die zijn toegepast in 
diverse satellietinstrumenten waarmee vanuit de ruimte de verticale ozonverdeling kan worden 
gemeten. Bij deze metingen wordt op afstand (remote sensing) straling gemeten die in contact is 
geweest met de atmosfeer en waarin de specifieke kenmerken van ozon zijn achtergelaten, 
bijvoorbeeld door lichtabsorptie. De hoeveelheid ozon kan vervolgens herleidt worden uit de 
stralingsmeting door het terugrekenen van deze bekende effecten, dit proces noemt men 
“retrieval”. 

In dit proefschrift zullen de ozonprofielmetingen van een tweetal satellietinstrumenten 
worden behandeld. De meettechnieken van deze instrumenten zijn analoog aan die van de eerder 
genoemde SBUV- en SAGE-instrumenten. Het eerste instrument is het “Global Ozone 
Monitoring Experiment” (GOME) instrument, welke in april 1995 aan boord van de tweede 
aardobservatiesatelliet ERS-2 werd gelanceerd door de Europese ruimtevaartorganisatie ESA. 
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Dit instrument kijkt door de atmosfeer naar de Aarde toe (nadir) en meet hierbij verstrooid 
zonlicht in het ultraviolette, zichtbare en infrarode deel van het elektromagnetische spectrum van 
240–790 nm. Er zijn twee gegevens die er samen voor zorgen dat het mogelijk is om uit de 
gemeten stralingsniveaus ozonprofielinformatie te halen. Ten eerste neemt de concentratie van 
ozon in de stratosfeer, van bovenaf gezien, sterk toe tot aan de hoogte waar de concentratie een 
maximum bereikt. Ten tweede verandert, in een bepaald deel van het spectrum in het ultraviolet, 
de lichtabsorptie per ozonmolecuul sterk. Hierdoor heeft licht van verschillende golflengtes een 
andere indringdiepte in de atmosfeer en is het mogelijk om het gemeten licht te relateren aan een 
bepaald hoogtebereik. De combinatie van metingen bij verschillende golflengtes levert 
vervolgens de verticale verdeling op. Deze techniek vereist echter een hoge nauwkeurigheid van 
de gemeten stralingsniveaus, want de onderlinge verhoudingen bij verschillende golflengtes 
moeten in absolute waarden bekend zijn. De metingen dienen dus uiterst zorgvuldig te worden 
gekalibreerd. 

In hoofdstuk 2 speelt het belang van goed gekalibreerde spectra een grote rol en wordt 
aangetoond dat de regulier beschikbare stralingsmetingen van GOME niet voldoende 
nauwkeurig zijn voor de retrieval van ozonprofielen. Daarnaast wordt aangetoond dat de 
kwaliteit van de GOME-metingen in de loop der jaren sterk achteruit is gegaan door 
veranderende detectie-eigenschappen met grote gevolgen voor de ozonprofielmetingen. In dit 
hoofdstuk wordt een algemene methode gepresenteerd om hiervoor te corrigeren. Daarnaast 
wordt ook de techniek besproken waarmee uit de GOME-metingen ozonprofielen worden 
herleid. De gebruikte retrieval-software (algoritme) is ontwikkeld door het Koninklijk 
Nederlands Meteorologisch Instituut (KNMI). De ozonprofielen die zijn verkregen met de 
opnieuw gekalibreerde spectra verschillen van de profielen van de ongecorrigeerde spectra over 
het gehele bereik van 0- tot 50-km hoogte en vergelijken beter met de grondmetingen; 
verbeteringen zijn het grootst (tot 50%) bovenin het profiel. 

In hoofdstuk 3 wordt er speciaal gekeken naar hoe de verkregen satellietozonprofielen van 
GOME moeten worden gekarakteriseerd. Hierbij is het van belang de gebruikte retrieval-
methode enigszins toe te lichten. Deze methode, “optimal estimation”, combineert informatie uit 
de spectrale metingen met klimatologische (a-priori) informatie. Het gebruik van a-priori-
informatie is noodzakelijk om de retrieval te stabiliseren. Doet men dit niet, dan zullen kleine 
meetonzekerheden en de beperkte profielinformatie in het spectrum leiden tot onrealistische 
structuren in het gevonden profiel. Het interpreteren van de met optimal estimation bepaalde 
profielen is niet altijd even vanzelfsprekend. In hoofdstuk 3 worden hiervoor een drietal 
middelen aangereikt om dat te vergemakkelijken. Ten eerste geldt dat de per hoogte gevonden 
ozonconcentratie wordt bepaald door de werkelijke concentraties in een zeker hoogtebereik. In 
hoofdstuk 3 wordt een geschikte formule gepresenteerd waarmee het hoogteoplossende 
vermogen, ook wel verticale resolutie genoemd, van het ozonprofiel kan worden 
gekarakteriseerd. Ten tweede wordt een formule voorgesteld waarmee, voor elk punt van het 
gevonden profiel, het zwaartepunt van de verschillende bijdragen van het werkelijke profiel 
wordt bepaald. Deze feitelijke hoogte kan namelijk soms afwijken van de opgegeven hoogte, en 
dit is vooral van belang voor de gevonden concentraties op lagere hoogten die sterk worden 
beïnvloed door de veel hogere concentraties van het profiel hogerop. De derde 
interpretatiemethode kwantificeert de bijdrage van de voorkennis (a-priori-informatie) in het 
gevonden profiel, want als er geen of onvoldoende informatie in de meting zit dan neigt het 
gevonden profiel naar het a-priori-profiel toe. Uit de conclusies van deze drie 
interpretatieparameters blijkt dat het GOME-ozonprofiel onder de 17-km hoogte alleen kan 
worden gebruikt als ook de a-priori-informatie en de zogenaamde “averaging kernels” op een 
goede manier worden meegenomen. Deze averaging kernels worden voor elk gevonden profiel 
bepaald en geven het mathematische verband aan tussen het gevonden, het werkelijke en het a-
priori ozonprofiel. Boven de 17-km hoogte hebben de profielen een verticale resolute van 
ongeveer 11 km en bevatten ongeveer 50% aan a-priori-informatie. Daarnaast wordt in 
hoofdstuk 3 aandacht besteed aan het op de juiste manier vergelijken van deze satellietmetingen 
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met een betrouwbare referentie. De metingen zijn daartoe vergeleken met lidarmetingen gedaan 
in Lauder, Nieuw-Zeeland. Die vergelijkingsstudie bracht significante verschillen aan het licht 
en deze variëren afhankelijk van de hoogte en het seizoen, wat duidt op onvolkomenheden in het 
toegepaste algoritme. Later zou blijken dat dit ligt aan de gebrekkige correctie van de spectrale 
metingen en het niet meenemen van polarisatie-effecten in de stralingstransportberekening, van 
het toenmalige algoritme. 

In hoofdstuk 4 worden de resultaten van negen verschillende algoritmes vergeleken die allen 
ozonprofielen herleiden uit GOME-spectra. Behalve de eerder beschreven methode zijn er nog 3 
andere methodes die hiertoe in staat zijn. Zo is er een methode die geen gebruik maakt van a-
priori-ozonprofielinformatie, maar die de stabilisatie van de retrieval op een meer 
mathematische manier tot stand brengt (met Philips-Tikhonov regularisatie). Deze methode gaat 
ervan uit dat het herleide profiel alleen oscillaties bevat met een lage frequentie. Want andere 
informatie, namelijk over de fijnstructuur van het ozonprofiel, is niet aanwezig in de GOME-
meting en het toestaan daarvan in de herleiding resulteert in grotere meetfouten en onrealistische 
structuren in het gevonden profiel. Een derde methode maakt gebruik van een zogeheten neuraal 
netwerk die GOME-spectra op een statistische manier relateert aan bekende ozonprofielen. Deze 
relatie wordt niet expliciet gemaakt, maar is vervat in het neurale netwerk dat langzaam heeft 
geleerd van een groot aantal GOME-spectra met bijbehorende ozonprofielen die dienen als 
voorbeelden: de training. De profielen in de trainingsset zijn afkomstig van andere metingen 
(bijv. grond- en/of satellietmetingen) die gelijktijdig en op dezelfde plaats op Aarde zijn 
gemeten als de GOME-meting. Zodra het neurale netwerk is getraind, is het vele malen sneller 
dan de andere methodes in het bepalen van een ozonprofiel uit een GOME-spectrum en kan het 
bovendien gebruikmaken van de kwaliteit van andere metingen. De vierde methode is data-
assimilatie van totale ozonkolommetingen. Deze methode maakt gebruik van de fysische, 
chemische en meteorologische kennis van de atmosfeer om de gemeten totale kolom in de 
verticaal op de juiste manier te verdelen. In hoofdstuk 4 zijn negen algoritmes, die 
gebruikmaken van één van deze vier methodes geëvalueerd aan de hand van dezelfde 
interpretatie- en vergelijkingsmiddelen zoals die uit hoofdstuk 3, maar nu toegepast op GOME-
profielen die dicht in de buurt waren gemeten (in tijd en ruimte) van vijf verschillende 
lidarstations. Deze lidars staan op verschillende strategische locaties op Aarde. De gezamenlijke 
data die zijn gebruikt voor de vergelijking met GOME omvatten bijna 1000 ozonprofielen en 
zijn verdeeld over alle seizoenen. De algemene conclusie is dat de algoritmes goedbruikbare 
profielinformatie leveren in het hoogtebereik 15–48 km. In dit hoogtebereik hebben de profielen 
bepaald met optimal estimation en Philips-Tikhonov regularisatie een verticale resolutie van 
ongeveer 10-km, een precisie van ongeveer 5–10% en een afwijking die kan oplopen tot 5% of 
20%, afhankelijk van hoe de spectra opnieuw zijn gekalibreerd. De neurale netwerken leveren 
ozonprofielen met een hogere kwaliteit, maar dat hangt wel sterk af van de kwaliteit van de 
gebruikte trainingsdataset. Het algoritme dat gebruik maakt van data-assimilatie levert, zoals 
verwacht een iets mindere kwaliteit data. 

In hoofdstuk 5 komt het tweede satellietinstrument aan bod en dit is het “Global Ozone 
Monitoring by Occultation of Stars” (GOMOS) instrument, welke in maart 2002 aan boord van 
de Europese milieusatelliet ENVISAT werd gelanceerd door ESA. Dit instrument kijkt door de 
atmosfeer heen naar ondergaande sterren en detecteert hierbij licht in het spectrale gebied 250–
675 nm. Deze meetmethode is zelfkalibrerend en heeft ook het voordeel dat er een veelvoud aan 
ondergaande sterren beschikbaar is gedurende de omloop van de satelliet om de Aarde. Dit 
laatste is een duidelijk voordeel ten opzichte van instrumenten zoals SAGE die naar de 
ondergaande en opkomende zon kijkt. SAGE levert hiermee hooguit 30–40 metingen per dag, 
terwijl GOMOS ruim 300 metingen per dag kan verrichten. De ozonprofielen van GOMOS, die 
zijn gemeten in de periode van juli 2002 tot april 2003, zijn in een validatiestudie vergeleken 
met metingen gedaan met ballonsonderingen, lidars en microgolfradiometers. In totaal zijn er 
data bijgedragen van 31 instrumenten of lanceerplaatsen van 25 meetstations, die in locatie 
wereldwijd zijn verspreid van de noord- tot de zuidpool. Uit deze data konden er 6747 metingen 
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worden geïdentificeerd die zowel in tijd als in ruimte voldoende dicht bij een GOMOS-meting 
waren verricht, respectievelijk binnen 20 uur en 800 km. Door de enorme hoeveelheid 
vergelijkingsmateriaal kon de kwaliteit van de GOMOS-data worden getoetst op de mogelijke 
afhankelijkheid van veel verschillende parameters. Echter, allereerst bleek het nodig om uit de 
GOMOS-data, met simpele criteria, de slechte data weg te filteren. De kwaliteit van de 
overgebleven GOMOS-ozonprofielen blijkt sterk afhankelijk van de belichting van de atmosfeer 
door de zon. Deze belichting verstoort de meting van het sterlicht. Metingen verricht in een door 
de zon belichte atmosfeer, en ook in de atmosfeer waarin het nog schemert, resulteren in 
profielen met een lage kwaliteit. De data die zijn gemeten aan de nachtkant van de Aarde 
vergelijken zeer goed met de correlatieve data en in het hoogtebereik 14–64 km is er een kleine 
(2.5–7.5%) onbeduidende negatieve afwijking en hebben de verschillen een standaardafwijking 
van 11–16% (19–63 km). Deze conclusie bleek onafhankelijk te zijn van zowel de 
eigenschappen van de gebruikte ster in de meting als van de breedtegraad waar de meting is 
verricht. 
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Chapter 1 

Introduction 

The interaction of ozone with electromagnetic radiation has been the important basis of many 
scientific research studies. Life on Earth is protected from the harmful radiation present in the 
ultraviolet (UV) part of the solar spectrum. Absorption of UV radiation in the atmosphere is 
primarily due to molecular oxygen and ozone (see Figures 1.1 and 1.2). Despite the small 
amount of ozone, no solar radiation penetrates to the lower atmosphere at wavelengths <310 nm, 
because of the large absorption cross sections of ozone. Nevertheless, this protection can not be 
taken for granted and there has been a growing public concern regarding the impact of human 
activities on the Earth’s atmosphere. Such impacts include the declining stratospheric ozone 
layer, the changing global climate and the increasing pollution of the troposphere. In the past 
two decades researchers in various scientific disciplines have made considerable efforts to try to 
understand the underlying chemical and physical processes and the role of anthropogenic gas 
emissions. The catalytic destruction of atmospheric ozone due to the presence of chlorine 
compounds and the role of greenhouse gases in the Earth’s radiation budget were soon identified 
and ultimately led to international policy responses, such as the Montreal and Kyoto protocols. 
Monitoring the effect of these protocols and the impact of human activities on the atmosphere is 
of great importance, as well as enlarging and improving the current knowledge of the associated 
atmospheric processes. 

This task relies critically on the availability of various key atmospheric-state parameters. As 
ozone plays a crucial role in all of this, measurements of its vertical distribution on a global 
scale is a prerequisite to achieve these goals. A multitude of ground-based and balloon-borne 
techniques provides high-quality data with long time series. Nevertheless, even though there are 
numerous stations worldwide, their global distribution is heavily biased toward landmasses, 
especially those belonging to the developed countries. For a good global coverage one has to 
rely on data provided by satellite instruments. Initially, a general description of the atmospheric 
structure and composition will be presented in the next section with an emphasis on the role of 
ozone. Then in Section 1.2, the satellite instruments and techniques that have been, are or will 
soon be measuring ozone profile data from space will be described. Once a satellite is launched 
into orbit its instruments on board can no longer be perfectly checked for, for example, changing 
calibration or degradation effects, and unforeseen important, and hence unknown, instrumental 
parameters. In addition, they are in general relatively short-lived (on average about 5 years) for 
the time scales required for some of the users. These disadvantages can be overcome by 
confronting the satellite data with high-quality data measured from the ground, aircrafts or 
balloon soundings. The most common and widely-used correlative data sets are introduced in 
Section 1.3, which is followed by a subsection describing on-going efforts to ensure their high-
quality. Assessing the data quality is one of the very important aspects in the characterization of 
ozone profiles from satellites, but knowing how to interpret the retrieved data, a task, which is 
not always as straightforward as expected, is equally important for the end user. In this thesis all 
these aspects are encompassed, and the reader can find an outline of the covered subjects in the 
last section (1.4) of this introduction. 
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Figure 1.1. Solar spectral irradiance (flux) at the top of the atmosphere and at the surface, adapted from 
McCartney [1983]. 

 
Figure 1.2. Spectral absorption cross sections of O, O2 and O3 adapted from McCartney [1983]. For an 
atmosphere with a normal ozone layer, the region in which most of the solar radiation is absorbed, is 
indicated above the graph. 

Once a satellite is launched into orbit its instruments on board can no longer be perfectly 
checked for, for example, changing calibration or degradation effects, and unforeseen important, 
and hence unknown, instrumental parameters. In addition, they are in general relatively short-
lived (on average about 5 years) for the time scales required for some of the users. These 
disadvantages can be overcome by confronting the satellite data with high-quality data measured 
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from the ground, aircrafts or balloon soundings. The most common and widely-used correlative 
data sets are introduced in Section 1.3, which is followed by a subsection describing on-going 
efforts to ensure their high-quality. Assessing the data quality is one of the very important 
aspects in the characterization of ozone profiles from satellites, but knowing how to interpret the 
retrieved data, a task, which is not always as straightforward as expected, is equally important 
for the end user. In this thesis all these aspects are encompassed, and the reader can find an 
outline of the covered subjects in the last section (1.4) of this introduction. 

1.1 Atmospheric Structure and Composition 

1.1.1 Structure - Temperature 
The atmosphere can be divided into several different layers each possessing very distinct 

chemical and dynamical properties. The easiest way to visualize these layers is by looking at a 
typical atmospheric temperature distribution (see left panel of Figure 1.3), which reflects the 
different regions and supports the understanding of the corresponding dynamical properties. At 
first, the structure of the different regions will be described and in the next subsection this is 
followed by a brief description of ozone in the atmosphere. 

The lowermost part of the atmosphere, up to approximately 11-km altitude, is mainly 
determined by the absorption of thermal radiation, which was emitted at the Earth’s surface. The 
absorption induces a negative temperature gradient with increasing altitude of about 6–10 K/km, 
and implies a low static stability leading to convective mixing on timescales of hours to days. 
This well-mixed regions owes its name from the Greek word tropos, which means turning (or 
mixing), and is called the troposphere. 

The region above the troposphere, up to approximately 50-km altitude, is no longer 
dominated by the Earth’s thermal radiation, but instead the absorption of ultraviolet (UV) solar 
radiation by ozone determines the vertical temperature structure. In the equilibrium state of the 
various (photo-) chemical reaction cycles, the trace gas ozone is more abundant in this region; 
almost 90% of all atmospheric ozone resides in this region. The resulting positive temperature 
gradient with increasing altitude implies a large static stability suppressing vertical motions. 
This region owes its name from the Latin word stratum, which means layered, and is called 
stratosphere reflecting the more important horizontal mixing here. 

The region above the stratosphere, up to approximately 85-km altitude, is again characterized 
by a negative temperature gradient with increasing altitude, as UV absorption by ozone is no 
longer dominant due to the lower ozone concentrations. This region owes its name from the 
Greek word mesos, which means middle, and is called mesosphere. Note that this name can be a 
bit confusing, because the stratosphere and the mesosphere together, too, are often referred to as 
the “middle atmosphere”.  

The region above the mesosphere is commonly referred to as “upper atmosphere” and is 
dominated by ionization processes due to the absorption of extreme UV solar radiation by 
molecular and atomic oxygen (see also Figure 1.2). The temperature increases dramatically with 
altitude and, depending on which process gets the emphasis, the region is called thermosphere 
(from the Greek word thermos, which means warm) or ionosphere (from the Greek word ion, 
which means part). 

The boundaries at the top of the troposphere, the stratosphere and the mesosphere are called 
the tropopause, the stratopause and the mesopause, respectively. There are several alternative 
definitions for these boundaries, especially for the tropopause, which are either based on 
changes in the thermal or in the dynamical properties. The tropopause altitude, on average, 
varies with latitude and season, and is generally lower at high latitudes and in the winter season. 
The temperature profile, shown in the left panel of Figure 1.3, is a typical situation for a 
midlatitude region. The typical tropopause altitude at the poles varies around 8 km and at the 
equator around 18 km. Both the seasonal and the day-to-day variations can be of the order of 
about 2–4 km. 
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Figure 1.3. Schematic representation of a typical atmospheric temperature (left panel) and ozone 
(right panel) distribution. The example for the temperature profile is taken from the MSIS model 
[Hedin, 1991], and represents a situation for midlatitude regions in the summer. The example for the 
ozone profile is based on climatological data, and represents a situation for midlatitude regions in the 
summer. Note the different altitude ranges. 

1.1.2 Composition - Ozone  
The role and importance of ozone in the atmosphere is briefly described in this subsection. 

Since almost all the ozone in the atmosphere is present in the stratosphere, this region is usually 
also referred to as the ozone layer (see right panel of Figure 1.3). The height of the column when 
bringing all the ozone molecules, in the column vertically above the surface, to standard 
pressure and temperature is a measure for the thickness of this layer (1 Dobson unit (DU) is 
defined as 0.01 mm of this column). An average layer of about 350–400 DU absorbs all solar 
radiation with wavelengths below 300 nm and it significantly reduces the UV radiation reaching 
the Earth’s surface in the wavelength range 300–330 nm, called UV-B radiation (see also Figure 
1.1), and hence offers protection to the harmful effects of this radiation. For example, UV-B 
radiation may cause damage to biological organisms or cause skin cancer to (susceptible) human 
beings. In the past decades, scientists have revealed dramatic anthropogenic effects on the ozone 
layer, of which the formation of the so-called ozone hole in the springtime above the poles is the 
most well-known (first described by Farman et al. [1985]). Note that small changes in the 
thickness of the ozone layer are accompanied by large increases in the levels of UV-B radiation. 

Ozone concentrations in the troposphere are generally low and the main source of ozone is 
transport from the stratosphere. Nevertheless, near the surface in the so-called boundary layer, 
which is the turbulent layer of the troposphere reaching from the surface to about 0.2–2 km, 
ozone is also produced in photochemical reactions involving nitrogen oxides (NOx), 
hydrocarbons, and carbon monoxide, and is commonly known as smog. Since pre-industrial  
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Figure 1.4. Schematic illustration of the different viewing geometries used to detect ozone in the 
atmosphere from space. In the nadir- and limb-viewing geometries the detected radiation is scattered 
or generated (e.g., thermal emission) in the atmosphere. 

times the concentrations of these pollutants involved in the production of ozone have 
significantly increased, and hence also the lower-altitude ozone levels. Even though this increase 
might seem positive at first, as it compensates the effect of the stratospheric ozone decline 
concerning the UV-B radiation, it should be noted that high ozone concentrations are toxic 
causing, among others, health problems to human beings.  

Finally, ozone also plays an important role as a so-called greenhouse gas, affecting the 
Earth’s radiation budget in the infrared. Even though ozone only forms about 0.001% of the 
total atmosphere, it is a very strong greenhouse gas, about 2000 times stronger than carbon 
dioxide, and has its highest efficiency in the cold upper troposphere and lowermost stratosphere 
[Lacis et al., 1990]. 

1.2 Satellite Data  

1.2.1 Ozone-Profiling Techniques  
Remote sensing techniques for measuring atmospheric constituents from space can be divided 

in two general classes, namely active and passive depending on whether the detected signals 
have been actively induced. Different techniques from either one of these classes exploit 
different parts of the electromagnetic spectrum ranging from the UV to the millimeter spectral 
regimes. Active techniques for observing atmospheric ozone are currently restricted to the 
Differential Absorption Lidar (DIAL) technique [Measures, 1984; McDermid et al., 1990]. 
Although in recent years several remote sounding satellites have been equipped with lidar 
instruments, the technology, which is mainly limited by the laser reliability and its power 
consumption, is still immature for employing an ozone DIAL system in space. The exploitation 
of passive techniques, on the other hand, has a long history and early experiments already started 
in the 1960s. Since then, remote sensing of ozone from space has been performed by observing 
the Earth’s natural thermal, solar, lunar and/or stellar radiation in different viewing geometries 
(described in the next sections). Ozone in the atmosphere leaves its specific absorption or 
emission fingerprints in these observations. Radiation reflected from (or generated in) the 
Earth’s atmosphere or at the surface can be measured by looking in the nadir or limb direction of 
the Earth (see Figure 1.4). In nadir geometry the Earth is behind the atmosphere, while in limb 
geometry the outer space is in the background. The radiation can also be observed with a direct 
line of sight (LOS) between the source and the detector, which is done with (solar/lunar/stellar) 
occultation techniques (see Figure 1.4). The orbits in which these ozone-profiling instruments 
can be successfully employed are limited to low Earth orbits (LEOs) with altitudes typically 
between 600 and 900 km. A geo-stationary orbit at an altitude of nearly 36,000 km is less 
suitable for ozone profiling, and additionally, such a configuration does not provide global 
coverage, since only a disc ranging from + and – 60o in longitude and latitude can be efficiently 
observed. 
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1.2.2 Ozone-Profiling Instruments  

1.2.2.1 Nadir-Viewing Geometry  
Nadir-viewing instruments have the advantage of providing a good global coverage, but they 

have the disadvantage of a poor vertical (8–15 km) and spatial resolution, and they strongly 
depend on well-calibrated radiometric data. Early observations were made by the Backscatter 
UV (BUV) instrument in the early 1970s. This instrument was the predecessor of the Solar 
Backscatter UV (SBUV) instrument (1978–1987) which was succeeded by a series of SBUV-2 
instruments mounted on the operational satellite series of NOAA (National Oceanic and 
Atmospheric Administration) starting in late 1984. This series is now continued as an U.S. 
national program with SBUV-2 instruments mounted on NOAA’s next generation National 
Polar-orbiting Operational Satellite System (NPOESS). Much effort has been put in providing a 
long and coherent time series which in April 2004 led to the release of SBUV Version 8 on 
DVD-ROM with data covering the period 1978–2003. Whereas these instruments have 12 
channels measuring small wavelength bands in the UV, the Global Ozone Monitoring 
Experiment (GOME) instrument on the other hand measures the continuous spectrum between 
240 and 790 nm (i.e., from the UV to the near-infrared (NIR) with relatively-high spectral 
resolution (~0.2 nm). GOME was launched by the European Space Agency (ESA) in April 1995 
on board the second European Research Satellite (ERS-2), and until August 2002 had measured 
spectra suitable for ozone profile retrieval. The GOME instrument was the predecessor of the 
Scanning Imaging Absorption Spectrometer for Atmospheric Cartography (SCIAMACHY on 
ESA’s Environmental Satellite Envisat) instrument, which has been measuring since March 
2002. Just like the SBUV instruments, the GOME observations, too, have been picked up by an 
operational program and the GOME-2 instrument will be on the MetOp (Meteorological 
Operational) satellite series as part of the European polar orbit satellite system now scheduled to 
start in late 2005. The Ozone Monitoring Instrument (OMI) was successfully launched on the 
Earth Observing System Aura (EOS-Aura) satellite in July 2004. OMI has similar capabilities 
for ozone profiling as the GOME and SCIAMACY instruments, but with a much higher spatial 
resolution and a daily global coverage. An overview of the nadir-viewing instruments is shown 
in top part of Figure 1.5. 

1.2.2.2 Limb-Viewing Geometry  
The specific advantage of exploiting the limb-viewing geometry is that it provides both a 

good global coverage as well as a relatively-high vertical resolution (2–4 km). Early instruments 
involve the Limb Radiance Inversion Radiometer (LRIR) and its successor the Limb Infrared 
Monitor of the Stratosphere (LIMS) instruments, of which the latter provided high-quality data 
for, unfortunately, only a short period in 1978–1979. In 1991 three different limb-viewing 
instruments were all launched as payload of the Upper Atmosphere Research Satellite (UARS), 
namely the Cryogenic Limb Array Etalon Spectrometer (CLAES), the Improved Stratospheric 
and Mesospheric Sounder (ISAMS) and the Microwave Limb Sounder (MLS) instruments. The 
first two measured for less than 2 years, but MLS continued until 1999. In the second half of the 
1990s the Improved Limb Atmospheric Spectrometer (ILAS-I) and ILAS-II were launched (on 
ADEOS-I and –II, respectively), which unfortunately both only produced data for a short period 
due to satellite problems. Other examples of more recently launched satellite missions are those 
of the ODIN (since February 2001), the Envisat (since March 2002) and the EOS-Aura (since 
July 2004) satellites. The Optical Spectrograph and Infrared Imager System (OSIRIS) and the 
Sub-Millimeter Radiometer (SMR) instruments perform measurements on board the Swedish 
mini-satellite ODIN. Envisat has three instruments on board with limb-viewing capabilities. The 
Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) instrument is a Fourier 
transform spectrometer detecting the Earth’s limb emission in the mid infrared. The 
SCIAMACHY instrument is an ultraviolet–visible–near-infrared (UV-VIS-NIR) spectrometer 
allowing observations in nadir, limb-emission and solar-occultation mode. Additionally, the 
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Figure 1.5. Overview of operational periods of satellite instruments that measure ozone profiles. 
Above each timeline the name of the instrument is given, and the satellite name or organization is 
provided on the right of the panel. The plot is divided by instruments exploiting three different 
viewing geometries: nadir (top), limb (middle), and occultation (bottom). 

Global Ozone Monitoring by Occultation of Stars (GOMOS) instrument performs measurements 
of limb-scattered solar radiation on the day-side of its orbit, which is actually more a by-product 
used to correct the stellar signal for background radiation. The High Resolution Dynamics Limb 
Sounder (HIRDLS), the MLS and the Tropospheric Emission Spectrometer (TES) instruments 
are on EOS-Aura. Note that the instruments measuring thermal emission have the advantage of 
continuous operations, while the optical instruments are limited to the sun-lit part of the orbit, 
which is especially limiting observations in the polar regions during polar night conditions. An 
overview of the limb-viewing instruments is shown in middle part of Figure 1.5. 

1.2.2.3 Occultation-Viewing Geometry  
The occultation principle is based on the changing spectrum of a light source observed 

outside and through the Earth’s atmosphere. The specific advantage of exploiting the 
occultation-viewing geometry is that high accuracy data can be measured with an even higher-
vertical resolution (1–3 km) than in the limb-viewing geometry. Long records of the vertical 
distribution of ozone are provided by measurements of the Stratospheric Aerosol and Gas 
Experiment (SAGE). The operational period of SAGE-I was 1979-1981, SAGE-II measures 
since 1984 and is still operational, and SAGE-III operates since December 2001. Other 
instruments involve the second Polar Ozone and Aerosol Measurement (POAM-II on the French 
SPOT-3 satellite, from September 1993 to November 1996), the POAM-III (on SPOT-4 
satellite, since March 1998) and the Halogen Occultation Experiment (HALOE on UARS, still 
operational), but also the previously-mentioned ILAS-I, ILAS-II and SCIAMACHY 
instruments, which can also perform observations in occultation mode. All these instruments 
exploit the solar and/or the lunar occultation technique which has the limitation of only 
providing about 14 moon/sunset and 14 moon/sunrise measurement occasions per day. In 
addition, these occultations occur in a specific latitude band, which changes with season or in 
time depending on the satellite orbit. The specific advantage of the stellar occultation method is 
the good global coverage provided by the multitude of available stars. The UVISI (Ultraviolet 
and Visible Imagers and Spectrographic Imagers) instrument on the Midcourse Space 
Experiment (MSX) satellite was the first instrument that proved that the stellar occultation 
technique is suitable for ozone profile retrieval. The UVISI however only performed a limited 
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set of observations, and the first dedicated stellar occultation instrument was GOMOS on 
Envisat, which is a medium-resolution spectrometer operating in the UV-VIS-NIR spectral 
range. An overview of the occultation-viewing instruments is shown in bottom part of Figure 
1.5. 

1.3 Comparing Satellite with Ground-Based Data  
The users of ozone profiles, retrieved from satellite measurements, need to be sure of the data 

quality. Especially those users that want to perform trend studies require data with long time 
series, preferably one or more solar cycles covering about 11 years each. As satellites are 
relatively short-lived (on average about 5 years), this implies that data of multiple, different or 
successive, instruments will be used, which requires a consistency in the data product. In 
addition, satellite instruments might be well-calibrated and characterized before launch, but they 
can, once launched into orbit, no longer be perfectly checked for changing calibration effects or 
new features, inherent to the new observational situation in space. In particular, the optical 
instruments also suffer from degradation effects of their detectors, which will ultimately affect 
the retrieved ozone profiles. These uncertainties in the retrieved ozone profiles need to 
eliminated and require an assessment of the product using independent sources for comparison. 

1.3.1 Network for Detection of Stratospheric Change - NDSC  
The assessment of satellite measurements requires reliable correlative data, which is of 

known high quality and represents different aspects of the Earth’s atmosphere. These 
requirements are also some of the main foundations of the Network for Detection of 
Stratospheric Change (NDSC), [NDSC, 1986] (http://www.ndsc.ws), which comprises a set of 
high-quality remote-sounding research stations for observing and understanding the physical and 
chemical state of the atmosphere. Ozone and key ozone-related chemical compounds and 
parameters are targeted for measurement. Since foundation, the NDSC has three main goals. 
Goal (1) is to carry out those observations through which changes in the physical and chemical 
state of the atmosphere can be determined and understood. In particular, the aim is to make the 
earliest possible identification of changes in the ozone layer and to discern their cause. Goal (2) 
is to provide an independent calibration of satellite sensors of the atmosphere. Goal (3) is to 
obtain the data that can be used to test and improve multi-dimensional stratospheric chemical 
and dynamical models. Although the initial focus of the NDSC was on the stratosphere, in the 
past decade this has been extended to encompass the whole atmosphere, in particular including 
also the troposphere and to a certain extent the mesosphere. This would justify a different name 
for the network, but it was decided not to change the now well-known name and acronym of the 
NDSC. 

In the implementation of the network, these goals and focus resulted in a set of (prioritized) 
measurement requirements, from which the NDSC identified a set of primary instruments 
satisfying them. The full suite of these instruments is targeted to be present at stations forming 
the backbone of the network. An optimal network should have a maximum latitude coverage, 
but with the obvious constraint of funding. Therefore, the NDSC comprises a limited number of 
ground-based measurement stations, currently five, employing the full suite of instruments and 
located on strategic positions on the globe (primary stations), and a number of complementary 
stations performing important supplementary measurements. The locations for the primary 
stations are chosen in the high- and midlatitudes of both the Northern and the Southern 
Hemisphere, as well as in the (sub-) tropics. 

1.3.2 NDSC Ozone Profile Data Sources  
The ozone profile measurements, specifically of interest for this thesis, are performed at the 

NDSC stations by ozone lidar systems, ozone microwave radiometers and complemented with 
balloon sondes. The lower part of the atmosphere, between ground and 30-km altitude, is 
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sampled by Electrochemical Concentration Cell (ECC) ozonesondes based on small balloons. 
These soundings are performed between once and three times per week as part of routine and 
special (validation) campaign observations. In the ECC sondes, air is pumped through a 
chemical cell containing an aqueous solution of potassium iodide [Komhyr, 1969; Komhyr and 
Harris, 1971]. The chemical reaction with ozone results in molecular iodine which can be 
detected and directly related to the ozone abundance in the outside air. Data are therefore 
provided as partial ozone pressure as a function of air pressure. 

Stratospheric ozone lidar systems measure the atmosphere between about 10- and 50-km 
altitude. These measurements are performed between once and three times per week, which is 
dependent on weather and atmospheric conditions. Lidar systems are usually operated at night 
under clear-sky conditions, but some lidars have been adapted for daytime use in polar regions. 
Stratospheric ozone lidar instruments use a special lidar system, which is called a DIAL system 
[Measures, 1984; McDermid et al., 1990]. These systems simultaneously emit two light pulses 
at different wavelengths with different ozone absorption cross sections. The differences in light 
intensity backscattered from different altitudes can be directly related to the local ozone 
concentrations. Data are provided as ozone number densities as a function of geometric altitude. 

Ozone in the stratosphere and mesosphere can be measured with Microwave Radiometers 
(MWRs) between about 20- and 70-km altitude. These measurements are performed almost 
continuously during both daytime and nighttime, and are largely unaffected by clouds. These 
systems detect the microwave emissions of atmospheric ozone using a millimeter wave receiver 
and multi-channel spectrometer [Parrish et al., 1992]. In the observed spectrum, ozone lines and 
their pressure-broadened shape can be used to reveal altitude-resolved ozone information, which 
is based on the optimal estimation technique of Rodgers [2000]. Data are provided as volume 
mixing ratios as a function of air pressure, and in addition these data come with averaging 
kernels and a priori information. 

1.3.3 Data Quality - Intercomparison Exercises  
In order to guarantee and maintain the requirement of providing high-quality data, the NDSC 

performs regular intercomparison exercises. Not only do they involve instrument 
intercomparison campaigns, but also algorithm (i.e., data-processing) intercomparisons. Within 
the NDSC these exercises follow a strict protocol in which contributors, without any preliminary 
interaction or exchange between each other, initially (continue to) provide their results to an 
independent referee or coordinator. At a later stage contributors are allowed to adapt their results 
according to new insights provided by the first part of the exercise. The review paper of Keckhut 
et al. [2004] provides a good overview of all these different activities. 

The National Institute of Water and Atmospheric Research (NIWA) Lauder (45.04o S, 
169.68o E), New Zealand is one of the primary NDSC stations and it is the site representing the 
Southern Hemisphere midlatitude region. At this site the Ozone Profiler Assessment at Lauder 
(OPAL) campaign [McDermid et al., 1998a and 1998b] took place in April 1995. This campaign 
was recently followed by a second campaign described in detail in the next subsection, which is 
an illustration of the data quality obtained with instruments used as correlative measurements in 
satellite data validation. 

1.3.4 Data Quality - TOPAL Campaign  
From 8 to 21 April 2002 the Temperature and Ozone Profiler Assessment at Lauder (TOPAL) 

campaign took place at NIWA Lauder, New Zealand, which was refereed by the scientist Stuart 
McDermid. TOPAL involved four different instruments of which four provided ozone and three 
provided temperature data. From the NASA Langley Research Center (LaRC) and the Millitech 
Corporation a MWR was almost continuously operational. From the National Institute of Public 
Health and the Environment (RIVM) a DIAL system was operated in conjunction with NIWA. 
From NIWA balloon-soundings were performed coincident with the lidar observations. In 
addition to these permanently present instruments, the NASA GSFC (Goddard Space Flight 
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Figure 1.6. Averaged analysis results of all coincident RIVM lidar (RL) ozone profiles with data from 
the NIWA ozonesondes (NZ), the GSFC lidar (GL) and the Millitech MWR (MM) during the TOPAL 
campaign (shown in the left, middle and right panel, respectively). Note the different scales used on 
the x-axis for the gray and the black lines. Results reproduced by courtesy of Stuart McDermid. 

Center) mobile DIAL system was shipped to New Zealand, this system serves as the NDSC 
travelling standard. 

The analysis results from the (blind) part of the intercomparison are shown in Figure 1.6. In 
this figure the RIVM lidar (RL) is compared to the other three instruments involved in the 
TOPAL campaign. In the altitude range of 18–29 km, the RL data are within 3% of the NIWA 
sonde (NZ) data. Above and below this range, the RL data show a positive difference of about 
10% compared to the NZ data. In the comparison of the RL with the GSFC lidar (GL) data, 
there is no difference in the altitude range 12–30 km. From 30-km altitude and upwards, a 
linearly increasing difference is observed between the RL and GL data, and at 47-km altitude the 
RL data is 15% lower than the GL data. In the altitude range of 20–45 km, the RL data are 
within 3% of the NASA-LaRC/Millitech MWR (MM) data, with the exception of the range 27–
32 km where the RL data is lower compared to the MM data.  

The general conclusion of these analysis results, which is the blind part of the 
intercomparison, is that the four data sets agree well with each other. TOPAL shows that a 
ground-based reference profile can be produced in the altitude range of 12–45 km with an 
accuracy of 3%. Outside this altitude range the data show larger differences, but the quality is 
still high. The TOPAL campaign demonstrates the suitability of the NDSC data for satellite 
validation purposes.  
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Introduction 

1.4 Thesis Outline  

1.4.1 Research Focus  
The main focus of this thesis is the characterization of ozone profiles from satellites. This 

involves several important aspects such as a quality assessment and an interpretation of the 
product. The research presented in this thesis was financed by the Programme Bureau external 
research of the Space Research Organization Netherlands (PB-SRON) and was part of a GO-
project (GO stands for user support) whose title was “Validation of GOME and SCIAMACHY 
satellite measurements with lidar observations of ozone and temperature”. The following 
subsections will be used to indicate for each chapter its contents, its role in this thesis and the 
specific contribution of the author of this thesis. 

1.4.2 Ozone Profile Retrieval from Recalibrated GOME Data  
In Chapter 2, the construction of a retrieval algorithm is outlined, in particular the one of the 

KNMI (Royal Netherlands Meteorological Institute), and more importantly the relevance of 
well-calibrated data for the retrieval of ozone profiles from a nadir-viewing instrument is shown. 
Initial comparison results of GOME ozone profile data with Lauder lidar data revealed (quite) 
large discrepancies. After this first assessment, several changes have been made by KNMI to the 
original algorithm. The improved version is used for Chapter 2, which represents the 
involvement of the author of this thesis in this development stage of the KNMI retrieval 
algorithm. In the process of trying to understand and solve the differences we decided to 
compare the data on a radiometric level. This required a simulation of the radiation at the level 
of the GOME instrument, and hence parameters of the true state of the atmosphere. For this the 
author of this thesis has provided continuous profiles of ozone and temperature between 0- and 
50-km altitude, which are based on lidar and sonde data measured above Lauder, New Zealand 
and collocated in space and time with GOME observed data. Although this thesis is about ozone 
profiles, the author has spent some of his time on retrieving temperature profiles from the RIVM 
lidar measurements, which have been used in Chapter 2. The temperature retrieval algorithm has 
been independently assessed within the NDSC framework by Leblanc and McDermid [2001] 
and initial results were presented at the NDSC workshop in Arcachon, France (24–27 September 
2001) by Meijer et al. [2001] and Bencherif et al. [2001]. Results of the temperature work 
including the performed validation activities will be published in a dedicated paper in 2005. 

1.4.3 Intercomparison and Interpretation of GOME Ozone Profile Retrieval  
In Chapter 3, the methods for characterization of GOME ozone profiles are explored and 

applied on data of the KNMI retrieval algorithm. In the analysis performed for this chapter it 
became clear that, for a proper comparison with GOME measurements, the lidar data has to be 
transformed with the averaging kernels and a priori information of the GOME data. Since the 
transformed lidar data is no longer completely independent of the GOME data, the effect of the 
averaging kernels and a priori information has to be studied simultaneously as an integral part 
of the characterization. Different methods for this interpretation are evaluated, and they are 
applied on data of the KNMI retrieval algorithm. These data are furthermore compared in 
different ways to correlative data measured in Lauder, New Zealand. 

1.4.4 Evaluation of GOME Ozone Profile Algorithms  
In Chapter 4, a joint effort is made to perform a similar analysis as the one presented in 

Chapter 2, but now applied on nine different algorithms and with more correlative lidar data 
involved. In this way an evaluation can be made of ozone profile retrieval from GOME data, and 
actually from data of nadir-viewing (optical) spectrometers in general, which provides a good 
overview of current state-of-the-art retrieval methods. The work is the result of activities 
performed in the GOME-1 Ozone Profile Retrieval Working Group, which was organized by 
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ESA and led to five meetings spread over 2.5 years. The involvement of the author of this thesis 
is in the evaluation process of the GOME retrieved data. 

1.4.5 Validation of GOMOS Ozone Profiles  
In Chapter 5, the validation using ground-based and balloon-borne data is applied on satellite 

data from the instrument GOMOS. Although, the original aim of the GO-project would involve 
data of SCIAMACHY, these data were unfortunately not available in time and hence the only 
available data of the other two Envisat instruments has been substituted (i.e., GOMOS data). 
Within the framework of Envisat validation, the author of this thesis took the responsibility for 
validating GOMOS ozone profiles using all available data sets, with the exception of data from 
other satellites and data assimilation. In total correlative data measured at 31 research stations 
were incorporated, and the resulting vast amount of data allowed a split up of the analysis to 
investigate the influence of several parameters. 

1.4.6 Conclusions and Outlook  
In Chapter 6, the main conclusions of the investigations described in this thesis are 

summarized and formulated. This also includes an overall conclusion with respect to the type of 
satellite ozone profiles investigated in this thesis. In addition, an outlook for future research is 
presented. 
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Chapter 2 

Ozone profile retrieval from recalibrated 
GOME data  

Abstract 
The satellite instrument Global Ozone Monitoring Experiment (GOME), on board the second 

Earth Remote Sensing (ERS-2) satellite mission of the European Space Agency, is measuring 
backscattered sunlight from the atmosphere in the range from 240 to 790 nm. This spectrum is 
used for deriving global, height-resolved information on the ozone distribution in the 
atmosphere. Contrary to total ozone column retrieval, the retrieval algorithm for ozone profiles 
requires absolutely calibrated reflectivity spectra. However, the in-flight calibration of the 
GOME reflectivity spectra needs to be corrected before the spectra can be used for profile 
retrieval. A general method for this calibration correction of satellite data and the profile 
retrieval method are described in this chapter. The retrieved profiles from the recalibrated 
reflectivity spectra of GOME differ in the stratosphere up to 50% from retrieved profiles without 
the correction. With the calibration correction, improved ozone profiles are retrieved for the 
complete range of 0–50 km. The GOME ozone profiles have been validated with ground and 
satellite measurements at a representative urban midlatitude and a rural tropical ground station. 

                                                      
 This chapter has been published as:  
van der A, R. J., R. F. van Oss, A. J. M. Piters, J. P. F. Fortuin, Y. J. Meijer, and H. M. Kelder, Ozone 
profile retrieval from recalibrated Global Ozone Monitoring Experiment data, J. Geophys. Res., 
107(D15), 4239, doi:10.1029/2001JD000696, 2002. 
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2.1 Introduction 
Daily measured ozone profiles on a global scale in both troposphere and stratosphere are 

valuable to atmospheric research. They are important for ozone monitoring in relation to ozone 
depletion and tropospheric pollution. They can also contribute to the improvement of UV index 
forecasts, which are sensitive to the vertical distribution of ozone [Forster, 1995]. In addition, 
operational weather forecast is expected to benefit from assimilation of stratospheric ozone 
profiles, when they are available within 3–6 hours after observation [Stoffelen and Eskes, 1999]. 

Since the late 1970s, satellites routinely monitor the global ozone distribution. The early 
Total Ozone Mapping Spectrometer/solar backscattered ultraviolet (TOMS/SBUV) instruments 
measured the backscattered radiation for several frequencies, from which an accurate estimate of 
the total column densities of ozone can be retrieved. Apart from total columns, limited 
information is obtained about the vertical ozone distribution in the stratosphere [Bhartia et al., 
1996; Miller et al., 1997]. However, a growing need evolved for ozone profile measurements 
extended into the troposphere.  

In 1995, GOME (Global Ozone Monitoring Experiment) was launched on board of ESA's 
ERS-2 platform to measure in nadir direction the backscattered sunlight from the atmosphere in 
the range from 240 to 790 nm [Burrows et al., 1999, European Space Agency, 1995]. The 
GOME spectrometer is an instrument capable of retrieving height-resolved ozone densities in 
the stratosphere as well as in the troposphere [Chance et al., 1997]. The improvement in 
comparison to former satellite instruments is the high spectral resolution of the observations in 
the ozone absorption bands (the Huggins, Hartley and Chappuis bands). GOME near-real-time 
ozone profiles can be found on the URL http://www.knmi.nl/gome_fd/ [van der A et al., 2000]. 

The steep rise of ozone absorption from 350 to 265 nm offers the possibility of inferring 
height-resolved information on the ozone concentration from backscattered sunlight. The reason 
for this is that highly absorbed photons at the short-wavelength side penetrate the atmosphere 
only shallowly, whilst weakly absorbed photons on the long-wavelength side travel through the 
full height of the atmosphere. Therefore backscattered short-wave photons carry only 
information on the upper layers of the atmosphere and photons with increasing wavelength 
reveal information on lower layers. The measured reflectivities in the wavelength range between 
265 and 350 nm can be used for inferring the ozone height profile in a global fit, using the ozone 
concentrations at a number of specific heights as unknowns and the measured reflectivities as 
known parameters.  

Unlike the retrieval methods used for deriving total ozone columns, retrieval of ozone profiles 
requires absolutely calibrated reflectivities and, therefore, is very sensitive to the quality of the 
reflectivity calibration. The quality of the spectra are monitored during the mission and 
corrected when necessary. 

Several results from ozone profile retrieval from GOME data have been presented in the past 
[Munro et al., 1998, Hoogen et al., 1999a, 1999b, Hasekamp and Landgraf, 2000, van der A et 
al., 1998]. Munro et al. [1998] presented results of retrieved ozone profiles below 30 km. 
Hoogen et al. [1999a, 1999b] excluded the spectrum below 290 nm from their retrieval and 
corrected the spectrum above 290 nm with empirically derived Chebyshev polynomials. Their 
retrieved ozone values above the ozone maximum, however, show systematic deviations 
compared to ozone sondes. Hasekamp and Landgraf [2000] also excluded the spectrum below 
290 nm and presented ozone profiles below 30 km. Comparison of our initial retrieved ozone 
profiles with ground measurements (from sondes of the Norwegian Institute for Air Research 
data base and lidar measurements) and ozone measurements from the satellite instrument 
Halogen Occultation Experiment (HALOE) revealed a strong systematic deviation above 25 km 
between GOME measurements and other ozone measurements. Ozone profiles from GOME 
retrieved for the upper stratosphere are not yet published in literature due to radiometric 
problems of the measured spectrum below 290 nm. In this chapter these problems are identified, 

16 



Ozone profile retrieval from recalibrated GOME data 

 
Figure 2.1. Ratio of the measured reflectivity spectrum and the modelled reflectivity spectrum at 21 
January 1998 above Lauder, New Zealand. The modeled spectrum is based on the coincidental and 
collocated ozone profile of a combined lidar and ozone sonde measurement at Lauder. 

and subsequently corrected for, in order to be able to present accurate ozone profiles for both the 
troposphere and stratosphere. 

2.2 Radiometric Calibration GOME 
A few case studies have been performed to compare the reflectivities measured by GOME 

with model results. The calibrated GOME reflectivities are given by the GOME Data Processor 
version 2.0 [Balzer et al., 1996] including an instrument degradation correction for the solar 
spectrum [Aben et al., 2000; Hegels and Slijkhuis, 1999]. Since no degradation correction for the 
Earth spectrum exists, it is generally assumed that the degradation of the instrument affects the 
measured solar spectrum and earthshine spectrum in a similar way. Since the reflectivities are 
calculated from the ratio of these spectra, they are unaffected by the degradation correction. The 
modelled reflectivities are calculated by the radiative transfer model moderate resolution 
transmittance code (MODTRAN) version 3.7 [Berk et al., 1989, Anderson et al., 1995], where a 
collocated and cotemporal ozone measurement from a ground station serves as input. The Ring 
effect [Grainger and Ring, 1962; Joiner et al., 1995] on the GOME reflectivity spectrum is 
accounted for by applying a precalculated "Ring spectrum" [Chance and Spurr, 1997]. 

These case studies show measured reflectivities in the UV, which are typically about 25% 
higher than expected from the model results. A typical example of a comparison between model 
and measurement is shown in Figure 2.1 for a GOME observation on 21 January 1998 at the 
position of Network for Detection of Stratospheric Change (NDSC) ground station Lauder (45.0 
S, 169.7 E) in New Zealand. Although the theoretical spectrum is corrected for the Ring effect, 
some spectral features are still visible at 280 nm and 285.3 nm at the position of the Mg II 
Fraunhofer lines of the solar spectrum. This indicates an offset in the earthshine spectrum 
resulting in higher values of the measured reflectivity at the solar lines, where the intensity is the 
lowest. 

Comparison between measured SBUV/2 reflectivities and GOME reflectivities observing the 
same ozone mass also show higher values (5–30%) for GOME in the UV below 300 nm (L.E. 
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Flynn and Y. Pachepsky, private communication, 2000). The differences are too large to be 
explained by differences in geometry. Also, for similar solar zenith angles and solar azimuth 
angles the average radiance in the UV measured by SBUV/2 is much lower than the average 
radiance measured by GOME. 

The radiance at top of atmosphere below 300 nm is largely due to single scattering and has 
only a very small contribution from the ground. Therefore we do not expect large errors in the 
modeled radiances. Still, to be sure, the results from the radiative transfer model MODTRAN 
3.7 used in this study have been compared to the radiative transfer models, Double Adding 
Royal Netherlands Meteorological Institute model [de Haan et al., 1987], MODTRAN version 
4.0 and Linearized Discrete Ordinate and Radiative Transfer model [Spurr et al., 2001] for 
several geometrical situations. As expected, no significant differences in the model results were 
found for the wavelength range 260–300 nm. 

The known errors in the radiative transfer calculation due to aerosol contributions, 
temperature profile deviations, Ring effect, and polarisation in the atmosphere are too small (less 
than a few percent) to explain the differences with the GOME measurements. No discontinuity 
is visible in the average spectrum at 283 nm, where the boundary is between channel 1a and 1b; 
each readout has a different exposure time. Therefore possible effects of nonlinearity or an 
electronic offset in the instrument cannot explain the behaviour of the calibration differences as 
a function of intensity. An error in the polarization correction of the instrument would also be 
too small too explain the differences below 300 nm. 

The degradation of the solar spectrum is regularly checked and calibrated with the Solar 
Stellar Irradiance Comparison Experiment [see, e.g., Peeters and Simon, 1996]. Since this 
degradation is used to correct both solar irradiances and Earth radiances in the GOME level 1 
data extractor, it is assumed that the measured Earth radiances degrade differently [see also 
Tanzi et al., 2001], and therefore, they are not correctly calibrated. An incorrect calibration is 
also suggested by an earlier study of Hilsenrath et al. [1996], which shows a mismatch in 
radiance levels below 340 nm of at least 10%. The Moon measurements of GOME have been 
analyzed in order to assess the degradation of the measured Earth radiances [Snel, 1999; Haman 
and Burrows, 1999], but these studies were hampered by low signal-to-noise ratios and did not 
result in any conclusions concerning Earth radiance degradation. Therefore a new method is 
introduced to make an assessment of the radiance calibration below 340 nm, which is relevant 
for ozone profile retrieval. 

2.3 Recalibration of the Earthshine Radiances 
The mismatch in the GOME calibration as identified in Section 2.2 can be corrected in three 

consecutive steps: (1) a correction of a wavelength-independent offset, (2) a wavelength-
dependent radiometric correction, and (3) a time-dependent correction for the degradation of the 
instrument. These correction steps will be discussed in the order that they are applied. 

2.3.1 Offset Correction 
To correct the offset in each spectrum, the solar Fraunhofer line at 280 nm is used. The ozone 

cross section between 278 and 282 nm does not change very much, so that we can assume that 
the reflectivity at 280 nm R280 is the average of the reflectivities at 278 nm and 282 nm, 
respectively, R278 and R282: 

 
R280 = ½ ( R278 + R282 ). (2.1) 

 
The reflectivity Rλ at a wavelength λ is defined as Rλ=πIλ/µFλ, where Iλ is the measured Earth 

radiance, µ is the cosine of the solar zenith angle, and Fλ is the measured solar irradiance at 
wavelength λ. When a constant offset C is present in the measured Earth radiance, the correct 
reflectivity can be calculated from the measured reflectivity Rλ', according Rλ=Rλ'–πC/µFλ. Any 

18 



Ozone profile retrieval from recalibrated GOME data 

offset in the measured solar spectrum can be neglected because the measured signal of the solar 
spectrum is much higher. Using relation (2.1), the offset can be derived for each spectrum 
according to 
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The calculated offset has a weak correlation (~ 0.3) with the total radiance of the spectrum in 

channel 1, which suggests that part of the offset is related to uncorrected straylight. A stronger 
correlation of ~ 0.75 has been found between the offset and the conduct signals of the Peltier 
cooler. The interference of the Peltier cooler conduct signals on the detector signal is a known 
problem of the GOME reflectivity spectrum, for which a correction is included in the standard 
radiometric calibration of the GOME data processor. However, the correlation between this 
interference signal and the calibrated radiances shows that the above described correction is 
necessary to deal with the remaining offset of the interference signal. 

The average offset, which is probably related to an imperfect stray light correction, is on 
average ~ 7.2×108 photons·s–1 sr–1 cm–2 nm–1, and the variation in the offset due to interference 
of the Peltier cooler is of the same order of magnitude. The effect of the offset correction on the 
Earth radiances above 290 nm or on the solar spectrum can be neglected. 

2.3.2 Radiometric Calibration Correction 
To identify the remaining mismatch in the calibration of the Earthshine radiances after offset 

correction, we have compared ~2500 representative measured spectra of GOME in the period 
1995-1999 with model results. The spectra are taken from randomly-chosen orbits covering all 
latitudes on 23 July 1995, 6 April 1996, 4 August 1996, 6 April 1997, 4 August 1997, 6 April 
1998, 4 August 1998, 6 April 1999, 4 August 1999, 16 December 1999, and 17 December 1999. 
Most of the longitudes are covered, but none of the orbits is located over the region of the South 
Atlantic Anomaly, where the spectra in the UV are seriously deteriorated by the impact of 
cosmic high-energy particles on the detector. For each measurement the effective ground albedo 
has been obtained from the measured reflectivity at 400 nm, where the trace gas absorption is 
minimal. For each measurement we have performed MODTRAN simulations with the Fortuin 
and Kelder [1998] ozone climatology and the calculated albedo as input. This climatology 
consists of zonal mean, monthly ozone values based on a 12-year observation period of ozone 
sonde stations and the SBUV and TOMS satellite instruments. The ratio of the measured and 
modeled spectrum is then calculated for each ozone profile ρ with index i. In the next step, the 
mean of these ratios at each wavelength (fλ) is calculated over all the profiles in one orbit, which 
averages out differences due to deviations ∆ρ from the ozone climatology ( ρ ). Therefore the 
parameter fλ is calculated according to 
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To remove any residual features of the Ring effect, the spectrum is smoothed with a running 
average of 2 nm width. No significant solar zenith angle or latitude dependence could be 
identified, so we take the value fλ to be valid for each location within the orbit. The resulting 
correction factor derived from all the fλ values is shown in Figure 2.2 for the wavelength range 
relevant for ozone profile retrieval. Clearly visible in the figure is the difference of ~2% in 
calibration of the instrument in the channel overlap (between channels 1 and 2) region around 
313 nm. This discrepancy is also fixed with the radiometric correction factor. The fine structure 
of the calibration correction is probably caused by a residual of the Ring effect. 
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Figure 2.2. Correction for the radiometric calibration of the Global Ozone Monitoring Experiment 
(GOME) reflectivity spectrum based on the comparison between model and measurement for a series 
of representative spectra in the period June 1995 until April 1998. The dotted lines indicate the 
standard deviation on the correction factor. 

2.3.3 Radiometric Degradation Correction 
Apart from the deviation of the radiometric calibration we observed that the deviation starts 

to grow from the beginning of the year 1998, notably at the shortest wavelengths (< 300 nm). 
Deviations up to 40% were found between model results and GOME measurements. In the 
calibration of the GOME data processor a degradation correction is applied; however, it is 
assumed that the solar spectrum and earthshine spectrum degrade in the same way. However, 
our results show that the ratio of these spectra, the reflectivity, starts to increase from 1998, 
which indicates a faster degradation of the solar measurements. The reflectivity degradation for 
the shortest wavelengths has been parameterized for each wavelength with a polynomial as a 
function of time. The identified degradation correction as a function of wavelength is shown in 
Figure 2.3 for a few days in 1998, 1999, and 2000. 

2.3.4 Results 
On the basis of these results a parameterized correction function has been developed for the 

radiometric calibration including the degradation. Figure 2.2 shows the radiometric correction as 
a function of wavelength when no degradation is present, as was the situation before 1998. The 
deviation in the UV is too large to be explained by biases in the ozone climatology. The 
calculated standard deviation shown in Figure 2.2 tells us that natural statistical fluctuations in 
ozone can not explain the differences between model and measurement. A possible explanation 
for the deviations at the early orbits can be the different response from a variable scan mirror 
angle as used in in-flight measurements and the response from a fixed scan mirror angle as used 
at the ground calibration of GOME. Snel [2000] has developed a model that qualitatively 
explains the calibration/degradation differences for different scan mirror positions. This also 
explains the different radiometric calibration deviation found in a similar comparison for 
measurements of the forward pixels of GOME, which are measured at different scan mirror 
positions. 

Table 2.1 gives an indication of the magnitude of each correction of the reflectivities for a 
few wavelengths. The effect of the degradation strongly depends on the year of the  
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Figure 2.3. The degradation factor indicated as the reflectivity spectrum compared to the average 
reflectivity spectrum of the years 1995 up to 1997. Significant degradation started in 1998. 

 
measurement; thus a range is given. Figure 2.4 demonstrates the effect of the offset calibration, 
and degradation correction on the retrieved ozone profile. An ozone profile has been retrieved, 
with and without correction of the radiance spectrum, from a GOME observation above Lauder 
at January 21, 1998. At the same day an ozone sonde and a lidar measurement were performed. 
Below 25 km, there are no significant differences between both retrieved profiles of GOME. 
Above 25 km, however, the differences can be as high as 50 percent, resulting in a better 
resemblance to the collocated ground measurement. The radiometric correction algorithm, 
derived for GOME UV spectra, can be downloaded from URL http://www.knmi.nl/gome_fd/ 
gomecal/. 

Although the reflectivities can be corrected, the signal-to-noise ratios of the measurements 
are irreversibly reduced because of the degradation in the course of the mission. This reduction 
can amount to 50% in the spectra below 300 nm in the year 2000. Another conclusion is that 
trend studies in retrieved profiles from GOME are seriously hampered by the difficult 
distinction between degradation and trend effects in the measured spectra. It has to be noted that 
the method described in this section using model studies to correct degradation does not solve 
this side effect.  

Table 2.1. Magnitude of the radiometric corrections at four representative wavelengths. 

Wavelength, nm Correction 

270 290 310 330 
Offset, % 1–10 1–3 … … 
Calibration, % 10 10 5 3 
Degradation, % 0–30 0–15 0–7 0–3 

2.4 Retrieval Technique 
An atmospheric reflectivity spectrum y observed by GOME can be described by y=f(ρ)+εy, 

where ρ is the parameterized ozone profile, f(ρ) is the radiative transfer model in the atmosphere 
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Figure 2.4. Comparison of a retrieved ozone profile with and without correction of the reflectivity 
spectrum. The collocated and coincidental ground observation from a lidar is also shown, including 
the error margins of the lidar measurement. All profiles are measured at Lauder, New Zealand on 
January 21, 1998. 

from illumination source to instrument entrance, and εy is the observational noise vector of the 
spectrum. Since photon noise is one of the noise components, the root mean square (RMS) value 
of εy depends on the reflectivity. To simplify the mathematics, this equation is divided by the 
RMS values of the observational noise εy. The forward model f changes under division into g, 
the observation y changes into z, the noise εy changes into εz and the previous equation becomes 

 
z = g(ρ)+ εz. (2.4) 

 
The noise in the various wavelength bins is assumed not to be correlated; therefore the 
covariance matrix of the measurement noise (Sz) reduces to the identity matrix (I). 

When the observational noise is sufficiently small with respect to the curvature of the range 
of the forward model g(ρ), the forward model may be linearized around a reference state vector 
ρr, and it can be approximated by  

 
g(ρ) = g(ρr) + K(ρ–ρr), (2.5) 

 
where K is the matrix of the first derivatives of the forward model g with respect to the state 
vector. This matrix is often called the weighting function matrix of the forward model. Equation 
(2.4) can now be written as a linear inversion problem: 

 
z –g(ρr) = K(ρ–ρr)+εz, (2.6) 

 
or briefly 

 

w  = K +εz. 
∧

q (2.7) 
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If  is the optimal estimation for equation (2.7), then  = ρr+  is the optimal estimate for 
the original state vector.  

∧

q
∧

ρ
∧

q

Since the problem in equation (2.7) is underdetermined, the solution has to be found by using 
a priori information, which can be applied in several ways. Hasekamp and Landgraf [2001] use 
the Phillips-Tikhonov regularization to solve the inverse problem. Like Hoogen et al. [1999a] 
and Munro et al. [1998], we have chosen the well-known nonlinear optimal estimation method 
[Rodgers, 1976, 1990, 2000]. We assume that the a priori covariance matrix Sa is a diagonal 
matrix, and we normalize the state vector q with the a priori variances: thus the normalized state 
vector x = Sa

–½q, the normalized weighting function L = KSa
–½, xa is the normalised a priori 

state vector and the a priori covariance matrix will be the identity matrix: Sa=I. In order to make 
the computation more efficient we introduce the singular value decomposition of matrix 
L=UΛVT. Then, the following solution for the retrieved state vector exists:  

 
∧
x =V (Λ2+I )–1 (Λ–1UTw+VTxa), (2.8) 

 
and the covariance matrix of the retrieval error equals 

 
Sx=V(Λ2+I )–1VT. (2.9) 

 
To account for the nonlinearity of the radiative transfer model, an iterative process has been 

utilized. For each iteration an optimal estimate profile is calculated from the profile of the 
former iteration step, the weighting function, and the measured radiances according the 
following scheme: 

 
xi+1 = xa + V(Λ2+I )–1 Λ2VT (xi – xa ). (2.10) 

 

2.5 Retrieval Approach 
On the basis of the theory discussed in Section 2.4, an algorithm has been developed to 

retrieve height-resolved ozone densities in both the stratosphere and troposphere. The retrieved 
parameters are the ozone profile parameters specifying the density of ozone at a number of 
pressure levels and the surface albedo. 

In our retrieval algorithm the widely used and validated MODTRAN 3.7 is used for the 
forward calculation. The input of MODTRAN consists of atmospheric trace gas profiles, 
viewing geometry, and solar position. The multiple scattering calculation within MODTRAN is 
based on the discrete ordinates radiative transfer algorithm. The molecular optical properties are 
based on the high resolution transmission molecular absorption database 1996 (HITRAN96). 
Because of the high resolution of the GOME spectrometer the Ring effect, which is not included 
in MODTRAN, can not be neglected in the radiative transfer modelling. The Ring effect shows 
up in the spectrum of the backscattered sunlight as a filling in of solar absorption lines and is 
caused by inelastic (Raman) molecular scattering. To account for the Ring effect, the magnitude 
and a wavelength shift of a theoretical Ring spectrum can be fitted in parallel to the retrieval of 
ozone. The spectrum below 265 nm is not used because of the high noise and NO-gamma band 
emission features in this part of the spectrum. The MODTRAN model is extended with 
algorithms to convolute the spectrum with the GOME slit function and to bin the spectrum onto 
the detector pixels. The model does not account for polarization of the light in the atmosphere, 
which will result in a small error in the calculated spectrum [Mischenko et al., 1994; Stammes, 
1994]. The underlying assumptions for the radiative transfer is that the atmosphere is 
horizontally homogeneous in the area relevant for the radiative transfer calculation. 

The weighting function is obtained by differentiation of the forward model with respect to the 
ozone density at certain levels. Analytical differentiation is not possible with the MODTRAN 
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code. Consequently, we determine the first derivatives by sequentially perturbing each of the 
state vector elements. 

The optimal estimation method requires a priori information. A priori ozone profiles and a 
priori variances are taken from the climatology of Fortuin and Kelder [1998] and Fortuin, 
[1996]. The temperature profiles are based on climatological data of European Center for 
Medium-Range Weather Forcasts. The a priori albedo is calculated from the GOME 
measurement at 400 nm, where the absorption of ozone is minimal. 

Here we present results for the retrieval of the ozone profile from the spectral interval of 265–
340 nm. The UV spectrum below 283 nm is measured for a ground pixel of 960 by 100 km; thus 
the retrieved ozone profile represents an average for this area. Clouds are not directly modeled 
in this study, but appear in the retrieval as high surface albedos. 

2.6 Validation of GOME Ozone Profiles 

2.6.1 Validation Approach 
Two methods are identified to evaluate the quality of the retrieved profiles. First, the retrieved 

profiles are integrated to yield ozone columns, which are compared to the ozone columns as 
measured by TOMS or Brewer or as measured by GOME and calculated using differential 
optical absorption spectroscopy (DOAS). Second, a selected number of ozone profiles are 
compared to coincidental and cospatial ozone sonde and satellite measurements. 

Both the total ozone column and collocated ozone profile are retrieved from the GOME 
spectrum, which is unique for satellite measurements. Here these ozone profiles are validated 
using satellite and situ measurements at the locations De Bilt (52.0°N, 5.1°E) and Paramaribo 
(5.8°N, 55.2°W), representative for urban midlatitude and rural tropical situations, respectively. 
Validation is performed by comparisons between the total ozone measurements at the stations 
(from Brewer, TOMS, and GOME-DOAS measurements) and the integrated ozone profile for 
the period of several years. A similar time series is presented in Section 2.6.3 for the ozone 
density within selected altitude bands based on the comparison of sonde and retrieved profiles. 

2.6.2 Validation of Integrated Ozone Profiles 
For the period 1996–1999, daily total ozone column measurements from the satellite 

instruments TOMS and GOME, which are collocated within 700 km with the ground stations De 
Bilt and Paramaribo, are compared to measurements with local Brewer instruments. In addition, 
the integrated ozone profiles (IOPs) of GOME are included in these comparisons. The time 
difference between the different observations is never >4 hours. 

In Figure 2.5 this comparison is shown for De Bilt in 1999. Although the variability in ozone 
is high at the midlatitudes, the average deviation between satellite measurement and Brewer is 
small. The average deviation from the Brewer measurement is 2.9 DU (1 DU=0.001 atm cm) for 
Earth probe (EP)-TOMS, –7.2 DU for GOME-DOAS and –7.5 DU for IOP. The standard 
deviation of the average differences varies from 10 to 20 DU, mainly inherent to the different 
geographical and temporal sampling of the satellites compared to the Brewer measurements. 

Figure 2.6 shows the same comparison for the tropical ground station Paramaribo. Here the 
daily variability of the ozone column is much less, but systematic deviations are found. The 
average deviation from the Brewer measurement is 7.4 DU for EP-TOMS, 9.2 DU for GOME-
DOAS, and –14.3 DU for the IOP values. The standard deviation of the differences with the 
Brewer values is less than 4 DU. 

The differences found between TOMS and IOP for De Bilt in 1999 are in agreement with the 
more extended ozone column intercomparison between TOMS and GOME of Corlett and  
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Figure 2.6. Intercomparison for Paramaribo in 1999 between total ozone measurements from the 
Brewer (green diamonds), GOME-DOAS (blue squares), EP-TOMS (black plusses), and IOP values 
(red triangles). 

 
Figure 2.5. Intercomparison for De Bilt in 1999 between total ozone measurements from the Brewer 
(green diamonds), GOME-differential optical absorption spectroscopy (DOA) (blue squares), Earth 
probe Ozone Mapping Spectrometer (EP-TOMS) (black plusses,) and integrated ozone profile (IOP) 
values (red triangles). 
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Monks [2001]. For Paramaribo the differences between TOMS and IOP values in 1999 are much 
higher, indicating that the retrieved ozone profile values are too low in the tropics. 

2.6.3 Validation of Ozone Profiles 
The retrieved ozone profiles from recalibrated GOME data are compared to ozone sonde 

measurements. Since the ozone profile measurements have a very different vertical resolution, 
all profiles are gridded to 4-km layers for intercomparison. Within a layer the ozone profile is 
integrated to a partial column density with the unit DU. Overpass observations from GOME are 
selected when the center of observation is within 700 km from the ground station and within 4 
hours of the sonde measurements. These criteria resulted in 52 overpasses at De Bilt and 22 
overpasses in Paramaribo for the period from 1999 to 2000. The average deviations (mean) and 
the RMS standard deviations between satellite and sonde measurement are shown in Figure 2.7 
for overpasses at the ground stations De Bilt and Paramaribo. In addition, the average deviations 
between the a priori ozone profiles and the sonde are plotted. 

The comparison shows large deviations for the layers in the troposphere, which do not 
improve on the climatology (a priori data). This can partly be explained by the spatial and 
temporal differences of both measurements and partly by the simple cloud treatment and the 
missing polarization in the forward model of the retrieval. Both reasons will strongly affect the 
retrieved tropospheric values. Especially at Paramaribo, where the tropopause is higher (at ~ 100 
mb), a systematic underestimation of ozone in the troposphere and lower stratosphere occurs. 
This is consistent with validation of the integrated ozone profiles and shows the importance of 
ozone validations at a tropical station. Deviations above the tropopause are within the retrieval 
errors and clearly are improved compared to the climatology. 

Since ozone sondes usually do not get higher than 10 mbar (32 km), the validation is limited 
to the 1000–10 mbar pressure range. For validation above 10 mbar the ozone profiles are 
compared to HALOE measurements. HALOE [Russell et al., 1993] is a limb occultation 
instrument on the Upper Atmosphere Research Satellite measuring ozone since 1991. Since the 
vertical resolution of HALOE is higher than that of GOME, the profiles are gridded again to 4-
km layers for intercomparison. To be able to compare them with the previous validation using 
ozone sondes, the intercomparison is done for collocated observations above De Bilt and 
Paramaribo in the years 1999 and 2000. The same overpass criterion for the position and a time 
difference limit of 9 hours resulted in 8 collocated observation at De Bilt and 5 collocated 
observations at Paramaribo. Below 100 mbar the HALOE measurements are unreliable; 
therefore the intercomparison is made for the pressure range 100 until 1 mbar, as shown in 
Figure 2.8. Except for the upper layers the retrieved ozone profiles improves on climatological 
data. The deviations are very small at both ground stations, especially knowing that without 
correction of the GOME spectra the deviations would be about 50% for the upper layers as 
shown in Figure 2.8.  

In the literature, validation of GOME ozone profiles is usually limited to an altitude range of 
0–30 km and locations in Europe [see, e.g., Hoogen 1999b, Hasekamp, 2001]. The validation 
results at De Bilt presented here are comparable to these validation results. The comparison at 
Paramaribo shows a bias in the retrieved profiles in the troposphere and lower stratosphere 
probably due to neglecting polarization in the retrieval algorithm. As shown in this validation 
for both De Bilt and Paramaribo the radiometric calibration is essential for retrieving correct 
ozone values above 10 mbar. 

2.7 Conclusions 
The spectrum of backscattered atmospheric UV radiation measured by GOME is used to 

extract information on the vertical distribution of ozone with altitude. Because of its high 
spectral resolution and precision the GOME spectrometer has the potential to obtain ozone 
profiles in the stratosphere and in the troposphere. A state-of-the-art atmospheric radiation 
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Figure 2.7. Mean deviations between collocated and c-incidental measurements of sondes and 
GOME (solid line) in the year 1999 and 2000 for De Bilt (top leftl) and Paramaribo (bottom leftl). 
For comparison, the mean deviation of the a priori ozone profiles (dashed line) with respect to the 
sonde and the mean deviations of the retrieved values without radiometric calibration (dotted line) 
are shown in Figure 2.7 (left). In the right graphs the root mean square (RMS) standard deviations 
between the sondes and the GOME profiles (solid line) and the a priori profiles (dashed line) are 
shown for De Bilt (top right) and Paramaribo (bottom right). 

transport model is used for the forward calculation in the retrieval code. With this retrieval 
method it is feasible to retrieve ozone values at a step size of 4 km in the stratosphere and one or 
two values in the troposphere.  

Because the ozone profile retrieval is sensitive to absolutely calibrated reflectivities, the 
accuracy of the retrieved profiles depends strongly on the quality of this reflectivity spectrum. 
Validation of many reflectivity spectra during the operation of GOME with model results and 
SBUV/2 spectra showed several systematic inadequacies of the spectra. Identified were 
interference of the Peltier cooler, degradation of the reflectivities, and a mismatch in the 
radiometric calibration of the Earth radiances. Correction methods have been developed and 
applied in the retrieval procedure to account for these systematic errors. The retrieved profiles 
from the recalibrated reflectivity spectra of GOME differ in the stratosphere up to 50% from 
profiles retrieved without the corrections. Comparisons to ozone sondes, lidar measurements, 
and HALOE measurements show that the newly retrieved ozone profiles based on recalibrated 
GOME data agree significantly better with the sonde/lidar measurements in the stratosphere. 
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Figure 2.8. Mean deviations (solid line) with RMS standard deviations (error bars) between 
collocated and coincidental measurements of Halogen Occultation Experiment (HALOE) and GOME 
in the year 1999 and 2000 for (left) De Bilt and (right) Paramaribo. The dotted line represents the 
mean deviation for ozone profiles retrieved without correction of radiometric calibration. 
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Chapter 3 

GOME ozone profile characterization using 
interpretation tools and lidar measurements for 
intercomparison  

Abstract 
Global ozone profiles are derived from the ultraviolet and visible part of the spectra of the 

nadir-viewing Global Ozone Monitoring Experiment (GOME), which is mounted on the polar 
orbiting second Earth Remote Sensing satellite (ERS-2). These profiles need to be characterized, 
especially since the product includes a priori knowledge and so-called averaging kernels. This 
additional information needs to be taken into account when comparing the profiles to correlative 
measurements. We perform an intercomparison between the ground-based stratospheric lidar 
system in Lauder, New Zealand, and collocated GOME data. Here, the satellite profiles are 
retrieved with the algorithm of the Royal Netherlands Meteorological Institute (KNMI), which 
uses the optimal estimation method. In the comparison study significant differences are revealed 
which vary with season and altitude, indicating errors in the retrieval system. However, any 
quality assessment will just be one part of characterizing an ozone profile product that includes 
averaging kernels and a priori information. Data users need to be aware of the inherently 
complicated nature of such products that can only be fully understood when taking into account 
this additional information. In the second part of the study, the complex relation between the 
retrieved and the true profile is clarified using several interpretation tools. Applying these tools, 
we conclude that below 17-km altitude the GOME profiles can only be used with appropriate 
use of averaging kernels (e.g., in data assimilation). Above 17 km up to 50 km the GOME 
spectra contain useful profile information, but the retrieved profiles have a moderate vertical 
resolution of about 11 km and contain a substantial fraction of a priori information of about 
50%.  

                                                      
 This chapter has been published as:  
Meijer, Y. J., et al., Global Ozone Monitoring Experiment ozone profile characterization using 
interpretation tools and lidar measurements for intercomparison, J. Geophys. Res., 108(D23), 4723, 
doi:10.1029/2003JD003498, 2003. 

31 



Chapter 3 

3.1 Introduction 
Knowledge of the global distribution of ozone is of great importance for understanding the 

physical and chemical processes in the Earth’s atmosphere. One of the major benefits of this 
knowledge will be to improve existing climate and numerical weather models. Another 
important issue is to determine the anthropogenic effect on the ozone layer. There are several 
ways to measure ozone profiles, but the best way to get good global coverage is by using 
spaceborne sensors.  

The Global Ozone Monitoring Experiment (GOME) was launched on board the European 
Space Agency's (ESA) second Earth Remote Sensing satellite (ERS-2) in 1995 [Burrows et al., 
1999]. Its main objective is to retrieve atmospheric trace gas densities, and as the name suggests 
with a strong emphasis on ozone. GOME is a nadir-viewing spectrometer measuring the 
backscattered sunlight from the atmosphere in the wavelength range 240–790 nm. This 
information can be used to retrieve height-resolved ozone densities in the stratosphere as well as 
in the troposphere, which are based on the strong increase of absorption by ozone toward the 
shortest wavelengths. This method of ozone profile retrieval has been exploited previously by 
using data of the first and second Solar Backscatter Ultraviolet (SBUV and SBUV/2, 
respectively) satellite sensors [Barthia et al., 1996]. In the future, a whole set of similar 
instruments will succeed the GOME mission, namely Scanning Imaging Absorption 
Spectrometer for Atmospheric Cartography (SCIAMACHY, in 2002 on ENVISAT), OMI (in 
2004 on EOS-AURA) and the GOME-2 series (from 2006 on METOP 1, 2 and 3), which 
stresses the need to characterize this type of measurement. 

Various ozone-profile retrieval algorithms for GOME data have been presented in the 
literature in recent years [Munro et al., 1998; Van der A et al., 1998; Hoogen et al., 1999; 
Hasekamp and Landgraf, 2001; Müller et al., 2003], and most algorithms require that the 
observed spectra are absolute radiometrically calibrated with high accuracy. We have already 
demonstrated this importance of well-calibrated radiometric data [van der A et al., 2002], and in 
this chapter we will focus in more detail on the quality and characterization of the retrieved 
product presented in that chapter. Note that the neural network approach presented by Müller et 
al. [2003] does not require this high accuracy of the calibrated spectra. 

Earlier GOME ozone-profile intercomparison studies of Hoogen et al. [1999] and Hasekamp 
and Landgraf [2001] used balloon sonde measurements, but the balloons are usually limited to 
30-km altitude. We use high-quality lidar data from Lauder, New Zealand, to compare the ozone 
profiles. The altitude range of these data is 10–48 km, and we will demonstrate later that this 
covers the most useful part of GOME’s altitude range. We have chosen to perform a detailed 
intercomparison study at one site, and in future studies we will expand the intercomparison to 
cover different global regions; in particular to include data from both hemispheres, including the 
tropics, and the polar regions. 

Although these studies aim to indicate the validity of the retrieval product, it can still be hard 
to fully understand the product itself, since it includes the so-called averaging kernels and a 
priori data. We therefore propose a set of diagnostic tools that should help to interpret the 
GOME ozone profiles. These tools are largely based on earlier, more theoretical, work of 
Rodgers [1990, 2000]. 

In the following section we briefly present the GOME ozone-profile retrieval technique and 
the overall product, as it is used at the Royal Meteorological Institute (KNMI) in Netherlands. In 
Section 3.3 we present a detailed intercomparison study in which we use lidar measurements, 
and in Section 3.4 we separately present how to interpret the retrieved product. Finally, in 
Section 3.5, we present a discussion and the conclusions of the results. 
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3.2 GOME Retrieval and Product Description 

3.2.1 GOME Ozone-Profile Retrieval Technique 
Ozone profile information is contained in reflectance spectra in the near-ultraviolet 

wavelength region. Solar radiation, backscattered by air molecules, aerosols, and the surface, 
experiences a strong wavelength-dependent absorption by atmospheric ozone in the Hartley 
band (240–310 nm). At short wavelengths the absorption is so large that the atmosphere is 
opaque and the backscattered light observed by the satellite only originates from the highest 
layers. At longer wavelengths the solar radiation penetrates deeper into the atmosphere and 
deeper layers start to contribute to the backscattered light. Since the amount of ozone in these 
layers is the main factor that determines how deep the sunlight reaches, combining measured 
reflectance in a suitable wavelength range gives the desired ozone profile information. 

The decreasing absorption of light toward longer wavelengths and the increase in the amount 
of ozone at lower levels almost balance each other and therefore the sensitivity of the retrieval 
system remains quite constant until the main ozone peak around 25-km altitude. The lower 
ozone concentrations below this altitude will hardly have any effect on the light observed by 
GOME. Therefore the retrieval for these levels gets increasingly more difficult, but can be 
slightly improved by taking into account the temperature dependence of ozone absorption in the 
Huggins band (310–340 nm) [Chance et al., 1997; Munro et al., 1998]. 

The retrieval algorithm of KNMI uses the well-known nonlinear optimal estimation method 
of Rodgers [1990, 2000]. Rodgers outlines a method for solving underdetermined problems by 
using a priori information; a forward model relates the measurement to, in our case, the 
atmospheric profile elements. For underdetermined problems, like ozone profile retrieval from 
UV-reflectance measurements, normal least squares fitting does not work, since it amplifies 
measurement noise to unphysical, large-amplitude, profile elements. The use of an a priori 
profile tends to stabilize the inversion. In the KNMI retrieval algorithm (version 3.6), a priori 
ozone profiles are taken from the climatology of Fortuin and Kelder [1998] and the MODTRAN 
3.7 radiative transfer model is used for the forward calculation. This algorithm and preliminary 
comparison results were previously published in a paper by van der A et al. [2002]. 

The version 3.6 algorithm uses the spectral interval from 265 to 340 nm. Spectra are normally 
supplied by ESA through the GOME Data Processor (GDP) version 2.0. The ozone profile 
retrieval is highly dependent on the accuracy of the calibrated reflectivities. van der A et al. 
[2002] presented some case studies which demonstrated that differences between lidar and 
GOME data could be attributed to calibration errors in the GDP reflectivity spectra. In addition, 
comparison of many GDP reflectivity spectra with model results, by van der A et al. [2002], 
showed several systematic errors of these spectra, which was confirmed by comparisons made 
with spectra of the SBUV/2 satellite instrument. Corrections were proposed and have been 
applied to recalibrate GOME’s measured reflectance. In this chapter we will show a profile 
intercomparison using spectra including the recalibration as discussed by van der A et al. [2002]. 

3.2.2 GOME Ozone Profile Product of KNMI 
The final product of the ozone profile retrieval consists of ozone number densities on 11 

pressure levels, the total column density of the Integrated Ozone Profile (GOME-IOP), and the 
so-called averaging kernel matrix. The pressure levels are 453, 218, 119, 60, 30, 16, 9, 5, 3, 1.7, 
and 1 mbar. The retrieved ozone profile from the optimal estimation method can be regarded as 
the a priori profile updated with the profile information contained in the spectral measurement 
(“retrieved profile anomaly”). These retrieved values are therefore related to the difference 
between the true and the a priori profile (“true profile anomaly”). In general, these anomalies 
are not equal because the measurement is less sensitive to fine structures and the profile below 
the ozone maximum. This is quantified by the following equation [Rodgers, 2000, p.31, 1999]: 
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)xA(xxx a.prioritruea.prioriretrieved −+= . (3.1) 
 
In this equation xretrieved, xa priori and xtrue are vectors of ozone number densities at the pressure 

levels of the retrieval algorithm and they correspond to the values of the retrieved, a priori, and 
true state, respectively. A is the so-called averaging kernel matrix, or model resolution matrix, 
and it consists in this case of 11x11 elements, which results from the 11 retrieval levels. 

The averaging kernel constitutes a map between the true and retrieved anomaly. Its elements 
depend on (i) the sensitivity of the spectral measurement to the true profile, (ii) the measurement 
errors, and (iii) the a priori errors. They reflect (i) the limited sensitivity of the spectral 
measurement to fine-scale structures and the profile below the ozone maximum. In addition, the 
kernels are depending on errors (ii) and (iii), because for decreasing measurement errors the 
averaging kernel matrix tend to the identity matrix, while for increasing errors the matrix 
elements tend to zero. For the a priori errors it is the other way around. Therefore, the behavior 
of the averaging kernels, and thereby the vertical resolution of the profile, depend on both the 
measurement error and the magnitude of the a priori errors. For example, smaller a priori errors 
give a poorer resolution. 

Equation (3.1) also quantifies the deviation between the true and the retrieved profile, and is 
especially of importance when comparing the retrieved profile to correlative measurements. 
Note the extreme cases that when (i) A is the identity matrix: : the retrieved and the true profiles 
are equal and (ii) all elements of A are zero: the retrieved profile equals the a priori. A detailed 
analysis of the averaging kernels of the 1997 GOME profiles is presented in Section 3.4. 

3.3 Intercomparison of GOME-Retrieved Ozone Profiles 
A complete validation of the GOME ozone profiles should cover all different measurement 

situations, such as differences in atmospheric conditions, solar zenith angle (SZA), and cloud 
cover. Before performing such an extended validation, we have chosen to do a more detailed 
validation at one site, intending to gain confidence in the present quality of the retrieval 
algorithm and the underlying GOME spectral measurements. In order to prevent any confusion 
with such a fully validated product, we will call this validation at one site an intercomparison. 

Correlative data used in the intercomparison should be reliable and of high quality. The 
Network for Detection of Stratospheric Change (NDSC) was established in 1991 to provide such 
a consistent, standardized set of long-term measurements of atmospheric trace gases, particles, 
and physical parameters via a network of globally distributed sites. One of its main objectives is 
to provide independent calibrations and validations of space-borne sensors of the atmosphere. 
The National Institute of Water and Atmospheric Research (NIWA) Lauder (45.04oS, 169.68oE), 
New Zealand, is one of the primary NDSC stations and it is the only site in the Southern 
Hemisphere midlatitude region.  

At NIWA Lauder the vertical distribution of ozone in the atmosphere is routinely monitored 
by three different instruments, each with its own advantages such as altitude range, temporal and 
vertical resolution. Balloon-borne ozone measurements started in 1986, in 1992 a microwave 
radiometer was installed, and since December 1994 routine measurements of stratospheric ozone 
have been performed using the Dutch stratospheric lidar system of the National Institute of 
Public Health and the Environment (RIVM). The advantage of using lidar data for the 
intercomparison is its relatively high altitude resolution of 2–5 km and its altitude range of 10–
48 km that covers almost the complete (0–50 km) and best (17–50 km, demonstrated later) part 
of the GOME profile. 

The RIVM ground-based ozone lidar is an ultraviolet Differential Absorption Lidar (DIAL) 
system. Laser pulses are sent into the atmosphere at two wavelengths (308 and 353 nm). At 308 
nm the light is more affected by ozone absorption than at 353 nm. Ozone profiles can be derived 
from the detected backscattered signals by applying the DIAL method. For a detailed system  
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Figure 3.1. The rectangle illustrates the size of a single GOME ground pixel. The dots represent the 
centers of the 111 ground pixels of collocated GOME measurements used in this study. The black 
square shows the geolocation of Lauder, New Zealand. 

and retrieval description see Brinksma et al. [2000]. Profiles are measured during nighttime in 
clear-sky conditions and range from 10- to 48-km altitude.  

Data quality is regularly monitored under the NDSC protocol [McDermid et al., 1998a, 
1998b]. The Lauder NDSC data are of high quality, and validation work showed that averaged 
lidar and sonde ozone profiles agreed to within 1.5% (20–35 km), while averaged lidar and 
SAGE-II profiles agreed to within 2.5% at 20–35 km and to within 5% between 35and 45 km. 
Between 12 and 20 km the deviation between averaged lidar and sonde profiles is smaller than 
9% [Brinksma et al., 2000]. 

The retrieval scheme of KNMI, like all other GOME profile algorithms, does not use the 
GOME total column derived with the Differential Optical Absorption Spectroscopy (GOME-
DOAS) technique [Burrows et al., 1999] as a constraint. The GOME-IOP value is therefore 
independent from the GOME-DOAS total column, though obtained from the same spectral data. 
As an independent intercomparison we compare the GOME-IOPs with total ozone column 
densities, measured in Lauder with Dobson spectrophotometer #72 (Lauder-Dobson). Boyd et al. 
[1998] mention in their introduction that the Lauder-Dobson has a maximum difference of 0.4% 
against the World Standard Dobson Instrument #83 (for direct Sun observations in February 
1997). 

3.3.1 Intercomparison Approach 
In the comparison of two quantities, it is important to ensure that they are compared on equal 

footing. Assuming that the true state of the atmosphere is represented by the measurement of the 
DIAL system, we have substituted the lidar profile for the vector xtrue in equation (3.1). The 
approach of applying equation (3.1) in an intercomparison was first suggested by Connor et al. 
[1991]. The “retrieved” lidar profile is now referred to as “transformed” and compared to the 
GOME retrieved profile. 

We will have to set certain selection criteria in both space and time, in order to compare 
similar air masses and to justify applying equation (3.1). The GOME ground pixel covers an 
area of 960 by 100 km2, east-west and north-south respectively, (see Figure 3.1). The retrieved 
ozone profile represents an average over this area. Since the ERS-2 satellite is in a Sun-
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synchronous orbit, passing the equator at a fixed local time of 10:30 a.m., GOME is measuring 
in the area around Lauder at the end of local morning.  

We have defined collocation of a ground-based and a satellite measurement, when the center 
of the closest GOME ground pixel was within a 700-km radius around Lauder. In addition, we 
have required that each GOME and lidar profile can only be used once (i.e., the GOME and lidar 
data sets are bijective). Since the satellite orbit is almost exactly going from north to south, when 
GOME measures, these requirements result in a maximum difference of 2.0o in latitude and 8.6 o 
in longitude, (see Figure 3.1). For the time criterion we defined collocation when the lidar 
measurement was performed either the night before or after the late morning overpass, i.e., 
within 16 hours. These criteria are sufficient when the results are averaged, and proved useful in 
previous intercomparison studies [Stratospheric Processes and their role in Climate (SPARC), 
1998, section 2.4.2; Brinksma et al., 2000]. 

We have used one complete year of observations in order to include possible seasonal effects 
in the study. An ideal intercomparison period for both the lidar and GOME instrument is the 
year 1997. In this year there were 122 lidar observations evenly spread throughout the year and 
GOME sun-normalized radiances did not yet suffer from degradation effects, which started in 
1998 as demonstrated by van der A et al. [2002]. Another reason for choosing 1997 is that, 
especially in the austral winter and spring period, there was a relatively large number of 
anomalies in the measured ozone profiles with respect to climatology [Brinksma et al., 1998, 
2002; Connor et al., 1999]. We can therefore check the sensitivity of the retrieval to changes in 
the normal, climatological, profile structure. The above mentioned selection criteria, for data of 
1997, result in 111 collocated lidar-GOME pairs. 

In order to apply equation (3.1) to the lidar profiles, we need to regrid the lidar profile to the 
GOME profile sampling, i.e., as number density on 11 pressure levels. GOME data are retrieved 
at pressure levels, while lidar data are naturally retrieved on altitude levels. We therefore used 
cospatial and cotemporal temperature profiles, obtained from the National Centers for 
Environmental Prediction (NCEP) daily analysis, to convert pressure levels to altitude levels. It 
turns out that each of the levels has a separation of about 4 km. The lidar data, with an altitude 
resolution of about 2–5 km, have been averaged over a 3-km interval centered on the GOME 
level, and now represent the same 4-km thick levels due to the resolution; these data are now 
referred to as “regridded”. The transformed lidar data were calculated by substituting the 
regridded lidar data for xtrue in equation (3.1). 

An example intercomparison (date is 970312, yymmdd) is shown in the left panel of Figure 
3.2 (left), illustrating all the different profiles used, including the a priori and the original lidar 
ozone profile. The regridded lidar data are difficult to distinguish from the original lidar data, 
and their range is notably reduced due to the regridding. Actually, in general, it is difficult to 
compare profiles from such presentations and it is better to look at differences. The right panel 
of Figure 3.2 (right) shows in terms of percentage the differences in ozone number density 
between both the GOME-retrieved and transformed lidar data, and a priori and regridded lidar 
data both relative to the lidar data. We need to use the regridded lidar data in the 
intercomparison with a priori data, because the a priori data used in the retrieval are also values 
representative for each GOME pressure level. 

In the retrieval the SZA is an important parameter and therefore we suspect that the retrieval 
might contain errors related to this. Throughout the year GOME measures at the same local time 
and therefore at different SZAs. In order to visualize systematic differences and to allow SZA-
related effects to show up, we have calculated a 30-day running mean of the relative differences 
for a full year. An annual-mean relative difference would mask such effects. Note that other 
seasonally dependent errors, apart from SZA-related errors, may also be possible. 
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Figure 3.2. Example intercomparison of ozone profiles measured on 12 March 1997. (left) Retrieved 
GOME data (dashed line with dots), a priori data (shaded line with dots), transformed lidar data 
(squares with white asterisks), regridded lidar data (asterisks), original lidar data (solid line), and 
error original lidar data (thin solid line). (right) Differences between GOME and transformed lidar 
(dashed line with dots) and a priori data and regridded lidar data (shaded line with dots) in terms of 
percentage relative to the lidar. See text for definitions of regridded and transformed lidar data. 

3.3.2 Intercomparison Results of GOME Retrieval 

3.3.2.1 Intercomparison of Ozone Profiles 
Initially, we focus on the actual state of the atmosphere in the chosen intercomparison period, 

because we can only see the added value of the GOME measurement if this state is substantially 
different from the climatology. Remember that climatological ozone profiles are used as the a 
priori state in the GOME retrieval and the values of these profiles are then adapted to optimally 
match the observed spectra. We therefore estimated the true profile anomaly during 1997, shown 
in Figure 3.3 (top). It shows in terms of percentage the 30-day running mean of the differences 
in ozone number density between the a priori data (climatology) and regridded lidar data (actual 
state) relative to the latter. We can indeed (as mentioned in Section 3.3.1) observe that from 
1997.6 to 1997.8 the a priori values in the lower stratosphere are 20–30% higher than the actual 
state of the atmosphere, as represented by the regridded lidar data. We conclude that the year 
1997 provides a good intercomparison data set in order to test the capabilities of the retrieval 
system. 

We now compare the GOME data, processed using the recalibrated GDP spectra, to lidar 
data, shown in the bottom panel of Figure 3.3.(bottom) It shows in terms of percentage the 30-
day running mean of the differences in ozone number density between the GOME data and 
transformed lidar data relative to the latter. A positive difference means that the retrieved 
GOME ozone number densities are higher than the transformed lidar observations. The 
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Figure 3.3. All relative differences in ozone number density in terms of percentage (such as in Figure 
3.2) of the 111 GOME-lidar pairs for 1997 have been averaged by applying a 30-day running mean 
to each retrieval level. (top) Differences between a priori data and regridded lidar data. (bottom) 
Differences between the GOME-retrieved data and transformed lidar data. Gaps in top left and right 
corners correspond to missing data, and data lower than –40% or higher than +40% are plotted in 
the same color as –40% and +40%. 

observed mean differences range from –40 to +40%, indicating errors in the retrieval system. 
Furthermore, these errors vary with season and altitude and are largest in the troposphere and 
lower stratosphere. We will discuss the possible cause of these errors in Section 3.5.  

A bias smaller than 10% can be observed at the start and end of the year in the altitude range 
of 30–40 km, and even down to 17-km altitude in the middle of the year. However, these areas 
with a small bias will also be affected when adjustments are made to compensate for the 
observed errors in the retrieval system. Typical values for the standard deviation of the 
differences are around 10% in the altitude range 15–45 km, and between 15 and 30% for the 
other altitudes, with the higher values in the middle of the year. 

3.3.2.2 Intercomparison of Total Ozone Column Densities 
The previously defined selection criteria (Section 3.3.1) have been applied to Lauder-Dobson 

and GOME data of 1997, with the additional criterion that the data should be measured on the 
same day. These criteria resulted in 177 collocated GOME-Dobson pairs. 

For each pair we calculated the difference in Dobson units (DU, 1 DU = 0.001 atm cm) 
between the GOME-IOP and Lauder-Dobson values. We correlated the differences to the SZA, 
which is shown as a scatter plot in Figure 3.4. For clarity, a SZA of 32° corresponds to 21 
December 1997 (austral summer solstice) and a SZA of 75° corresponds to 21 June 1997 (i.e., 
decimal date = 1997.45). A linear fit through these data is shown as a line in Figure 3.4. The 
calculated fit parameters, the mean of the differences and its standard deviation (1σ) are given in 
Table 3.1.  

Any seasonal dependent bias, including those depending on the SZA, can explain the derived 
SZA correlation in the differences. In fact, part of the observed bias can be explained by a 
known systematic error in the Lauder-Dobson data, which Brinksma et al. [2000] demonstrated 
was due to the use of nontemperature-dependent Dobson ozone cross sections. Figure 8 of 
Brinksma et al. clearly shows the oscillating effect on the derived values when neglecting the 
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Figure 3.4. Differences in total ozone column densities in Dobson Units (DU) between the 
GOME- integrated ozone profile (GOME_IOP) and data of the Lauder Dobson spectrophotometer 
(Lauder_Dobson) as a function of SZA. Plotted over the original data is a line fit (see Table 3.1 
for fit parameters). 

 

Table 3.1. Annual mean differences in total ozone column densities, and fit parameters of linear 
function (“GOME-IOP” – “Lauder-Dobson”) = C0 + C1*SZA  

C0 ±1σ, 
in DU 

C1 ±1σ, 
in DU/° SZA 

Mean of  
Differences 

Std. Deviation of  
Differences 

–34.0 ±3.5 
 
0.66 ±0.06 
 

 
2.6 DU 
 

 
15.2 DU 
 

seasonal dependence of this parameter. We derived an amplitude of about 3 DU from an update 
of this figure (E. J. Brinksma, personal communication, 2001), which introduces a seasonal 
dependent bias of the same sign as our C1 fit parameter corresponding to about 0.15 DU/° SZA. 

The GOME-IOP has a slope of 0.66 DU/° SZA that is about 4 times higher than expected 
from neglecting the known bias in the Lauder-Dobson data and about 11 times higher than the 
one-sigma error level of this slope. We conclude that the GOME-IOP is significantly seasonal 
dependent and that this dependence is consistent with the observed differences between the 
GOME and lidar data in the lower stratosphere (see Figure 3.3). The GOME ozone profile 
retrieval algorithm uses temperature profiles based on climatological data of the European 
Centre of Medium-Range Weather Forecasts (ECMWF). The expected error in the ozone 
profile, due to the difference between the actual and climatological temperature profile, peaks in 
the troposphere with a few percent for a 5° temperature error. This error is not expected to be 
seasonal dependent and has little influence on the integrated ozone profile. Therefore 
temperature effects can not explain the large seasonal dependence observed in the GOME-IOP. 
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3.4 Interpretation of Retrieval of Nadir Ozone Profiles 
The intercomparison method of the previous section can be very helpful to improve a 

retrieval algorithm or to identify errors in the spectral measurements, but we have to be aware 
that it is not a conclusive validation method. The lidar data after transformation with equation 
(3.1) are no longer independent from the GOME-retrieved data. To understand what the 
capability of the observing system is to measure the true ozone profile is the main subject of the 
remainder of this chapter. 

The retrieved product is referred to as an ozone profile, but this can be misleading. The term 
“profile” suggests height-resolved values of various layers. Lidar and sonde profiles usually give 
values at well-defined altitudes and they correspond to or are influenced by a certain confined 
altitude region which is symmetrically shaped around its nominal altitude; e.g., a Gaussian 
shape. This altitude region is referred to as vertical resolution, but for GOME profiles this region 
can be quite extensive, and the functional relation between the retrieved value at one level and 
the true ozone profile at all levels can also severely deviate from the expected shape. 

According to our experience there is a strong need for a better understanding of GOME’s 
ozone profile product. In order to understand this product we will have to analyze how the 
retrieved state is related to the true state of the atmosphere. For this we need to analyze the exact 
influence of the retrieval process, as quantified in equation (3.1). We would like to emphasize 
that this whole section deals with a subject quite different from that in Section 3.3. It focuses on 
how to interpret a product that includes averaging kernels and a priori information. Though, if 
this additional information is incorporated when used, then there is no need for further 
interpretation; for example, when the data are applied in assimilation models.  

We would like to briefly summarize how averaging kernels and a priori information are used 
in data-assimilation models. The central quantities in data-assimilation are the measurement 
error covariance matrix and the observation operator. The latter provides a model forecast of the 
observation based on the model state, or xretrieved,model=H[xforecast]. This is of the same form as 
equation (3.1), with the true state replaced with the model forecast, and where H contains the 
averaging kernel matrix and a priori information. The measurement error covariance comes 
from the ozone-profile retrieval error covariance matrix, but without the smoothing error 
[Rodgers, 2000, section 3.4.2]. These “retrieved model profiles” are then compared with the 
GOME-retrieved profiles, and the model will adjust its values to optimally match the GOME 
measurements, meanwhile taking into account the measurement error and model forecast error 
covariance. Effectively, the assimilation model will only extract profile information from the 
measurement where it is present, which for each level is based on the kernel information and 
whether the measurement error is actually smaller than the model forecast error (for more details 
see, for example, Rodgers [2000, Chapter 8]).  

As mentioned before, we believe that for most other applications there is a strong need for an 
easier, more physically oriented, interpretation. In the following part of this section we will 
therefore provide diagnostic tools, in order to make it easier to interpret the retrieved ozone 
profile. We will focus on three different aspects of the product, which is in essence described by 
equation (3.1). We will analyze in two ways how the averaging kernels have redistributed the 
values of the true state of the atmosphere. First, we will calculate the resolution of the product 
by estimating the resolution of the averaging kernels. Second, the retrieved values also tend to 
correspond to moving the true state ozone values either up or down. We will therefore raise the 
issue of what the corresponding altitude of the retrieved value actually is, compared to its 
nominal (reported) altitude. Finally, the amount of a priori information that is present in the 
retrieved product will be quantified. 

An example of a typical averaging kernel matrix for a GOME retrieval near Lauder, New 
Zealand, in 1997, is shown in Figure 3.5. Note that traditionally each averaging kernel is usually 
plotted as one line, corresponding to one horizontal line in Figure 3.5. Therefore the x axis 
shows how ozone at these levels contributed to ozone at the other levels, and the y axis shows 
how much other levels contributed to the retrieved ozone value at that level. Note that, for  
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Figure 3.5. GOME averaging kernel matrix example (4 January 1997), rows are plotted horizontally 
and represent each kernel. Also shown are the centroid (asterisks) and the resolving length 
(horizontal lines, including its value) of each kernel. Black line indicates the distance between the 
maximum kernel value and nearest minimum value higher up, which is also a kind of resolution of the 
retrieval system. 

 
Figure 3.6. Resolving lengths calculated for all the 111 GOME averaging kernel matrices collocated 
with Lauder, New Zealand. Values larger than the maximum scale of the resolution are shown with 
the same color as 30 km. 
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example, a retrieved ozone value at about 10 km is largely dominated by ozone values around 
20-km altitude. Averaging kernel matrices, like the one of Figure 3.5, will be used throughout 
the following sections and they are initially used to estimate the resolution of a kernel. 

3.4.1 Averaging Kernels and Estimate of Resolution 
The most appropriate definition for resolution is a debatable subject and depends on the 

context of its application. Our aim is to apply a definition that gives a measure for the altitude 
range that contributes to the retrieved ozone value at a given retrieval altitude and that also 
accounts properly for contributions from negative lobes in the averaging kernels. In addition, we 
require that we can derive values for all levels, and we prefer to penalize odd-shaped kernels 
than to derive seemingly normal values. We have investigated several definitions, mentioned by 
Rodgers [1990, 2000, section 3.3 and 3.4], which attempt to give a measure for the width of a 
kernel. Most of them give satisfying results at most altitudes, but they fail at certain levels that 
correspond to an odd-shaped kernel with, for example, a dislocated center or significant negative 
lobes. This happens when we applied full width at half maximum (FWHM), second moment 
about the mean altitude and second moment about the nominal altitude. In both manuscripts 
Rodgers also mentions a definition set up by Backus and Gilbert [1970], which they called 
“spread”. It gives satisfying results at all altitudes, but it also tends to severely penalize the 
kernels with dislocated centers. A related concept is the resolving length r(z) or “spread about 
the center”, which is defined as 
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In these equations z is the nominal altitude. The quantity c(z) can be regarded as the centroid of a 
kernel, and this is the subject of the next section. The Backus-Gilbert spread is similar to the 
resolving length, but c(z) is then replaced by z in equation (3.2). The factor 12 in equation (3.2) 
is chosen so that a simple slit function has a spread equal to its full width. 

We have chosen to apply equation (3.2) for estimating the kernel resolution, since it takes 
into account all the features that we wanted to be included in the definition of resolution. In this 
way we also separate the second feature of the averaging kernel, namely that in some cases it is 
not centered on its nominal altitude. In Figure 3.5 over the original data, we have plotted as an 
illustration for each kernel half the resolving length to either side of its centroid. 

The resolving lengths of all the averaging kernel matrices used in the 1997 intercomparison 
(see Section 3.3) are shown in Figure 3.6. The average resolving length above 17-km altitude is 
11.3±2.6 km. At these altitudes the averaging kernel has its centroid more or less at the nominal 
altitude, as we will show in the next section. In this case the resolving lengths are about 25% 
higher than what would be found with the FWHM definition of resolution. In the same altitude 
range Hoogen et al. [1999] found for their retrieval algorithm (northern midlatitude winter 
scenario, SZA=70o) a FWHM of about 9 km, which would correspond to very similar resolving 
lengths. Below about 17-km altitude the resolving lengths rapidly increase to more than 30 km 
and out of the plotting range, and they correspond to very odd-shaped kernels; (for example, see 
lowest two levels in Figure 3.5). These, sometimes ridiculously, large values can be used to 

42 



GOME ozone profile characterization 

 
Figure 3.7. Centroids calculated for all the 111 GOME averaging kernel matrices as a function of 
their nominal altitude. Lines parallel to the diagonal show where the thresholds are for allowing a 
shift of 2 and 4 km (long- and short-dashed lines, respectively) away from the nominal altitude. 
Dotted lines show the minimum (left) and mean (right) penetration depth of the retrieval based on 
these centroids.  

identify such kernels, but do not represent any useful value for its width. It is interesting to see 
in Figure 3.6 that in the middle of the year, when the SZA is large, the retrieval system can, as 
expected, achieve a better vertical resolution at the highest altitudes. 

 In Figure 3.5 a feature is showing up in which a layer of negative kernel values is above the 
layer of the maximum kernel values. Each distinct layer of the retrieval system should be 
anticorrelated with the layer above it, because extra or too little absorption by ozone one layer 
higher has to be compensated for lower down. The capability of the retrieval system to 
discriminate between two independent layers can be looked upon as another definition of 
resolution. In Figure 3.5 at 30-km altitude, we estimate this distance to be about 12 km (see 
black line), which is consistent with the average resolving length in this altitude range.  

3.4.2 Altitude of Retrieved Value 
Kernels can have a centroid away from their nominal altitude and therefore the retrieved 

values relate to a dislocated true ozone profile. This can quite clearly be seen (in Figure 3.5) 
from the kernels at the lower levels, which all have their centroid around 20-km altitude. The 
interpretation of this is that almost all of the information attributed to this lower region is 
coming from the region around 20-km altitude. 

The centroids of all the kernels used in the 1997 intercomparison (see Section 3.3) are shown 
in Figure 3.7. We have plotted the results in a similar way as in Figure 3.5, with the nominal 
altitude on the y axis. We have also plotted long- and short-dashed lines that correspond to 
accepting a shift of ±2 and 4 km, respectively, which would be more or less half and once the 
sampling interval of the retrieval system. 

There are almost no kernels with a centroid lower than 16-km altitude and the average lower 
boundary is about 18 km. We already predicted this in Section 3.2.1, because it is quite difficult 
to detect ozone below the main ozone peak, which is around 25-km altitude. Therefore the 
concentrations and fluctuations of ozone around 20-km altitude dominate the ozone 
concentrations retrieved for the troposphere and lower stratosphere.  
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There are two exceptions that result in a centroid below 16-km altitude. The first type is 
connected to very low stratospheric ozone concentrations in early August 1997, as referred to in 
Section 3.3.1. The other is due to high ozone concentrations around 11-km altitude and normal 
to low concentrations higher up. Because of these circumstances lower altitude levels become 
better observed, which in turn gives properly-shaped averaging kernels and therefore less 
dislocated centroids. 

We argue that the centroid of a kernel can be used to reject certain retrieval levels, because 
sometimes a centroid is too far away from the nominal altitude. If a shift of one sampling 
interval is accepted, then only the profile levels above 14 km should be given. But when this 
constraint is tightened to allow shifts of just half of the sampling interval, then sensible ozone 
values can only be reported above 20-km altitude. 

3.4.3 Contribution of A Priori Information 
The retrieval of ozone profile information is an underdetermined problem which was treated 

by using the optimal estimation method. Care has to be taken that this involved the use of a 
priori profile information (see Section 3.2). Equation (3.1) describes the dependence of the 
retrieved product on this a priori knowledge. Here, we will estimate how large the a priori 
contribution is. 

We have to separate two parts in which the a priori contributes to the retrieved value of a 
level zi. The main contribution results from the diagonal element of the averaging kernel matrix, 
namely a fraction of (1–Aii) of a priori information. This fraction is added to a fraction of Aii of 
true information at that level. In addition, the off-diagonal elements of the averaging kernel 
matrix contribute to the retrieved value, but they operate on the difference between the true and 
a priori state vectors and therefore form a smaller part of the final retrieved value of level zi. All 
together it is quite complex to estimate the total fraction of a priori information, especially since 
it depends on the values of both state vectors. Therefore it is an easier approach to just examine 
the main fraction resulting from the diagonal elements of the averaging kernel matrix. This 
approach can be justified, since large off-diagonal contributions will also result in a shifted 
centroid, and in that case we stated earlier to reject the retrieved values from these levels. We 
therefore define the a priori contribution to each retrieval level zi as the (1–Aii) fraction of the 
corresponding kernel.  

In Figure 3.8 we present the a priori contributions from the retrievals used in the 1997 
intercomparison (see Section 3.3). Up to 20-km altitude the a priori fraction is larger than the 
information of the true state of the atmosphere. Above this altitude the a priori knowledge still 
has a significant contribution (about 50%), except for the highest level. 

3.5 Discussion and Conclusions 
Characterization of ozone profiles retrieved from spectral measurements of the GOME 

satellite instrument was the focus of this chapter. We monitored the present quality of these 
profiles and the underlying GOME spectral measurements by comparing them with year-round, 
collocated lidar ozone profiles over Lauder, New Zealand, from 1997. In addition, the complex 
relation between the retrieved and the true profile, as quantified in the averaging kernels and the 
a priori profile, was clarified using several interpretation tools. 

van der A et al. [2002] demonstrated that the spectral measurements of GOME contain severe 
errors, which have a large effect on the retrieved ozone profiles. The recalibration used in the 
retrieval actually mainly affects the shorter wavelengths (<305 nm), with correction factors on 
the order of 0.9, which results in lower reflectivities at these wavelengths, and this translates into 
higher ozone values above ~30 km. The bottom panel of Figure 3.3 (bottom) illustrates that the 
GOME profile retrieval system (algorithm and spectral measurements) still contains errors, and 
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Figure 3.8. A priori ozone profile contribution to each retrieval level (asterisks) and its average 
values (solid line) for all collocated GOME measurements in 1997. 

that they vary with season and altitude. Furthermore, these errors are largest in the troposphere 
and lower stratosphere.  

The revealed biases are significantly correlated to the SZA of observation, which 
demonstrates that there is a seasonal-dependent bias, and this can be seen in both the comparison 
results of the ozone profiles and the total ozone column densities. Close examination of the 
figures of Hoogen et al. [1999, Figures 6 and 7] and Hasekamp and Landgraf [2001, Figures 9 
and 13] show intercomparison results with similar errors for their retrieval algorithms. Spurr 
[2001, Figure 5.9] demonstrates that the origin of these errors might be in the neglect of 
polarization in the radiative transfer computation using MODTRAN. This neglect causes profile 
errors of up to 50% in the troposphere and lower stratosphere, and moreover, is dependent on 
the SZA. Also Hasekamp et al. [2002] investigated the need of polarization modeling for ozone 
profile retrieval from backscattered sunlight. They showed the effect of an insufficient 
correction for the polarization sensitive instrument and of the use of the scalar approximation in 
the atmospheric radiative transfer model. Here, the errors in the retrieved profiles arising from 
these effects strongly depended on the SZA and varied with altitude, with largest errors in the 
bottom part of the profile. Further identification of and correction for the errors observed and 
presented in this chapter are currently under investigation and beyond the scope of this chapter. 
That study will also investigate how much the intercomparison results depend on the chosen 
retrieval algorithm, and hence compare the results of the different GOME retrieval schemes 
currently available (see Section 3.1). 

The KNMI-GOME ozone profile also needs to be characterized by means of interpretation of 
the total data product, including averaging kernels and a priori data. We calculated the resolving 
length, which is one of several ways to estimate the resolution of the averaging kernels. This 
method is quite consistent with other definitions, but has the advantage that it gives sensible 
values over the whole altitude range. The average resolving length above 17-km altitude is about 
11.3±2.6 km. Below 17 km, the rapid increase of the resolving length indicates that the current 
GOME retrieval is not very sensitive to ozone values close to the reported altitude in this range. 

Investigation of the centroid of the averaging kernels supports the limitations of the GOME 
ozone profiles based on the resolving length. Below 20-km altitude, the centroids are shifted 
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with respect to their nominal altitude. However, the centroids of 20 km and higher are well 
centered on their nominal altitude. 

Another aspect of the retrieval is the mixture of true and a priori information in the product. 
In the retrieved product below 20-km altitude very little new information has been added, and at 
these altitudes the a priori fraction forms on average more than two thirds of the product. Above 
20-km altitude, the a priori fraction slowly decreases to about 50%, and at the highest layer it is 
only 10%.  

The above-mentioned three interpretation parameters basically characterize the product. They 
indicate three features of the retrieval system, namely how well it is capable of resolving 
structures, how much information actually originates from the reported altitude, and how much 
measured information has actually been added. For a quick interpretation of a GOME ozone 
profile, we propose to report these three parameters for each altitude level. Furthermore, these 
tools can also be applied to other algorithms using the optimal estimation method (e.g., Munro et 
al [1998], Hoogen et al. [1999], and Connor et al. [1991]), or for those algorithms only 
producing averaging kernels in their product (e.g., Hasekamp and Landgraf [2001]) the 
resolving lengths and the centroids of these kernels can be derived. Note that these tools are not 
necessarily restricted to only interpret GOME ozone profiles, and they can also be applied for 
the interpretation of, for example, microwave radiometer data. 

From the application of these tools to the GOME data presented here, we conclude that the 
current retrieval scheme retrieves ozone values below 17-km altitude, which should only be used 
with appropriate use of averaging kernels. This conclusion is based on a rapidly decreasing 
resolution, a shifting of the centroid away from its nominal altitude, and a substantial a priori 
fraction. Above 17 km up to 50 km the GOME spectra contain useful profile information, but 
the retrieved profiles have a moderate vertical resolution of about 11 km and contain a 
substantial fraction of a priori information of about 50%. This range interval, where we can 
expect the best results of the retrieval algorithm, almost completely overlaps with the altitude 
range of the lidar data, demonstrating the appropriateness of using these data in GOME 
intercomparison and validation studies. 
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Chapter 4 

Evaluation of GOME ozone profiles from nine 
different algorithms  

Abstract 
An evaluation is made of ozone profiles retrieved from measurements of the nadir-viewing 

Global Ozone Monitoring Experiment (GOME) instrument. Currently four different approaches 
are used to retrieve ozone profile information from GOME measurements, and they mainly 
differ in the use of external information and prior constraints. In total nine different algorithms 
will be evaluated exploiting the Optimal Estimation (Royal Netherlands Meteorological 
Institute, Rutherford Appleton Laboratory, University of Bremen, National Oceanic and 
Atmospheric Administration, Smithsonian Astrophysical Observatory), Philips-Tikhonov 
Regularization (Space Research Organization Netherlands), Neural Network (Center for Solar 
Energy and Hydrogen Research, University of Tor Vergata), and Data Assimilation (German 
Aerospace Center) approaches. Analysis tools to investigate aspects of vertical resolution and 
the contribution of a priori information are used to interpret data sets that include averaging 
kernels. In the interpretation of the data, the focus is on the vertical resolution, the altitude of the 
retrieved value, and the contribution of a priori information. The evaluation is completed with a 
comparison of the results to lidar data from the NDSC (Network for Detection of Stratospheric 
Change) stations in Dumont d’Urville (Antarctic), Lauder (New Zealand), Mauna Loa (USA), 
Observatoire Haute Provence (France) and Andoya (Norway) for the years 1997–1999. In total 
the comparison involves nearly 1000 ozone profiles, and allows the analysis of GOME data 
measured in different global regions and hence observational circumstances. The main 
conclusion of this chapter is that unambiguous information on the ozone profile can be retrieved 
in the altitude range 15–48 km with a vertical resolution of about 10 km, precision of 5–10%, 
and a bias up to 5% or 20% depending on the success of recalibration of the input spectra. The 
sensitivity of retrievals to ozone at lower altitudes varies from scheme to scheme and includes 
significant influence from a priori assumptions. 

 

                                                      
  This chapter will be submitted for publication as: 
Meijer, Y. J., et al., Evaluation of GOME ozone profiles from nine different algorithms, J. Geophys. 
Res., to be submitted in December 2004. 
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4.1 Introduction 
In this chapter we will evaluate different approaches to retrieve height-resolved ozone 

information from spectral data of the Global Ozone Monitoring Experiment (GOME), which 
was launched in April 1995 on board the second European Earth Remote Sensing (ERS-2) 
satellite. An evaluation of the currently available retrieval algorithms becomes increasingly 
important with the growing volume of satellite data from past, recent and future missions. In 
particular, this involves the ozone profile data from nadir-viewing instruments like SBUV (Solar 
Backscatter Ultraviolet), SBUV/2, GOME, SCIAMACHY (Scanning Imaging Absorption 
Spectrometer for Atmospheric Cartography), GOME-2 and OMI (Ozone Monitoring 
Instrument). Some of the algorithms retrieve data products that include averaging kernel 
information and sometimes also a priori information. The applied methods to characterize such 
(ozone profile) products are taken from the paper of Meijer et al. [2003]. In that paper different 
methods were investigated and applied to GOME data measured around the lidar station in 
Lauder, New Zealand and retrieved by the algorithm of the Royal Netherlands Meteorological 
Institute (KNMI). This chapter will include data from nine different GOME ozone profile 
retrieval algorithms and they will be compared to lidar data from five stations selected to 
represent different global regions. 

In April 2001 the European Space Agency (ESA) initiated the GOME-1 Ozone Profile 
Retrieval Working Group (GOME1-O3P-WG, see also http://earth.esa.int/gome1/). In five 
meetings spread over 2.5 years this group served as a forum for scientists working on the 
retrieval and validation of GOME ozone profiles. The main objectives were to develop and 
improve retrieval algorithms and intercomparison methods, which should ultimately enable long 
term ozone trend monitoring and prepare for future-mission data processing. Although in some 
papers two satellite retrieval algorithms have been compared (e.g., see Müller et al. [2003]), this 
paper is unique in comparing nine different retrieval algorithms applied to the same satellite 
irradiance measurements (level 1 data) to retrieve vertical profiles of ozone (level 2 data). All 
groups were provided with the same set of GOME spectral data which have been processed to 
ozone profiles in a uniform format and on a common altitude grid, which was requested to all 
participants in order to foster intercomparisons and interpretation studies. The processed data 
have been evaluated by independent groups (i.e., BIRA-IASB (Space Aeronomy Institute of 
Belgium) and RIVM (Dutch National Institute for Public Health and the Environment)) for their 
retrieval capabilities, data quality and particular merits. It should be clear that the scope of this 
evaluation chapter is on characterization of these nine algorithms rather than on ranking. 

In Section 4.2 we will present the nine different retrieval algorithms currently available and 
involved in the GOME1-O3P-WG. In Section 4.3 we will present the interpretation results 
derived from the provided averaging kernel and a priori information. In Section 4.4 we will 
present intercomparison results of the GOME data with data from stratospheric ozone lidars at 
several strategic locations (Northern/Southern midlatitude, Tropics, and Polar region). In 
Section 4.5 we will present the conclusions and discussion. 

4.2 GOME Ozone Profile Retrieval Algorithms 
The GOME instrument [Burrows et al., 1999a] measures, in nadir-viewing geometry, 

scattered sunlight from the atmosphere in the ultraviolet (UV), visible and near-infrared spectral 
regions (240–790 nm at 0.2–0.4 nm resolution). The GOME spectral range is covered by four 
diode array detectors. The ozone profile retrieval methods use spectral windows within band 1a, 
1b and 2, covering the range 237–405 nm. GOME scans the earth atmosphere using a scan 
mirror, which rotates perpendicular to the flight direction (approximately North-South) in an 
angle ranging from 31o to –31o with respect to the zenith direction. This mirror takes 4.5 seconds 
to scan in one direction (forward scan) and 1.5 seconds to return in the opposite direction  
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(backward scan), and during this scanning the GOME detectors are read out every 1.5 seconds. 
Nominally, this results in a swath of about 960 km covered by the scan mirror. The size of the 
ground pixel in the flight direction is governed by the slit opening and amounts to about 40 km. 
For the smallest wavelengths the obtained signal-to-noise ratio is too small during the 1.5 
seconds integration time. Therefore part of band 1, named band 1a, is read out every 12 seconds 
corresponding to a ground pixel of 960 x 80 km. The upper wavelength limit of band 1a was at 
the start of mission set to 307.2 nm, but in June 1998 it was shifted to 282.9 nm. To correct for 
its polarization sensitivity, GOME measures the degree of polarization using three dedicated, 
broadband Polarization Measurement Devices (PMDs) covering the spectral ranges 300–400, 
400–600, and 600–800 nm, respectively. As the PMDs are read out every 93.75 ms, one PMD 
pixel covers 1/16th of every nominal pixel. This subpixel information can be used to determine 
the cloud fraction. GOME spectra, i.e., geolocated, spectrally and radiometrically calibrated 
solar irradiances and earthshine radiances, have been supplied by ESA through the GOME Data 
Processor (GDP) [DLR, 1996] version 2.0 with keydata version 8.5. The calibration includes a 
correction for the polarization sensitivity, which can be turned on or off in the co-delivered 
extraction software.  

Table 4.1. Overview of the main input parameters and algorithm characteristics. 
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IUPB OE F-K 5  UKMO Albedo FM Yes GDP-
extractor 

GOME 
TRAN 

KNMI OE F-K 4–5 ECMWFb Fresco B-P, 
O 

Yes Gome 
CAL 

LIDORT 

RALX OE F-K 6–8 UKMO Albedo FM No GDP-
extractor 

GOME 
TRAN 

SAOO OE T-v8 6  ECMWF GomeCAT MA Yes Gome 
CAL 

LIDORT 

NOAA OE F-Ka ~10  ECMWFa,b T-v8 B-P No GDP-
extractor 

TOMRAD 

SRON PTR N/A N/A UKMO Fresco V Yes No SRON 
UTVE NN Trained N/A None None N/A No No N/A 
ZSWB NN Trained N/A UKMO O2 A-band N/A No GDP-

extractor 
N/A 

DLRR DA Column N/A UKMO N/A N/A N/A N/A N/A 
F-K: ozone climatology of Fortuin and Kelder [1998],  
T-v8: TOMS Version-8 climatology [McPeters, 2003], 
a: normally SBUV Version-8 climatology are used,  
b: climatological values are used instead of analyses, 
FM: ozone cross sections measured in laboratory on GOME flight model [Burrows et al., 1999b], 
B-P: ozone cross sections of Bass and Paur [1984] and Paur and Bass [1984], 
N/A: not applicable for this approach, 
O: ozone cross sections update of Orphal [2003], 
MA: ozone cross sections of Malicet et al. [1995], 
V: ozone cross sections of Voigt et al. [1999]. 
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Figure 4.1. Wavelength ranges exploited by the nine different retrieval schemes to retrieve ozone 
profiles from GOME measurements (names indicated on the left). The top lines, indicated with 
GOME, show the ranges available from the three applicable GOME measurement bands; a change 
to the next band is indicated with a vertical step. The lines indicate the situation after June 1998, 
when the division between band 1a and 1b was changed (asterisk denotes its previous position). The 
DOAS fit window is indicated in gray for DLRR, because this algorithm only exploits the ozone 
column information present in the GOME spectra and not the profile information. 

Ozone profile information can be retrieved from GOME data and currently four different 
approaches are followed, which mainly differ in the use of external information, prior 
constraints and exploited spectral range. The nine available algorithms either exploit the Optimal 
Estimation (OE), the Philips-Tikhonov Regularization (PTR), the Neural Network (NN) or the 
Data Assimilation (DA) approach. An overview of the used input parameters and main 
algorithm characteristics is shown in Table 4.1. Note that co-adding of pixels refers to the 
averaging of all band 1b and 2 spectra within the band 1a integration period, which is then 
combined with the band 1a spectrum to get a single measured spectrum used as input for the 
retrieval. This co-adding ensures that for all retrieval wavelengths the detector observed the 
same ground scene (providing scene homogeneity). As the integration time of the combined 
spectrum is longer, the resultant measurement area (or ground pixel) is larger. The exploited 
wavelength region for each algorithm is shown in Figure 4.1. In Table 4.1 we have also 
indicated which algorithms used the optional GDP polarization correction or another scheme. In 
the following subsections we will briefly describe the specific features and implementation 
method of all nine algorithms, and for further reading and more specific details the relevant 
references are provided. 

4.2.1 Optimal Estimation Approach (5 algorithms) 
For ill-posed problems, like ozone profile retrieval from UV-reflectance measurements, 

normal least-squares fitting does not work, since it amplifies measurement noise resulting in 
profiles with unphysical, large amplitudes. The well-known non-linear OE approach outlined by 
Rodgers [2000] solves ill-posed problems by using a priori information. The use of an a priori 
profile tends to stabilize the inversion when relating the measurement with a forward model to 
atmospheric profile elements, because the retrieval solution is constrained by the a priori profile 
and its covariance matrix. 

The retrieved ozone profile from the optimal estimation method can be regarded as the a 
priori profile updated with the profile information contained in the spectral measurement. In 
general, the measurement is less sensitive to fine-scale structures and the profile below the 
ozone maximum. This is quantified by the following equation [Rodgers, 2000, p. 31]: 

 
( ) priori atrueretrieved x AIx Ax −+= , (4.1) 

 
with the matrix A having elements of 
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and for the OE methods A is given as [Rodgers, 2000, p. 67]: 
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In these equations xretrieved, xa priori, and xtrue are vectors of ozone number densities at the altitude 
levels z of the retrieval algorithm and they correspond to the values of the retrieved, a priori, and 
true state, respectively. A is the so-called averaging kernel matrix, or model resolution matrix, 
and it constitutes a mapping between (4.1) the difference between the true and the a priori 
profile (true anomaly) and (4.2) the difference between the retrieved and a piori profile 
(retrieved anomaly). In equation (4.3), Sa and Sε are the a priori and measurement error 
covariance matrices, respectively, and K is the so-called weighting function matrix, which 
describes how the forward model (F(x)), that relates the spectral measurement to the true state 
vector, is sensitive to changes in the state vector, i.e. Kij=∂Fi(x)/∂xj. 

When applied to ozone profile retrieval from nadir UV spectra, the averaging kernel 
quantifies the limited sensitivity of the spectral measurement to fine-scale structures and to the 
profile below the ozone maximum. In addition, the kernels are dependent on the input errors for 
the retrieval algorithm. For example, as evident from equations (4.1) and (4.3), for larger a 
priori errors the averaging kernel matrix tends towards the identity matrix and hence the OE 
solution becomes less dependent on the a priori profile. For smaller a priori errors the averaging 
kernel elements go to zero and the solution tends to the a priori. For the measurement errors the 
situation is reverse. Note that not only is the averaging kernel matrix influenced by what is used 
in the retrieval system as input for the measurement and a priori errors, but consequently also its 
interpretation. 

Equation (4.1) quantifies the deviation between the true and the retrieved profile, which is 
especially important when comparing the retrieved profile to correlative measurements. Note 
that in the two extreme cases when (1) A is the identity matrix: the retrieved and the true profiles 
are equal, and (2) all elements of A are zero: the retrieved profile equals the a priori values. A 
detailed analysis of the averaging kernels is presented in Section 4.3. 

4.2.1.1 IUPB algorithm 
The Institute of Environmental Physics at the University of Bremen in Germany (hereafter 

referred to as IUPB) has developed the FURM (Full Retrieval Method) algorithm and the data 
presented here stem from version 5.0. This algorithm is based on the OE method, but with the 
addition that it includes the information matrix method from Kozlov [1983], which adapts the 
number of fit parameters to the information content of the measurement. Hoogen et al. [1999] 
mention that this eigenvector approach uses the a priori information in the same statistical sense 
as the original OE approach, but the fit process is much faster, as only those parameters are 
considered for which there is information contained in the measurement. 

The radiative transfer model (RTM) GOMETRAN [Rozanov, 1997] is used for the 
calculation of radiances and weighting functions, and it was specifically designed for GOME 
retrieval applications. GOMETRAN uses the finite differences method and is a monochromatic 
model including a full treatment of multiple-scattering. Rayleigh cross sections and phase 
functions are based on the work of Bucholtz [1995]. Aerosol profiles and optical properties are 
taken from the LOWTRAN-7 aerosol model [Kneiys et al., 1988].  

Besides the ozone eigenvectors, also some other atmospheric parameters are fitted, such as 
aerosol, temperature, NO2, albedo, Rayleigh scattering and the Ring effect. The so-called Ring 
effect, or the filling-in of solar absorption lines, can be explained by rotational Raman scattering 
and should be taken into account in the RTM, but this would dramatically slow down the 

53 



Chapter 4 

retrieval. Therefore a look-up table has been generated to correct the GDP spectra for the Ring 
effect using GOMETRAN including rotational Raman scattering for various atmospheric 
scenarios and solar zenith angles. 

Clouds are treated as highly reflecting surfaces at 0-km altitude (clouds as albedo approach), 
which means that in the RTM the surface albedo is replaced by the weighted mean of the surface 
albedo and the cloud albedo, the weight being the fractional cloud cover. Initially, albedo (and 
hence cloud) information is derived from the PMDs, and then it is further adjusted as part of the 
fitting process. In the RTM the Earth’s surface is assumed to be a Lambertian reflector with 
wavelength dependent albedo. 

The GDP spectra contain unresolved problems with the radiometric calibration, particularly 
between 260 and 290 nm [Hilsenrath et al., 1996]. In the retrieval they appear as spectral fit 
residuals with characteristic structures, but none of the atmospheric fit parameters can account 
for them [Hoogen et al., 1999]. An empirical calibration correction function was derived 
separately for bands 1 and 2. In the retrieval algorithm third-order Chebyshev polynomials are 
taken into account as additional fitting parameters using the coefficients of the correction 
function. Apart from the increased radiometric calibration problems, there are also strong NOγ 
features corrupting the measurements below 290 nm [McPeters, 1989], which cannot 
appropriately be taken into account in the RTM. These two reasons lead to the restriction in the 
IUPB algorithm (version 5.0) of only fitting wavelengths longer than 290 nm. In a further 
development, a new calibration correction scheme has been introduced that permits adding the 
wavelength range 275–290 nm to the fit window [Tellmann et al., 2004], but this new version 
(6.0) was not available for this comparison. 

The a priori ozone profiles used in the IUPB algorithm are from the global ozone climatology 
of Fortuin and Kelder [1998], which is based on ozonesonde and satellite measurements. This 
climatology provides monthly zonal mean ozone profiles in 10-degree latitude bands at pressure 
levels between 1000 and 0.3 hPa. The a priori variance of these profiles is fixed to 30% and the 
complete a priori covariance matrix is generated assuming an exponential decrease from the 
diagonal value for the off-diagonal elements of using a correlation length of 5 km, which is the 
same for all altitudes. The temperature profiles are taken from the UKMO (United Kingdom 
Meteorological Office) analysis [Swinbank and O'Neill, 1994]. 

4.2.1.2 KNMI algorithm 
The Royal Netherlands Meteorological Institute (KNMI) developed the OPERA (Ozone 

Profile Retrieval Algorithm) algorithm and the version 1.3 was used to generate data for this 
chapter. Note that this algorithm is different from the retrieval algorithm described in the paper 
of van der A et al. [2002]. Ozone profiles are derived from the GOME data in the wavelength 
range 270–330 nm, and the spectra are co-added for the data coming from band 1b and 2. The 
radiometric and wavelength calibration the GDP level 1 data are too inaccurate for ozone profile 
retrieval, and therefore several corrections are applied using the spectral calibration program 
GomeCAL (available through http://www.knmi.nl/gome_fd/gomecal/). This involves an 
improved wavelength calibration [van Geffen and van Oss, 2003], an improved correction for 
the polarization sensitivity of GOME [Schutgens and Stammes, 2003] and a radiometric 
recalibration involving a time independent and a time dependent (degradation) correction [van 
der A et al., 2002].  

The Sun-normalized radiances are simulated by constructing an atmospheric model and 
running the Linearized Discrete Ordinate Radiative Transfer model LIDORTA in 6 streams [van 
Oss and Spurr, 2002], the number of streams sets the angular resolution of the model. 
LIDORTA is a simplified and sped-up version of the full LIDORT model [Spurr et al., 2001] 
replacing several numerical solvers with analytical solutions. LIDORTA is only applied for the 
multiple scattered part of the radiance and runs with a limited set of 20 layers. The single 
scattering part is computed with a dedicated, simpler and therefore faster, single scattering 
model with the full retrieval grid of 40 layers. In the model, the ozone profile elements that are 
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actually fitted for are layer column amounts at a fixed vertical grid. In this version of the 
algorithm, the layers are chosen in such a way that they have the required GOME1-O3P-WG 
altitude levels at their centers. 

LIDORTA treats the sphericity of the atmosphere both for the solar direct beam and the line-
of-sight by a pseudo-spherical approximation. LIDORTA is a scalar model in the sense that is 
does not treat polarization and the vector nature of the radiation field. This gives errors for the 
radiance at the top of the atmosphere in the wavelength range used that can reach 10% for 
scattering angles of 90o. This error is corrected for using a pre-computed look-up table 
containing the scalar error for the complete range of wavelengths, atmospheric and viewing 
conditions. Raman scattering (responsible for the Ring effect) is not treated in the RTM, but 
accounted for using a high resolution spectrum convolved with the Raman lines [Chance and 
Spurr, 1997], and the amplitude for this Ring spectrum is fitted as an auxiliary parameter.  

The atmospheric model used in the KNMI algorithm treats (fractional) cloud cover as a 
Lambertian reflecting layer at the cloud top height for the fraction of the pixel covered with 
cloud. The cloud fraction and cloud-top height are obtained from the Fast Retrieval Scheme for 
Cloud Observables (FRESCO) extracting information from the Oxygen A-band [Koelemeijer 
and Stammes, 2001]. The surface albedo is fitted for cloud fractions <0.15, and for all other 
cases the albedo of the cloud. Aerosols are not treated, but the FRESCO retrieval results 
incorporate aerosol presence to a certain degree. The error made with this procedure is smaller 
than when taking a (wild) guess at the unknown aerosol distribution.  

For the ozone cross sections OPERA uses the temperature-parameterized data set of Bass and 
Paur [1984] and Paur and Bass [1984], corrected according to Orphal [2003]. For Rayleigh 
cross sections and depolarization values, empirical formulae are used based from Bates [1984]. 
Other trace gasses than ozone are not treated and assumed not to affect the retrieval in this 
spectral range. The a priori ozone profile information comes from the global ozone climatology 
of Fortuin and Kelder [1998], with covariance information derived from the same data set [OMI 
Ozone Products, 2002], which corresponds to a correlation length of 4–5 km. 

4.2.1.3 RAL algorithm 
The Rutherford Appleton Laboratory (hereafter referred to as RALX) developed a 3-step 

scheme to retrieve ozone profiles spanning troposphere and stratosphere [Siddans, 2002; Munro 
et al., 1998], and version 2.0 of the retrieval scheme was used for this chapter. In step 1, an 
ozone profile is retrieved from sun-normalized radiances at selected wavelengths of the ozone 
Hartley band (GOME band 1) in the range 265–307 nm, in the conventional manner. 
Information from this spectral range is primarily on stratospheric ozone. Default a retrieval grid 
is used of fixed pressure levels approximately corresponding to 0-, 6-, 12-km altitude, and then 
continued in 4-km intervals up to 80-km altitude. The retrieval outcome has been interpolated 
onto the 2-km grid adopted by the GOME1-O3P-WG. In the stratosphere the a priori ozone 
profile comes from the Fortuin and Kelder [1998] climatology, and 1018 molecules per m3 at 0- 
and 6-km altitude, which is (1.5–2 times) larger than the climatological values. The a priori 
uncertainty is set to 100% for the levels at 0, 6 and 12 km, 30% at 16km, 10% at 20–52 km, 
50% at 56km, and 100% at 60–80km. A vertical correlation length of 6 km is applied to 
generate the covariance matrix. The surface albedo, a scaling factor for the Ring effect and the 
dark signal are retrieved jointly. 

Adopting the ozone total column derived from step 1, in step 2 the surface albedo for each of 
the eight band 2 ground-pixels is retrieved from the sun-normalized radiance spectrum between 
335–340 nm. Then in step 3 improved information on lower stratospheric and tropospheric 
ozone is added by exploiting the temperature dependence of the spectral structure in (a section 
of) the ozone Huggins bands. The wavelength range 323–334 nm (GOME band 2) is coupled to 
the UKMO analyzed temperature profiles [Swinbank and O'Neill, 1994]. Each direct-sun band 2 
spectrum is fitted to a high-resolution (0.01 nm) solar reference spectrum, to improve knowledge 
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of wavelength registration and slit-function width. The reference-spectrum (vacuum) 
wavelength calibration is accurate to 0.002 and 0.001 nm below and above 300 nm respectively. 

In step 3 of the RALX algorithm the log of sun-normalized radiance is taken and a low (3rd) 
order polynomial is subtracted which allows the fitting of differential structures to a precision of 
<0.1% root-mean-square (cf. ~1% in the Hartley band). This differential approach in step 3 leads 
to improvements in the tropospheric retrieval and results in less stringent requirements on the 
absolute radiometric accuracy. Step 3 is therefore analogous to the technique used for GOME 
total ozone column processing. In this step the a priori ozone profile and its error are the output 
from step 1, except that an a priori correlation length of 8 km is imposed. 

The RTM is derived from GOMETRAN [Rozanov, 1997], but the original code has been 
modified substantially in order to increase its efficiency without losing accuracy. Especially 
matrix algebra, associated with multiple-scattering, has received attention in the modifications. 
Within the RTM there is no representation of clouds, and clouds are treated as highly reflecting 
surfaces at 0-km altitude (clouds as albedo approach, see Section 4.2.1.1). Cloud fractions 
reported in the products are from the ESA operational GOME level 2 product. 

4.2.1.4 SAO algorithm 
The Smithsonian Astrophysical Observatory (hereafter referred to as SAOO), a research 

institute of the Smithsonian Institution, is a part of the Harvard-Smithsonian Center for 
Astrophysics (CfA). The SAOO algorithm, version 0.9, also uses the OE approach to derive 
ozone profile information, and has a particular emphasis on improving tropospheric ozone 
retrieval [Chance et al., 1997]. For retrieval in the troposphere, the fitting precision is very 
important and improved wavelength and radiometric calibration are needed. Therefore the 
SAOO algorithm performs a detailed treatment of (a) variable slit width in the instrument 
transfer function, (b) variable wavelength shift between radiances and irradiances, (c) real-time 
first-order Ring effect correction [Sioris and Evans, 2000], (d) undersampling correction 
[Chance et al., 2004], (e) wavelength shift between measurements and spectroscopic data, and 
(f) polarization correction.  

Ozone profiles are retrieved from GDP data with the GomeCAL polarization correction only 
(i.e., not using the other GomeCAL correction options). To reduce measurement errors and 
because of relatively broad ozone absorption structure in 289–307 nm, 5 neighboring pixels (i.e., 
in wavelengths grid) are co-added and sampled at every 2 pixels. LIDORT [Spurr et al., 2001] is 
used to simulate radiances and weighting functions. As LIDORT is a scalar model which does 
not treat polarization and the vector nature of the radiation filed, the scalar radiances are 
corrected to incorporate polarization using a look-up table [R. F. van Oss (KNMI), personal 
communication, 2003]. The state vector includes ozone number density at 26 levels of 2 km 
from 0- to 50-km altitude, surface albedo, scaling parameters for Ring effect and undersampling 
correction, and scaling and shift parameters for other trace gasses (NO2, SO2, BrO). 

In the characterization of the atmosphere, the SAOO algorithm uses monthly mean 
stratospheric aerosol data from SAGE-II [Bauman et al., 2003] and tropospheric aerosol model 
fields from Global Earth Observing System CHEM model (GEOS-CHEM) [Martin et al., 2003]. 
Clouds are treated as Lambertian surfaces, and cloud fraction and cloud-top pressure come from 
the GOME Cloud Retrieval Algorithm (GomeCAT, which was formerly abbreviated as CRAG) 
[Kurosu et al., 1999]. An initial surface albedo is derived from the spectral measurements at 370 
nm, where atmospheric absorption is minimal. The SAOO algorithm uses daily ECMWF 
(European Centre for Medium-Range Weather Forecast) temperature profiles and NCEP/NCAR 
(National Centers for Environmental Prediction/National Center for Atmospheric Research) 
surface pressure. The Total Ozone Mapping Spectrometer (TOMS) Version-8 ozone profile 
climatology [McPeters et al., 2003] with Earth-Probe TOMS monthly mean total ozone is used 
to initialize a priori ozone profiles. This climatology has 3–10 profiles for each 10-degree 
latitude band and month, and the Earth-Probe TOMS monthly mean total ozone is used to select 
the appropriate a priori ozone profile from this data set. The standard deviations at 40–50 km 
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are modified and are assumed as 70%, 60%, 50%, 40%, 30%, 20% for 50, 48, 46, 44, 42, 40 km, 
respectively. For a priori standard deviations between 0 and 10 km, whatever is the largest 
between 40% and the original a priori standard deviation is used. The off-diagonal elements of 
the covariance matrix are assumed to exponentially decrease with a correlation length of 6 km. 
Additionally, the ozone profiles above 50 km are fixed using climatological values. 

4.2.1.5 NOAA algorithm 
NOAA (National Oceanic and Atmospheric Administration) has applied the Version 8 

SBUV/2 algorithm, developed for the SBUV instruments, to the GOME data. Version 8 was 
derived from the version 6 algorithm which is described in Bhartia et al. [1996]. Unlike the 
previous four OE algorithms, this algorithm was not specifically designed for GOME data. The 
SBUV data are measured at the following wavelengths (nm): 251.99, 273.51, 283.27, 287.62, 
292.26, 297.54, 301.93, 305.80, 312.50, 317.51, 331.23, and 339.84 with a bandwidth of ~1.1 
nm. A triangular filter centered at those values has been used to convert GOME spectral data to 
the SBUV bandpass. Because the GOME data have large errors below 270 nm, an extrapolation 
was used to provide the standard input for the SBUV retrieval algorithm at 251.99 nm. 

The SBUV algorithm uses a single-scattering forward model calculation coupled with 
adjustments from multiple scattering tables created from TOMRAD. The TOMS forward model, 
called TOMRAD, is based on successive iteration of the auxiliary equation in the theory of 
radiative transfer developed by Dave [1964]. This solution accounts for all orders of scattering, 
as well as the effects of polarization, by considering the full Stokes vector in obtaining the 
solution. However, the solution is limited to Rayleigh scattering only and can only handle 
reflection by Lambertian surfaces. Modifications that have been incorporated into the code 
include a pseudo-spherical correction, molecular anisotropy [Ahmad and Bhartia, 1995], and 
rotational Raman scattering [Joiner et al., 1995]. In the pseudo-spherical correction, the 
incoming and the outgoing radiation is corrected for changing solar and satellite zenith angle 
due to Earth’s sphericity but the multiple scattering takes place in plane parallel atmosphere. 
Comparison with a full-spherical code indicates that this correction is accurate to 88o solar 
zenith angle [Caudill et al., 1997]. For the cloud calculations, the algorithm uses an 1x1-degree 
climatology of monthly cloud top pressures, and a similar snow/ice climatology. If snow or ice 
is present the clouds are treated as though they are at the surface. 

For the retrieved data used in this chapter, the NOAA algorithm used the a priori ozone and 
temperature profiles supplied for this study by KNMI. The Version 8 SBUV(/2) algorithm 
normally incorporates its own a priori ozone profile database. This database was created from 
15 years (1988–2002) of ozonesonde measurements and SAGE (Version 6.1) and/or UARS-
MLS (Version 5) data. Over 23,400 sonde profiles from 1988–2002 were used in producing this 
climatology. Average profiles from ozonesondes and SAGE are merged over a 4-km range. The 
profile data set gives the climatological averages for eighteen 10-degree latitude bands and 12 
months. The a priori covariance is constructed as follows: the diagonal elements correspond to 
50% variance and the non-diagonal covariance elements fall off with a correlation length of 
approximately two Umkehr layers (~10 km). The measurement covariance is diagonal and 
corresponds to radiance errors of 1% in each band. The Version 8 SBUV(/2) algorithm usually 
uses temperature profiles from an interpolation of climatological tables by month and latitude 
similar to the a priori ozone profile in size. They are from a combination of balloon sonde for 
the lower part and NCEP fields for the upper part. 

4.2.2 Philips-Tikhonov Regularization Approach (1 algorithm) 

4.2.2.1 General Description 
The PTR approach [Philips, 1962; Tikhonov, 1963] has been little used for the analysis of 

atmospheric spectra, e.g., to retrieve ozone profiles. However, it has been extensively studied in 
the mathematical field of inversion. The analysis of the fundamental problem by Hansen and 
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O'Leary [1993] and Hansen [1994] provides a basis for the application of PTR to remote sensing 
problems. In contrast to the OE approach, the PTR approach does not require a priori ozone 
profiles and corresponding covariance matrices. Nevertheless, the same equations (4.1) and (4.2) 
are applicable, but in this approach the vector xa priori is zero. 

4.2.2.2 SRON algorithm 
The inversion model of the algorithm developed by the Space Research Organization 

Netherlands (SRON) treats the ill-posed problem of ozone profile retrieval using the PTR 
approach [Hasekamp and Landgraf, 2001]. In addition to the least squares minimization 
between forward model and measurement, this algorithm includes minimization of the first 
derivative norm of the profile as a side constraint. The minimization of the least squares 
condition and the minimization of the first derivative norm are balanced by a regularization 
parameter. The rationale behind the minimization of the first derivative norm as a side constraint 
is that the measurement is insensitive to fine scale structures of the ozone profile. These vertical 
structures do not influence the residual norm but strongly influence the first derivative norm. 
The regularization parameter should be chosen such that the retrieved profile contains all 
vertical structures that influence the measurement, while the structures to which the 
measurement is insensitive should be filtered out. Such a value of the regularization parameter is 
found from the L-curve [Hansen, 1993], which is a parametric plot of the first derivative norm 
versus the least squares norm that has an L-shaped corner. The regularization parameter 
corresponding to the corner of the L-curve yields a good balance between the two 
minimizations. From this corner a decrease of the regularization parameter would not improve 
the residual norm but would lead to a strong increase of the first derivative norm, while on the 
other hand, an increase of the regularization parameter would make the residual norm larger. 
Therefore when using this value of the regularization parameter all profile information that is 
present in the measurement is retrieved, while the part of the profile is filtered out to which the 
measurement is insensitive (e.g., fine-scale structures in the profile). 

The forward model of the SRON algorithm consists of a RTM based on the Gauss-Seidel 
iteration technique, which fully includes multiple-scattering and polarization. This model 
simultaneously calculates the four Stokes parameters at the top of the atmosphere and the 
corresponding analytical weighting functions, which are essential for any physically based 
retrieval algorithm. The RTM is described in detail by Landgraf et al. [2001] for the scalar case 
and the extension to polarization is described in the paper of Hasekamp and Landgraf [2002a]. 
The inclusion of polarization in the radiative transfer calculations omits errors of up to 10% 
made by the commonly used scalar RTMs, which generally neglect the polarization properties of 
light. Another advantage of this RTM is that it allows a direct modeling of the polarization-
sensitive GOME measurement using the Mueller matrix formalism. Therefore the SRON 
algorithm can be directly applied to the GOME measurements, which are thus not corrected for 
polarization (see Table 4.1). In this way the SRON algorithm omits errors of up to 8% in the 
polarization correction applied to the spectra by the GOME data processor [Hasekamp et al., 
2002]. 

The additional fit parameters included in the SRON algorithm are a Lambertian-surface 
albedo, a wavelength shift to correct for calibration errors, and the amplitude of a Ring spectrum 
pre-calculated by the code of Landgraf et al. [2004]. The effect of clouds is accounted for by 
using the independent pixel approximation, which separates the radiative transfer calculations 
for the cloudy and the cloudless scenes, with values for the cloud fraction and cloud-top height 
from FRESCO. The ozone cross sections used in the SRON algorithm are those described in 
Voigt et al. [1999]. 

4.2.3 Neural Network Approach (2 algorithms) 
The NN approach uses a fully feed forward neural network, also called multi-layer perceptron 

(MLP) [Rumelhart et al., 1986], which can be applied to generate a mapping between GOME 
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spectral data, other supplementary input parameters and the output ozone distribution. A training 
data set is used to derive the mapping between various input parameters and the known 
collocated ozone distributions. Unlike the other retrieval schemes, which use a physical 
approach, this approach uses all available information in a primarily statistical way. One of the 
main advantages of the NN is that once it is trained, which is a slow process, it is several orders 
of magnitude faster than the other approaches. The main disadvantage, or restriction, is the 
reliance on the training data set, which should be large in volume and of the highest available 
quality, in terms of accuracy, precision and vertical resolution. Note that the data quality of the 
NN output can never be better than the quality of the training data 

4.2.3.1 UTVE algorithm 
The University of Tor Vergata (hereafter referred to as UTVE) has developed a NN scheme 

to derive ozone profiles from GOME spectra. The underlying idea of the algorithm is to train a 
NN using already existing RALX retrieved ozone profiles and to use the trained net for new 
estimations [Del Frate et al., 2002]. In the learning phase, the generation of a statistically robust 
set of input-output pairs is necessary, where the input vector only consists of quantities derived 
by the GOME measurements and the output vector of the ozone concentration profile that, for 
the same measurements, has been estimated by RAL [Siddans, 2002]. The method takes 
advantage of both the high retrieval accuracy characterizing the profiles provided by RAL, and 
of the potentialities of the NN which after the training process is able to give new estimations in 
real time. Although there are better training data sets available and the data quality of the UTVE 
algorithm will never be better than the RAL data, the advantage of using these data is its large 
volume for training and perfect match in collocation. 

The GOME data used in the scheme consist of solar irradiance and Earth radiance spectra 
from GDP. The solar irradiance spectra are measured daily by GOME and are used as the 
reference light source spectra. The selected wavelength range is 321–325 nm with a spectral 
resolution of 0.12 nm, which is based on a spectral calibration performed using a 4th order 
polynomial, and has been chosen according to four requirements. First, in this range there is a 
higher spectral resolution, with respect to the Hartley ozone absorption band, due to a shorter 
integration time. Second, because there is a better signal to noise ratio. Third, in this range there 
is a high temperature dependence of the ozone cross sections [Burrows et al., 1999]. Fourth, in 
this range there is the possibility to compute the ozone slant path content using the Temperature 
Independent Differential Absorption Spectroscopy (TIDAS) method [Zehner and Casadio, 
2000]. 

The Earth radiance spectra also underpass a normalization procedure in order to eliminate as 
much as possible the effects of instrumental parameters and ozone absorption on the spectral 
shape. As far as the topology of the NN is concerned, a MLP type network with one hidden 
layer is considered. The input vector consisted of the 26 selected GOME channels plus the solar 
zenith angle and the ozone slant path, and also the hidden layer has 28 units. Minimization of 
the error function has been pursued by a scaled conjugate gradient (SCG) algorithm [Müller, 
1993]. This is a member of the class of conjugate gradient methods, general purpose second 
order techniques that help to minimize goal functions of several variables. 

4.2.3.2 ZSW algorithm 
The Center for Solar Energy and Hydrogen Research in Stuttgart, Germany (hereafter 

referred to as ZSWB) has developed a NN scheme called NNORSY (Neural Network Ozone 
Retrieval System) and the version 1.2 was used to generate data for this chapter. In contrast to 
the UTVE approach, the nonlinear regression performed in the ZSWB algorithm infers the 
vertical distribution of ozone from a combination of climatological (latitude, season), 
meteorological (temperature) and spectral information (GOME spectra, SZA, scan angle, sensor 
age) [Müller et al., 2003; Müller, 2002]. The system effectively learns to correlate the behavior 
of atmosphere and sensor, even as the sensor characteristics slowly change over time due to, 
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e.g., degradation. Thus only the basic GDP calibration procedure for level 1 data is performed. 
ZSWB algorithm employs about 100 GOME spectral values covering the wavelength ranges 
290–325 nm (Hartley/Huggins band), 380–385 nm (atmospheric window), 598–603 nm 
(Chappuis band) and 758–772 nm (Oxygen A-band) [Müller et al., 2003]. Employing additional 
cloud or ground albedo information was found to be unnecessary. 

UKMO analyzed temperature profiles [Swinbank and O'Neill, 1994] were included as a 
predictor, since the stratospheric part of the atmospheric temperature field is known to correlate 
strongly with ozone. Note that the usage of this temperature information is different from the 
usage in an RTM, where only its comparatively small effect on ozone absorption can be 
exploited. 

In the ZSWB algorithm the MLP is trained by means of a modified Resilient Propagation 
algorithm [Riedmiller, 1994], which is a fast heuristic approximation for a second order function 
minimization scheme [Bishop, 1995]. Knowledge about the "true" ozone profile, which is 
needed as the MLP training target, is not derived from another GOME retrieval algorithm, but 
rather from collocated, highly accurate ozone measurements taken from different moments in 
GOME’s lifetime and geographical coverage. These measurements stem from ozonesondes 
provided by the WOUDC (World Ozone and Ultraviolet Radiation Data Center) [Hare et al., 
2004] and the SHADOZ (Southern Hemisphere Additional Ozonesondes) campaign [Thompson 
et al., 2001], as well as from the POAM-III (Polar Ozone and Aerosol Measurement III) [Lumpe 
et al., 2002], SAGE-II (Stratospheric Aerosol and Gas Experiment II) [Wang et al., 2002] and 
HALOE (Halogen Occultation Experiment) [Russell et al., 1993] occultation sounders. 

Note that similar data, as those used for the training of this NN, are also the basis of the 
climatologies used as a priori information in the OE retrieval algorithms described in Section 
4.2.1. For ZSWB algorithm, there is no need to average them into, e.g., monthly means and 
thereby destroying information. The ill-posedness problem facing classical retrieval schemes is 
circumvented through the use of the non-spectral input data. In particular, in areas where there is 
little information from the satellite spectra (cf. Section 4.3.5), the MLP automatically estimates 
the ozone profile on the basis of its non-spectral input parameters. Meaning that it behaves like a 
dynamical, continuous, temperature-dependent climatology, rather than a fixed a priori data set. 

4.2.4 Data Assimilation Approach (1 algorithm) 

4.2.4.1 General Description 
GOME is primarily used to retrieve total ozone column densities from a spectral window 

around 330 nm using the Differential Optical Absorption Spectroscopy (DOAS) technique. In 
order to derive ozone profiles and a daily global 3 dimensional (3D) ozone analysis, the column 
observations are assimilated into a 3D chemical-transport model (CTM). While the CTM is 
driven by meteorological wind and temperature fields, the GOME observations are sequentially 
assimilated into the model using an optimal interpolation scheme [e.g., Khattatov et al., 2000]. 
The vertically integrated total column contents of the model are considered as the first-guess 
values. The analyzed column values are then vertically distributed weighted by the 
corresponding (first-guess) model profile (i.e., in ozone mixing ratios). The assimilation scheme 
accounts for time of observation, for spatial weighting between observation and grid, and for 
model and observation errors. By applying this method a global synoptic 3D ozone analysis is 
available every 6 hours. Note that, unlike the other approaches, this approach does not use the 
profile information in the GOME spectra, which makes it an interesting addition, as it represents 
the complete a priori knowledge of the ozone vertical distribution considering all relevant 
chemical and physical processes, and the meteorological analyses. 

4.2.4.2 DLR algorithm 
For the assimilation approach the German Aerospace Center (DLR) uses the 3D global CTM 

called ROSE/DLR (hereafter referred to as DLRR) and the version 2.7 was used to generate data 
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for this chapter. It is based on the ROSE model described in detail in Rose and Brasseur [1989] 
and Thomas et al. [2003]. The model covers all relevant gas-phase stratospheric chemical 
processes. Heterogeneous processes on polar-stratospheric clouds and on sulfate aerosols are 
also included in the model. It accounts for about 100 reactions, including oxygen, hydrogen, 
carbon, nitrogen, chlorine and bromine species. The chemical rate constants and cross sections 
are taken from Sander et al. [2000]. Photolysis rates are derived from a look-up table depending 
on the solar zenith angle, the altitude, and the ozone column above that altitude. The chemical 
rate equations are solved by considering a chemical equilibrium state for the short-lived species 
(e.g., ClO, NO, HO, and BrO). A semi-implicit scheme is used for the integration of the more 
stable reactants (e.g., HNO3, N2O, and CH4). All short-lived species are grouped and integrated 
using families (e.g., ClOx =Cl+ClO, NOx =NO+ NO2). All long-lived species are transported 
using the semi-Lagrangian scheme of Smolarkiewicz and Rasch [1991]. Wind and temperature 
fields are derived from 24-hour analyses of the UKMO following Swinbank and O’Neill [1994], 
which are available for pressure levels from ground up to 0.3 hPa. For the assimilation of 
GOME total ozone column observations, the model in the DLRR algorithm is run with a 5.6 x 5 
longitude-latitude spherical discretization. This model covers the stratosphere from 8- to 56-km 
altitude and consists of 37 levels giving a vertical step size of 1.3 km.  

The optimal interpolation applied for the sequential data assimilation considers the time of 
observation, the spatial weighting between observation and grid, the model errors, and the 
observation errors. At each assimilation time step, the model’s volume mixing ratios are 
integrated to total column values, which are then interpolated to the observation space, that is the 
geolocation of the GOME total column observations. In a next step the observational increments 
(i.e., departures from the model) are determined. The linear-weight matrix operator (or gain 
operator) transforms the resulting innovations back to the model space [Daily, 1991], which 
takes into account the spatial weighting and error information of both the observations and the 
model. In the final step, the analyzed total columns are vertically redistributed weighted by the 
first-guess model profiles. For this study, the model’s first-guess and GOME observation errors 
are set to 18% and 4%, respectively. Error covariances are parameterized by hyperbolic 
functions depending on the horizontal distance between the model gridpoint and the observation 
[Riishøjgaard, 1998]. The basic time step of the CTM is one hour, and therefore all GOME 
observations within this interval are binned. A correction for the model bias is applied offline, 
which is based on zonal-mean seasonal comparison results with SAGE-II data from 1996 [Wang 
et al., 2002]. Contrary to the other approaches evaluated in this chapter, this method delivers 
global synoptic 3D ozone analyses every 6 hours. For the data used in this chapter, daily mean 
values are provided. 

4.2.5 Summary of the Different Algorithms 
In this section we have presented four different approaches ranging from a physical 

reconstruction of the observed radiances, via a physical, chemical and meteorological, to a 
purely mathematical probability of what the most likely ozone profile should have been. Five 
methods exploit the OE approach, and although the approach is the same, there are many 
important choices that were made differently and they have large implications for the final 
retrieved profile. There is no OE method with exactly the same a priori ozone profile and related 
error covariance matrix. The IUPB and NOAA methods have relatively large a priori errors 
everywhere, and for RALX only in the troposphere, while KNMI and SAOO use smaller error 
values.  

The OE- and PTR-based algorithms, physical-based approaches, strongly depend on the 
accuracy of the spectral calibration, and we have seen different ways of correction to the 
inadequate accuracy of the spectra delivered by GDP including both calibration and polarization 
corrections. Furthermore, the treatment of clouds, the ozone cross sections used, the inclusion of 
other trace gasses in the fitting process and the exploited wavelength range are tackled in 
different ways. In the following sections we will investigate their implications by evaluating the 
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retrieved data products of all these algorithms. We have described two NN-based methods, the 
UTVE algorithm trained with data of (the nadir-viewing instrument) GOME, and the ZSWB 
algorithm trained with sonde data and high-resolution satellite data (from limb- and occultation-
viewing instruments). The ninth algorithm is based on assimilation of GOME ozone column 
data into a chemical-transport model driven by meteorological analyses (wind and temperature 
fields). 

4.3 Interpretation of GOME Ozone Profiles 

4.3.1 Introduction 
Knowing how to interpret the retrieved data product is non-trivial, and hence requires special 

attention. Six of the GOME ozone profile retrievals deliver averaging kernels in their product 
and five of them also come with a priori information included. As outlined in the paper of 
Meijer et al. [2003], this extra information in the data needs to be analyzed to know exactly how 
to interpret the retrieved ozone profile. For the interpretation presented here, we also focus on 
the three parameters proposed by Meijer et al. [2003], i.e., looking at the aspects of vertical 
resolution, the altitude of the retrieved value, and the contribution of a priori information. The 
conclusions regarding these aspects will be presented in Section 4.3.6.  

As the NN and DA approaches by definition do not supply averaging kernel information, the 
data from these approaches will not be considered in this section. Nevertheless, in the paper of 
Müller et al. [2003] an attempt was made to estimate the vertical resolution of the ZSWB 
algorithm, and they found a resolution of 3–5 km in the altitude range 15–32 km. Above 30-km 
altitude, they concluded that the resolution was mainly limited by the training data set used. 

4.3.2 Kernel Transformation of True Profile 
As an illustration of the importance to consider the additional information, we have 

transformed the same ozone profile using equation (4.1) with the averaging kernel and (if 
applicable) the a priori information of the six different algorithms (see top panels of Figure 4.2). 
The profile used in this figure was constituted from collocated lidar and sonde data measured at 
Lauder, New Zealand. An example of just one data set is shown in the left panel, while the right 
panel is used to illustrate the spread obtained from applying different additional information. 
Bear in mind that this figure does not show retrieved profiles, but instead it shows the 
interpretation or “translation” of how each algorithm observes the (same) “true” profile. There 
are some obvious differences between the transformed profiles, some of which are likely to be 
attributed to the use of different a priori profiles or the absence of a priori information, but in 
order to fully understand the observed differences, we will now look at the three previously 
mentioned aspects of the averaging kernels. The matrix elements described in equation (4.2) 
reflect the response of the retrieved quantity to a change in the true state at different altitudes. In 
its general form it describes the response of a unit change, but the absolute magnitude of such 
changes are not likely to be equal for all altitudes and therefore it is common to consider 
fractional averaging kernels. These kernels have been scaled with the actual ozone value at that 
altitude (i.e. changes are likely to occur proportional to the ozone profile), and we have used the 
a priori profile for this. 
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Figure 4.2. Top panels (on the left an example, on the right all) show a combined sonde and lidar 
ozone profile (green) transformed with averaging kernels and (if applicable) a priori information of 
GOME data measured on the same day and processed with six different algorithms. A priori and 
transformed profiles are plotted with black and red lines, respectively, and the green dots represent 
the sonde-lidar data on the common altitude grid. Errors are plotted with corresponding colors, but 
with thin lines. Bottom panels (on the left an example, on the right all) show for the same day again 
the sonde-lidar ozone profile (green), but they are now plotted with the retrieved profiles of the OE 
method (red), the PTR method (blue), the NN method (light blue) and the DA method (black), and 
their corresponding errors (thin lines and the same color) with the absence of the NN-data errors. 
Data were measured on 24 March 1997 near Lauder, New Zealand (with a cloud fraction of 0.07). 

4.3.3 Vertical Resolution 
In the paper of Meijer et al. [2003, section 4] the resolving length was proposed as the most 

appropriate choice to estimate the vertical resolution of an averaging kernel. The resolving 
length r(z) or “spread about the center” is defined as 
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where the center c(z) is given by [Rodgers, 2000, p. 55 and 77]: 
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In these equations z is the nominal altitude. The quantity c(z) can be regarded as the centroid of a 
kernel, and this is the subject of Section 4.3.4. The resolving length as estimate for the resolution 
properly takes into account both the negative and positive contributions in the averaging kernel, 
gives values for all shapes of kernels, and separates the effect that some kernels have dislocated 
centers. We have applied this definition and calculated the resolving lengths for the data of the 
six algorithms, and the results are shown in Figure 4.3a and 4.3b. 

4.3.4 Altitude of Retrieved Value 
The averaging kernels also indicate where the retrieved ozone information for each level 

comes from, and for some levels, in particular the lower altitude levels, most of that information 
actually originates from ozone profile information of higher levels. Therefore it is important to 
know how to interpret the altitude of a retrieved ozone value, and Meijer et al. [2003] proposed 
to derive the centroid of a kernel with equation (4.5). We have applied this definition and 
calculated the centroids for the data of the six algorithms, and the results are shown in Figure 
4.4a and 4.4b 

4.3.5 Contribution of A Priori Information 
Unlike the PTR approach, the retrieval algorithms based on the OE approach include a priori 

information in the retrieved ozone value. We estimate the contribution of a priori information 
by examining the main fraction resulting from the diagonal elements of the averaging kernel 
matrix, as described in Meijer et al. [2003]. Therefore the a priori contribution to each retrieval 
level zi is defined as the (1 – Aii) fraction of the corresponding kernel. We have applied this 
definition to calculate the a priori contribution of the five OE-based algorithms and the results 
are shown in Figure 4.5a and 4.5b. Note the absence of the results for the SRON algorithm 
which does not use a priori information.  

In the estimation of the a priori contribution, it should be noted that if the number of retrieval 
levels is too high, then also the off-diagonal elements start to contribute more significantly. 
According to equation (4.1), the off-diagonal elements of the averaging kernel matrix give the 
same weight to the contribution of the true and the a priori data in the retrieved profile. 
Therefore the net a priori contribution will also be affected. However, the averaging kernel 
matrix quantifies the balance between the profile information extracted from the measurement 
and from the a priori, and this matrix is analyzed in this study. 

Related to the a priori fraction is the quantity called degrees of freedom for the signal (DFS), 
which is defined as the trace of A (i.e., ΣAii, following Rodgers [2000, p. 37]). The median and 
the standard deviation of the DFS values have been printed in each panel of Figure 4.5a and 
4.5b. Note that the median DFS value is a direct measure of the area between the median line of 
the a priori fraction and 1.0. The measurement information in the retrieval, or DFS value, 
remains quite constant for different numbers of retrieved levels, while the total area (here 26) 
linearly increases with a larger number of levels. Note that this is unlike the normal case of 
oversampling data, in which too many and hence dependent data values are reported, because 
now also the data product is influenced as the retrieved kernels are influenced and hence their 
interpretation. An OE retrieval system with too many retrieval levels effectively looses 
measurement information per retrieved ozone value and compensates this with a priori 
information. This can be overcome afterwards by co-adding retrieval levels; nevertheless, here 
the data have been analyzed as is. 
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4.3.6 Conclusions for Interpretation of OE and PTR Retrieved Data 
On the basis of the results of the above-presented interpretation parameters, we can now draw 

conclusions on how to interpret the results of those retrieval algorithms delivering data including 
averaging kernel and (if applicable) a priori information. In the estimation of the vertical 
resolution the presented results are in the range 9–13 km for the OE-based algorithms and for 
the PTR-based algorithm, over a limited (between 12 and 32–36 km) altitude range, about 8 km. 
The altitude range with reasonable (<15 km) resolution estimates for the OE methods generally 
starts at 16–18 km, with some exceptions in the polar regions of 25 km, and ends at 38–47 km. 
The lowest altitude is correlated to an altitude in between the local tropopause and the local 
ozone maximum, which means in the middle of the lower stratosphere. If wavelengths below 
290 nm are not used, then a much lower resolution is found in the altitude range 40–50 km (i.e., 
IUPB, SAOO and SRON algorithms). Some other striking features appearing from this 
overview are the lower altitude extent of the SRON algorithm, the small range with worse 
resolution around 25- to 28-km altitude (apparent in some regions for IUPB, KNMI and 
NOAA), and the deviation of the IUPB results compared to the other OE-based results, 
especially in the polar regions. 

The centroid of the averaging kernel is the second interpretation parameter that we have 
investigated. We will now analyze the results of the derived centroids by examining over which 
altitude range the centroids do not deviate more than 4 km from their nominal altitude. The 
bottom altitude of this valid range is around 9–12 km in the polar regions, about 16 km at 
midlatitudes and about 19 km in the tropics. The valid range is also for this parameter limited at 
the upper altitude by the lack of exploiting the GOME data with wavelengths below 290 nm, 
which then decreases from 48–50 km to 39–44 km. The RALX retrieval uses larger than 
climatological a priori values in the troposphere and this seems to induce the deviation of the 
centroids below the nominal altitude of 25 km, but on the other hand this is the only retrieval 
algorithm giving centroid values lower than 10 km. This is assumed to be due to fitting the 
temperature dependent structure in the Huggins ozone bands to higher precision than the other 
algorithms in combination with the assumption of a relatively large a priori error (100%) in the 
troposphere. In general the lowest median centroid values range from 14 km in the polar regions 
to 19 km at midlatitudes and in the tropics, with the remarkable exception of 8 km for the RALX 
retrieval in the tropical region. 

The third interpretation parameter that we have presented was the a priori fraction. The high 
values found indicate that for all algorithms the number of retrieval levels was much higher than 
the inherent vertical resolution. Consequently, the retrieval system attempts to extract more 
information than is present in the data, which is then compensated for by including more 
external (i.e., a priori) information. In total there are only 4–6 independent pieces of 
information, or DFS, instead of the 26 reported values. This imbalance can be clearly seen in 
Figure 4.5a and 4.5b. In addition, in these figures another apparent, and not surprising, result is 
that almost all ozone information present in the GOME data is retrieved as stratospheric 
information, which is true for almost all the global regions and for all algorithms. However, 
there are some exceptions and special features, e.g., nearly all algorithms indicate that there is 
sometimes significant tropospheric information in the tropical region, but with the exception of 
the retrieved data around and just below the tropopause. Outside this region mainly the retrieved 
data from the RALX algorithm indicate to contain (some) tropospheric information, which is a 
direct effect of using larger a priori errors in this range. In the IUPB retrieval all the information 
is retrieved between the tropopause and 40-km altitude, and the upper limit is again likely to be 
correlated to the lack of using the shortest wavelengths. However, this is not visible in the 
SAOO results which is also not using the wavelengths below 290 nm, because it uses large a 
priori errors above 40 km. Furthermore, it is quite remarkable that although the NOAA retrieval 
only uses parts of the complete GOME spectra, its results compared to the other retrievals 
indicate that this algorithm has retrieved the same or often even more measurement information, 
which is probably also here the result of using larger a priori errors in the retrieval. 
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Figure 4.3a. Resolving length for measurements of three different algorithms near the lidar stations 
at Andoya, OHP, MLO, Lauder and Dumont d’Urville, shown from the top downwards, respectively. 
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Figure 4.3b. Same as Figure 4.3a, but now showing the results for three other algorithms. 
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Figure 4.4a. Centroids of averaging kernels for measurements of three different algorithms near the 
lidar stations at Andoya, OHP, MLO, Lauder and Dumont d’Urville, shown from the top downwards, 
respectively. 

68 



Evaluation of GOME ozone profile algorithms 

 
Figure 4.4b. Same as Figure 4.4a, but now showing the results for three other algorithms. 
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Figure 4.5a. A priori contribution to measurements of three different algorithms near the lidar 
stations at Andoya, OHP, MLO, Lauder and Dumont d’Urville, shown from the top downwards, 
respectively. 
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Figure 4.5b. Same as Figure 4.5a, but now showing the results for two other algorithms. 
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Table 4.2. Details of lidar stations providing correlative data, incuding. their principle investigator 
(PI) name. 

Location Latitude Longitude Name of PI Pairs 
1997 

Pairs 
1998 

Pairs 
1999 

Andoya (C) 69.30 16.00 G. Hansen 30 19 - 
Obs. Haute Provence 
(P,R) 

43.94 5.71 S. Godin- 
Beekmann 

135 120 35 

Mauna Loa (P,R) 19.54 –155.58 I. S. McDermid 17 33 12 
Lauder (P,R) –45.04 169.68 D. P. J. Swart 92 18 13 
Dumont d’Urvile 
(P,R) 

–66.67 140.01 S. Godin- 
Beekmann 

22 17 - 

(P): NDSC primary station,  
(C): NDSC complementary station,  
(R): system equipped with Raman detection channels for more accurate ozone profile measurements <20 
km altitude. 

4.4 Intercomparison with Lidar Data 

4.4.1 Introduction 
For the comparison to GOME ozone profiles, we use correlative data from the Network for 

Detection of Stratospheric Change (NDSC) stations for the years 1997–1999. We incorporate 
lidar data measured in Dumont d’Urville (Antarctic), Lauder (New Zealand), Mauna Loa (MLO) 
(USA), Observatoire Haute Provence (OHP) (France) and Andoya (Norway) (see Table 4.2), 
which allows the analysis of GOME data measured in different global regions. The location of 
these five stations are such that the comparison will include (Ant-) Arctic and tropical GOME 
data, and midlatitude data from both hemispheres, which might seem similar, but they are 
especially different with respect to the amount of air pollution. The aim of this section is to 
assess the quality of the GOME ozone profiles and possible dependencies on certain parameters. 

4.4.2 Stratospheric Ozone Lidar Data 

4.4.2.1 Lidar System Description 
Stratospheric ozone lidar systems measure the atmosphere between about 10- and 50-km 

altitude. These measurements are performed between once and three times per week, which is 
dependent on weather and atmospheric conditions. Lidar systems are usually operated at night 
under clear-sky conditions, but some lidars have been adapted for daytime use in polar regions. 
Stratospheric ozone lidar instruments use a special lidar system which is called a Differential 
Absorption Lidar (DIAL) system [Measures, 1984; McDermid et al., 1990]. These systems 
simultaneously emit two light pulses at different wavelengths with different ozone absorption 
cross sections. The differences in light intensity backscattered from different altitudes can be 
directly related to the local ozone concentrations. Data are provided as ozone number densities 
as a function of geometric altitude. 

4.4.2.2 Lidar Data Quality 
Validation of data implicitly means the use of reliable correlative data with known (high) 

quality for the analysis. The correlative data used in this study come from stations that are part 
of the NDSC. The initiative for this network [Network for the Detection of Stratospheric 
Change, 1986] (http://www.ndsc.ws) was based on the need for such worldwide high-quality 
measurements, among others for validation of satellite-based sensors. The NDSC comprises a 
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 Table 4.3. Errors (systematic and random) expected within ozone lidar data 
of the NDSC (from Keckhut et al. [2004, table 3]). 

 

 Altitude range Accuracy Precision  
 <20 km 5–10% without Raman channels1 5%  
 <20 km 5% with Raman channels1 5%  
 20–35 km 2% 2%  
 >35 km 5–10% 5–10%  
 1 see Table 4.2 for which systems have Raman channels  

small number of ground-based measurement stations employing the full suite of instruments and 
located on strategic positions on the globe, and they are supplemented with measurements 
performed at complementary stations (see Table 4.2). The NDSC measurements are regularly 
monitored for their quality via measurement validation campaigns performed under the NDSC 
protocol. For the lidars considered here, see the following references for the papers about the 
MLO95 [McPeters et al., 1999], OPAL [McDermid et al., 1998a and 1998b], and OHP97 
[Braathen et al., to be published] campaigns at the Mauna Loa, Lauder, and OHP NDSC 
stations, respectively. In addition, a review paper of all these activities has recently been 
composed by Keckhut et al. [2004], and the general conclusion in that paper on the lidar data 
quality is provided in Table 4.3. 

4.4.2.3  Collocation Criteria 
The ozone profiles, from the above-mentioned lidar stations, will be used for comparison to 

GOME ozone profiles. As the lidar instruments did not exactly sample the same atmosphere as 
the satellite instrument, we will need to define criteria which allow a certain (maximum) 
difference in both location and time between the two observations. In the GOME1-O3P-WG it 
was agreed to use windows of 12 hours and 500 km for the allowed temporal and spatial 
differences, respectively, which in the case of co-adding of pixels resulted in a maximum 
distance of 800 km. In previous studies [Meijer et al., 2003; Veiga et al., 1995] it has been 
demonstrated that a 20-hour time window and a circle with an 800-km radius were already 
appropriate collocation criteria. 

4.4.3 Comparison Approach 
In the GOME1-O3P-WG it was agreed to report all data as ozone number density versus 

geometric altitude with fixed 2-km intervals. However, the comparison of different data sets also 
raises other issues about their comparability. One of the most important issues is how to deal 
with differences in vertical resolution. For the comparison to the GOME data that come with 
averaging kernels and (if applicable) a priori information, we have transformed the lidar data by 
substituting the lidar profile for the vector xtrue in equation (4.1), this approach was first 
suggested by Connor et al. [1991]. The resulting “lidar profile” is now referred to as 
“transformed” lidar data and compared to the GOME retrieved data. Note that these transformed 
lidar data are no longer completely independent from the GOME data [Meijer et al., 2003], and 
comparison results should never be regarded without the interpretation results of Section 4.3, 
e.g., the analysis method will give the appearance of good performance in regions where an 
algorithm returns the a priori. For the GOME retrievals using the NN and DA approaches, their 
data are compared to the lidar data integrated on a 2-km altitude grid, which hereafter are 
referred to as “regridded” lidar data. 

From the set of collocated pairs we calculate the median of their differences; with differences 
calculated as GOME minus (transformed or regridded) lidar data in percentage relative to the 
latter. An example of the retrieved data sets, collocated with Lauder (New Zealand), is shown in 
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the bottom panels of Figure 4.2, in which the right panel is used to illustrate the spread in the 
retrieved data obtained from the same spectral information. It is important to note that the 
intercomparison results of the OE- and PTR-based algorithms can not be directly compared to 
the results of the NN- and DA-based algorithms, because the comparisons involve transformed 
and regridded lidar data, respectively which typically differ in vertical resolution by a factor of 
two. For example, the steep gradient in the ozone concentrations of the lower stratosphere will 
have a smaller impact on the comparison results involving transformed lidar data. 

4.4.4 Results, Influence of Geolocation 
The intercomparison results for the five OE-based algorithms are shown in the three columns 

of Figure 4.6a (IUPB, KNMI and RALX) and the first two columns of Figure 4.6b (SAOO and 
NOAA). The results of the PTR-based algorithm are shown in the last column of Figure 4.6b 
(SRON). The two NN-based algorithms are shown in the first two columns of Figure 4.6c 
(UTVE and ZSWB) and the last column of that figure contains the results of the DA-based 
algorithm (DLRR). Each row in Figures 6 represents the results coincident with a certain lidar 
station, which ranges from the Arctic (top panels) to the Antarctic (bottom panels) in order of 
latitude. In each panel we have also indicated the actual number of intercomparison pairs, and 
hence this shows the number of successfully realized retrievals. 

4.4.5 Conclusions of Intercomparison Results 
The intercomparison results of the IUPB, NOAA and KNMI retrievals demonstrate 

qualitatively similar oscillations in the derived biases, but for KNMI the shape is less 
pronounced. RALX on the other hand has results with opposite features and SAOO does not 
demonstrate any such oscillations. As the NOAA algorithm is not a GOME “native” algorithm 
(i.e., its algorithm was designed for SBUV data), this algorithm completely relies on well-
calibrated spectra. Therefore its relatively worse results are not entirely unexpected, because we 
have seen in Section 4.2 that in the other algorithms a substantial effort has been put in 
optimizing their input spectra. Both the IUPB and the NOAA algorithm have used a relatively 
large a priori error (30% and 50%, respectively) in the retrieval allowing more freedom to the 
system to extract more data from the measurement, but too large errors will introduce noise 
rather than more information which seems to be the case. The SAOO and SRON algorithms 
have not so much in common, apart from the exploited wavelength range, nevertheless, their 
derived biases are rather similar and generally show a positive bias at low altitudes linearly 
changing to a negative bias higher up. A possible explanation can be that both algorithms do not 
apply a wavelength-dependent correction to the GOME spectra at the shortest wavelengths. The 
interpretation parameter related to the amount of a priori information in the product (see Section 
4.3.5) showed that some retrievals completely rely on this information at the highest altitudes, 
which can be seen in the small standard deviation, as we are now basically comparing the a 
priori profile with itself. 

The data quality of the NN-based algorithms can not be better than the quality of their 
training data set. In almost all cases the standard deviation of the differences (hereafter referred 
to as STD) with UTVE are larger than the STD with the RALX data, which was its training set. 
In general the features of the RALX and UTVE biases are quite similar, but certainly not in all 
regions and this might be caused by the older RALX data version used in the training. The 
intercomparison results of the ZSWB algorithm show a small (~5% positive or negative) bias 
close to zero, with a STD of 5%, 5–10% and 10% for the results in tropical, midlatitude and 
polar regions, respectively. The results of the UTVE algorithm are qualitatively quite similar to 
the results of the ZSWB algorithm, but the STD is generally 1.5 times larger. The altitude range 
with a relatively low STD is approximately 17–44 km for both NN-based algorithms. For the 
DA-based retrieval we found intercomparison results with generally a larger STD (about 15%) 
compared to the other approaches. The altitude range with relatively low STD is 15–45 km, and 
here the bias is negative (15%) at lower and positive (15%) at higher altitudes. The bias of this 
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algorithm in the Arctic region is quite small, but with a large STD. Note in this context that the 
DA algorithm only exploits total column information and only uses profile information for the 
model’s first guess. 

4.5 Discussion and Conclusions 
The aim of this chapter was to evaluate the nine different GOME ozone-profile retrieval 

algorithms that are currently operational. We gave an overview of different approaches, and 
briefly described their characteristics and way of implementation into an algorithm, as currently 
performed by nine different institutes. We have confronted these algorithms with the same set of 
GOME spectra, analyzed their response, and compared this response to high-quality ground-
based measurements to assess their quality. For the retrievals that result in data that come with 
averaging kernels and (if applicable) a priori information, we have applied interpretation tools 
on the data. These tools derive quantities of the retrieved product regarding the vertical 
resolution, the actual retrieval altitude and the reliance on a priori information. 

For the OE- and PTR-based algorithms, we can derive the valid and acceptable altitude range 
of the retrieved data from the interpretation results. We require that the averaging kernels of the 
retrieved data have a resolution estimate lower than 15 km, a centroid that is within 4 km of its 
nominal altitude and an a priori fraction smaller than 0.85. Note that this last requirement is not 
applicable for the PTR-based approach, as it is per definition zero. On the basis of these 
requirements, the valid and acceptable altitude range is 15–48 km in which the data have an 
average resolution of about 10 km. The bottom altitude of this range is determined by the 
altitude at which the ozone concentrations are too low, compared to the values at higher 
altitudes, and hence the signal from higher-altitude is dominant in the observed spectra. This 
generally occurs in the middle of the (local) lower stratosphere. The upper altitude of the range 
is determined by whether the shortest wavelengths are taken into account, because the 
fingerprint of the low ozone concentrations at the high altitudes are left behind in this part of the 
spectra, due to the high ozone cross sections. However, the next limitation in using shorter 
wavelength is the increasing measurement error, and 48-km altitude is currently the highest 
altitude. The requirement of the maximum a priori information in the product, which allows a 
fraction of up to 0.85, is actually too weak and the OE-based algorithms are currently attempting 
to extract too much (non-present) information which is filled in with a priori information. This 
is due to a too fine retrieval grid, but with a coarser retrieval grid, of (possibly) one point in the 
troposphere and 5–6 points in the stratosphere, this would result in better balance between a 
priori and measurement information. The requirement of 0.85 a priori fraction is in fact chosen 
in such a way that with 6 retrieval levels the resulting fraction would be reduced to about 0.33, 
which is acceptable. 

For the NN-based algorithms, it is more difficult to draw similar conclusions, especially as it 
is not explicitly clear where the retrieved profile information came from. However, it is possible 
to derive a valid range by analyzing their results in the intercomparison with the lidar data. 
When assuming that the NN algorithm found the perfect statistical link between the profile 
information in the spectra and the collocated (“true”) ozone profile used in the training, then the 
altitude regions with a small STD in the intercomparison with lidar reflect the presence of 
profile information in the GOME measurements. The NN-algorithms have this small STD in the 
altitude range 17–44 km, and this is almost exactly the same range as obtained with the OE and 
PTR algorithms. 

For the DA-based algorithm, the interpretation can also be done by looking at the altitude 
region in which the STD is small in the comparison results of these data with lidar data. The 
DA-based algorithm has this small STD in the altitude range 15–45 km, but it should be noted 
that its STD is generally larger, possibly due to the relative coarse horizontal model resolution 
compared to GOME. The DA approach only considers column information from GOME and 
uses profile information for the model’s first guess. The higher STD maybe attributed to the  
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Figure 4.6a. Intercomparison results of three GOME retrievals collocated with lidar measurements 
near the NDSC stations at Andoya, OHP, MLO, Lauder and Dumont d’Urville, shown from the top 
downwards, respectively. Differences are calculated as GOME minus (transformed or regridded) 
lidar data in percentage relative to the latter. 
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Figure 4.6b. Same as Figure 4.6a, but now showing the results for three other algorithms. 
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Figure 4.6c. Same as Figure 4.6a, but now showing the results for three other algorithms. 
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coarse model resolution compared to the GOME resolution. A significant improvement in the 
3D ozone analysis is expected when assimilating ozone profiles as they are derived by the OE, 
PTR and NN approaches. 

In the derived valid altitude range we can potentially expect the retrieved data to be 
acceptable. The next step is to assess its quality, but before doing so we initially look at we 
already knew, and in Figure 4.7 we show the comparison results of the regridded lidar data 
compared to the climatology used by IUPB (and KNMI and RALX). It demonstrates the prior 
knowledge we had regarding bias and variance compared to the “true” profile, but note that this 
is a comparison based on a higher resolution than the intercomparison of the retrieved GOME 
data with the transformed lidar data. From this figure it becomes clear that some of the features 
in the observed biases are introduced by errors in the GOME level-1 data or the forward model 
used by the retrieval algorithms, as they were neither present in the a priori comparison nor in 
the intercomparison results of the NNs. As mentioned in Section 4.4.5, this problem is likely to 
be related to the inadequate calibration accuracy, as for ozone profile retrieval from nadir UV 
spectra a high accuracy is required. 

The intercomparison results with lidar data demonstrated that the retrieved data have a 
precision of 5–10% and a bias up to 5% or 20% depending on the success of recalibration of the 
input spectra for the physical approaches and depending on the training data set for the NN-
based algorithms. The NN approach has the advantage that the retrieval does not rely on well-
calibrated GOME spectral data, and instead it relies on the high quality of the data used in the 
training process. This advantage is however lost in the case of the UTVE algorithm, since this 
algorithm used RAL data for the training, which requires the calibration accuracy. Furthermore, 
from the results presented in this chapter it, too, became clear that OE-based algorithms strongly 
depend on the a priori ozone profile information, and its error covariance matrix, used in the 
retrieval. In the OE approach these a priori quantities should be carefully chosen, and should be 
regarded as a “fixed” or known atmospheric property (see also Rodgers [2000, chapter 10]). 
Although some groups indeed use similar climatologies, they are not the same over the whole 
atmosphere and the choices applied for the covariance matrix are also different (i.e., variance 
and correlation length). Both settings have their implications for the retrieved ozone profile and 
its corresponding averaging kernel matrix. 

An effort to overcome these two problems has been undertaken by ESA. In 2003, after the 
discontinuation of the GOME1-O3P-WG, ESA initiated an invitation to tender and finally 
funded a 2-year project called CHEOPS-GOME, which aims to exploit GOME measurements 
for ozone profile retrieval. Within this project two different ozone profile climatologies will be 
set up and provided to the user community. First, there will be a common climatology generated 
as a look-up table in ASCII-format. Second, a climatology based on the NN technique will be 
built, which should be more flexible concerning temporal and spatial resolution. Also additional 
parameters (e.g., total ozone column, temperature profile) and other optional user specifications 
can be considered with a NN-based climatology. Furthermore, a more accurate prototype 
algorithm, based on the OE technique, shall be developed for future implementation into an 
operational processor, which will then be used to process the data of the complete 8-year GOME 
mission. This work includes the development of a new (improved) spectral calibration algorithm 
to ensure high-accuracy ozone-profile retrieval. In the CHEOPS-GOME project, the retrieval 
algorithms will be based on the one of ZSWB and KNMI. In the framework of CHEOPS, an 8 
year ozone reanalysis will also be carried out using a DA-based scheme and the GOME ozone 
profiles gained by the NN approach of ZSWB. In that case the CTM will be driven with a higher 
spatial resolution than with the assimilation of ozone columns. Data from the currently 
operational algorithms, presented in this chapter, are available on request. A major processing of 
the full mission is underway using the RALX algorithm, which will be made available through 
the British Atmospheric Data Centre (BADC, http://badc.nerc.ac.uk/data/gome). 

The general conclusion of this chapter is that sensible ozone profile information can be 
retrieved from GOME spectra in the altitude range 15–48 km with a vertical resolution of about  
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Figure 4.7. Intercomparison results of climatological data used in some retrievals compared to lidar 
data measured at the NDSC stations of Andoya, OHP, MLO, Lauder and Dumont d’Urville, shown 
from the top downwards, respectively. 
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10 km. Direct, robust determination of tropospheric ozone has not been demonstrated in this 
study. In general, the GOME ozone profile data have a precision of 5–10% and a bias up to 5% 
or 20%. In addition, the GOME data, for the OE methods, allow the retrieval on about 6 altitude 
levels without adding too much a priori information. These conclusions and limitations are not 
inherent to GOME measurements, but they are part of the physical limitations of this 
measurement approach for ozone profiling, and generally similar results can be expected for 
ozone profiles from other nadir-viewing observations of instruments like SBUV/2, 
SCIAMACHY, OMI and GOME-2. It should be noted that this analysis is limited to the 
particular profile retrieval schemes which have been investigated, each of which seeks to cope 
with deficiencies in the GOME level-1 data. The inherent information content of UV-visible 
spectra for profile retrieval, particularly with respect to the lower atmosphere has not yet been 
fully exploited by any scheme to date. It is expected that, because experience from GOME-1 has 
fed into the instrument design and pre-flight characterization, new instruments like GOME-2 
and OMI will provide more accurate and potentially better resolved measurements of the ozone 
profile. The ozone profile retrieval below 15-km altitude can also be expected to (slightly) 
improve when additional tropospheric information is used, such as exploiting polarization 
effects [Hasekamp and Landgraf, 2002b], or by consistently improving the wavelength and 
radiometric calibrations across the wavelength range of interest, or by exploiting collocated 
measurements made in both the presence and absence of clouds. 
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Chapter 5 

Pole-to-pole validation of Envisat GOMOS 
ozone profiles using data from ground-based 
and balloon sonde measurements  

Abstract 
In March 2002 the European Space Agency (ESA) launched the polar-orbiting environmental 

satellite Envisat. One of its nine instruments is the Global Ozone Monitoring by Occultation of 
Stars (GOMOS) instrument, which is a medium-resolution stellar occultation spectrometer 
measuring vertical profiles of ozone. In the first year after launch a large group of scientists 
performed additional measurements and validation activities to assess the quality of Envisat 
observations. In this chapter we present validation results of GOMOS ozone profiles from 
comparisons to microwave radiometer, balloon ozonesonde and lidar measurements worldwide. 
Thirty-one instruments/launch sites at twenty-five stations ranging from the Arctic to the 
Antarctic joined in this activity. We identified 6747 collocated observations that were performed 
within an 800-km radius and a maximum 20-hour time difference of a satellite observation, for 
the period between 1 July 2002 and 1 April 2003. The GOMOS data analyzed here have been 
generated with a prototype processor that corresponds to version 4.02 of the operational 
GOMOS processor. The GOMOS data initially contained many obviously unrealistic values, 
most of which were successfully removed by imposing data quality criteria. Analyzing the effect 
of these criteria indicated, among other things, that for some specific stars, only less than 10% of 
their occultations yield an acceptable profile. The total number of useful collocated observations 
was reduced to 2502 due to GOMOS data unavailability, the imposed data quality criteria, and 
lack of altitude overlap. These collocated profiles were compared and the results were analyzed 
for possible dependencies on several geophysical (e.g., latitude) and GOMOS observational 
(e.g., star characteristics) parameters. We find that GOMOS data quality is strongly dependent 
on the illumination of the limb through which the star is observed. Data measured under bright 
limb conditions, and to a certain extent also in twilight limb, should be used with caution, as 
their usability is doubtful. In dark limb the GOMOS data agree very well with the correlative 
data, and between 14- and 64-km altitude their differences only show a small (2.5–7.5%) 
insignificant negative bias with a standard deviation of about 11–16% (19–63 km). This 
conclusion was demonstrated to be independent of the star temperature and magnitude, and the 
latitudinal region of the GOMOS observation, with the exception of a slightly larger bias in the 
polar regions at altitudes between 35 and 45 km. 

                                                      
This chapter has been published as: 
Meijer, Y. J., et al., Pole-to-pole validation of Envisat GOMOS ozone profiles using data from 
ground-based and balloon sonde measurements, J. Geophys. Res., doi:10.1029/2004JD004834, 
accepted for publication, August 2004.  
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5.1 Introduction 
The declining stratospheric ozone layer, the changing global climate and the increasing 

pollution of the troposphere have created a growing public concern regarding the impact of 
human activities on the Earth’s atmosphere. In the past two decades researchers in various 
scientific disciplines have made considerable efforts to try to understand the underlying 
chemical and physical processes and the role of anthropogenic gas emissions. The catalytic 
destruction of stratospheric ozone due to the presence of chlorine compounds and the role of 
greenhouse gases in the Earth’s radiation budget were soon identified and ultimately led to 
international policy responses, such as the Montreal and Kyoto protocols. The further 
monitoring of the effect of these protocols and the impact of human activities on the atmosphere 
is of great importance, and relies critically on the availability of various key atmospheric state 
parameters. 

In March 2002 the European Space Agency (ESA) launched the polar-orbiting environmental 
satellite Envisat which is designed to provide measurements of not only the atmosphere, but also 
of the oceans, land and ice over a 5-year period. Previously, the Global Ozone Monitoring 
Experiment (GOME), on board the second European Earth Remote Sensing (ERS-2) satellite, 
demonstrated the successful exploitation of European atmospheric chemistry instruments. 
GOME has been delivering global measurements of several key trace gases since its launch in 
1995. Much longer records of the vertical distribution of ozone are provided by measurements of 
the Stratospheric Aerosol and Gas Experiment (SAGE) and Solar Backscatter Ultraviolet 
(SBUV) instruments [McCormick et al., 1989; Bhartia et al., 1996]. 

Envisat incorporates three instruments measuring the lower and middle atmosphere. Making 
use of a variety of measurement techniques, these three instruments should significantly enrich 
the number of detectable species and their vertical distribution. The Michelson Interferometer 
for Passive Atmospheric Sounding (MIPAS) instrument is a Fourier transform spectrometer 
detecting the Earth’s limb emission in the midinfrared. The Scanning Imaging Absorption 
Spectrometer for Atmospheric Cartography (SCIAMACHY) instrument is a ultraviolet–visible–
near-infrared (UV-VIS-NIR) spectrometer allowing observations in nadir, limb emission and 
solar-occultation mode. A third atmospheric instrument on board Envisat, the Global Ozone 
Monitoring by Occultation of Stars (GOMOS) instrument, is a medium-resolution stellar 
occultation spectrometer operating in the UV-VIS-NIR spectral range.  

A major contribution to the validation program of Envisat is provided by the Principal 
Investigators (PIs) of approved Announcement of Opportunity (AO) project proposals submitted 
to ESA. The joint activities of these AO projects and additional activities under direct contract, 
for the geophysical validation of Envisat’s instruments, are performed in several subgroups of 
the Atmospheric Chemistry Validation Team (ACVT). The Ground-based Measurement and 
Campaign Database (GBMCD) team, with the participation of a large number of organizations, 
institutes and individual scientists, forms the largest subgroup of the ACVT. Networks of 
ground-based instruments and sonde launch sites provide a suite of correlative measurements 
covering a wide range of geophysical conditions (i.e., latitude, longitude, season, altitude range, 
etc.). Apart from the few profiles of large-balloon and aircraft campaigns, all ozone profile data 
in the ACVT come from within the GBMCD subgroup resulting from the measurements 
performed by standard ozonesondes, ozone lidar systems, and microwave radiometer systems at 
many sites around the world. The extensive set of coincident data allows statistical analyses and 
investigation of relevant parameters. 

An initial geophysical validation campaign has been carried out during the Commissioning 
Phase of the mission (covering originally the first six months after launch, later extended to a 
total of 9 months). The preliminary validation results of this campaign were presented during the 
Envisat validation workshop from 9 to12 December 2002 in Frascati, Italy [European Space 
Agency (ESA), 2003]. To enhance the clarity of quality statements and recommendations for 
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possible improvements of each product, the analysis of each instrument’s geophysical parameter 
had been centralized within the GBMCD subgroup. This chapter forms a continuation and 
extension of the work presented by Meijer et al. [2003a] on the joint validation results of 
GOMOS ozone profiles. Here, significantly more GOMOS data will be analyzed compared to 
the study of Meijer et al. [2003a], which are from a longer period and correlate to more 
GBMCD sites, resulting in better statistics and allowing the study of additional (possible) 
dependencies. 

The main role of GOMOS will be the monitoring of trends and the observation of ozone in 
the stratosphere. Current instruments that measure stratospheric and mesospheric ozone profiles, 
including MIPAS and SCIAMACHY, either provide very accurate observations but with limited 
geographical coverage (e.g., SAGE), or good geographical coverage but with limited accuracy 
(e.g., GOME). GOMOS should strike an excellent compromise between these two extremes. 
The instrument is designed to supply accurate middle-atmosphere ozone abundances allowing 
precise monitoring of global ozone throughout the mission’s lifetime. Optimum performance is 
expected to be achieved at altitudes between 15 and 80 km and under nighttime conditions, 
whereas the effective sensitivity is a function of brightness and spectral characteristics of the 
tracked target star. 

Many scientists will be able to exploit the different validated data products of Envisat and the 
synergy provided by the three atmospheric instruments. In this chapter, we will provide the user 
community with an assessment of the quality of the ozone profiles retrieved from GOMOS 
observations by the processing algorithms of data processor version 4.02. In Section 5.2 we 
introduce the measurement technique, the instrument and the data product of GOMOS. In 
Section 5.3 we briefly present the origin and the measurement principles of the GBMCD 
correlative data including the applied criteria for collocation. In Section 5.4 we discuss how we 
filtered GOMOS observations to select data of good quality, before comparing them with 
correlative data sets. In Section 5.5 we show the analysis results of the comparison. In Section 
5.6 we give the conclusions and recommendations of the GOMOS ozone profile assessment. 

5.2 GOMOS Data 
The GOMOS instrument exploits the stellar occultation technique for the detection of 

atmospheric ozone and other trace gases, as well as temperature [Bertaux et al., 1991, 2004; 
Kyrölä et al., 2004]. This technique allows the acquisition of spatially high-resolution 
atmospheric transmission spectra. Using these spectra and the known molecular cross sections, 
the vertical trace gas profiles are retrieved. The primary goal of GOMOS is the accurate 
detection of stratospheric ozone, allowing one to monitor global trends in this species over long 
periods. This section is subdivided into three parts and we initially present the stellar occultation 
principle, then the instrument design and finally the data product. Parts of this section have been 
adapted from ESA publications [Ratier et al., 1999; Nett et al., 2001; ESA, 2002]. 

5.2.1 Stellar Occultation Principle 
The occultation principle is based on the changing spectrum of a light source observed 

outside and through the Earth’s atmosphere (Figure 5.1). Initially, the stellar (or solar) spectrum 
is measured when the star can be seen above the atmosphere. Subsequently, measurements are 
made viewing the star through the atmosphere providing spectra with absorption features from 
the passage through the atmosphere. The specific benefit of the occultation principle is its self-
calibrating property, because when the spectra are divided by the spectrum measured outside the 
atmosphere, nearly calibration-free horizontal transmissions are obtained. Ozone profile 
information is embedded in the changing UV-spectrum during, for example, a stellar occultation 
(Figure 5.2). The stellar occultation technique has previously been employed on the Midcourse 
Space Experiment (MSX) satellite using the Ultraviolet and Visible Imagers and Spectrographic  
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Figure 5.1. Illustration of the stellar occultation measurement principle, which is based on the 
changing spectrum of a light source when viewed outside and through the Earth’s atmosphere. 

 
Figure 5.2. Example of GOMOS transmission spectra measured in flight at different tangent altitudes 
during an occultation of Sirius on 6 August 2002.The effect of the ozone absorption bands is clearly 
visible below 310 and around 600 nm. 

Imagers (UVISI), and there have been several papers, both theoretical and applied, relating to 
these data [Yee et al., 2002; DeMajistre and Yee, 2002; Vervack et al., 2002 and 2003; Swartz et  
al., 2002]. UVISI and GOMOS specifically use stars as sources of light whereas other 
instruments have favored the Sun, and/or the Moon. For example, the SAGE-I/II/III [World 
Meteorological Organization (WMO), 1988, p. 52–65], the Stratospheric Aerosol Measurement 
(SAM-II), the Halogen Occultation Experiment (HALOE), the two Polar Ozone and Aerosol 
Measurement (POAM-II/III), the two Improved Limb Atmospheric Spectrometer (ILAS-I/II) 
and the SCIAMACHY instruments exploit the solar and/or lunar occultation technique. Note 
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that the stellar occultations are done as star set observations, whereas solar occultations are 
usually done for both sunrise and sunset. 

The specific advantages of the stellar occultation method are the good global coverage 
provided by the multitude of stars and the good altitude resolution (for GOMOS, typically 0.3–
1.7 km) provided by the point source character of stars. There are also disadvantages, because 
the point source character of stars, and the weakness of their radiation, makes it necessary to 
consider some questions which are not relevant to solar occultations. A weak light source 
implies that additional light sources can not be neglected, as they may compete with the desired 
stellar signal. For example, during half an orbit the limb is illuminated by the Sun, and therefore 
GOMOS will also detect scattered solar light which usually dominates the observed signal. In 
addition, GOMOS will see light coming from auroral and other natural emissions in the 
atmosphere. A point source character implies that in the retrieval scheme special attention must 
be paid to the refractive effects on the propagation of stellar light through the atmosphere 
including, e.g., scintillation effects. 

5.2.2 GOMOS Instrument 

5.2.2.1 Design 
GOMOS tracks stars by using a large steerable mirror in front of the entrance telescope. The 

line of sight (LOS) between the instrument and the observed star can be pointed over a large 
contiguous range and is controlled by information provided by star trackers. The LOS can be 
pointed in azimuth from –10 to 90 degrees (with respect to the antiflight direction), and in 
elevation from 68 down to 62 degrees (with respect to the nadir direction). GOMOS is able to 
observe and track stars down to magnitude 4. A complex star-tracking system allows the star to 
be tracked within 20 µrad during the 50 s of a typical occultation scan. The star tracker is able to 
follow a star down to 15–25 km tangent altitude, which depends on the physical properties of a 
star, and the bright/dark atmospheric limb condition. Under optimal conditions, tracking down 
to 4-km tangent altitude has been achieved. The limb condition results from measurements made 
on either the day (bright) or night (dark) side of the orbit. 

Behind the mirror, a 20x30-cm2 Cassegrain telescope simultaneously feeds two spectrometers 
and two photometers. For spectral measurements in the ozone Huggins and Chappuis bands, 
there is a medium-resolution (0.89 nm) spectrometer in the range 250 – 675 nm. There is a high-
resolution (0.12 nm) spectrometer in the range 756 – 773 and 926 – 952 nm, for O2 and H2O 
measurements respectively. The two fast photometers, with a 1-kHz sampling rate, operate in 
the 470 – 520 nm and 650 – 750 nm spectral bands, for observing scintillation. Although 
GOMOS is specifically optimized for nighttime observations, it also performs measurements 
during daytime (bright limb conditions). Especially during daytime measurements, the 
background limb spectrum resulting from scattered solar light needs to be removed from the 
stellar spectra. For GOMOS this is solved by simultaneously measuring the pure limb signal just 
above and below the star LOS, and subtracting the interpolated spectrum from the stellar 
spectrum. 

5.2.2.2 Star Selection and Mission Planning 
The stars used are those that provide a sufficient flux between 250 and 950 nm, which is the 

spectral range of interest for the target species, and hence where the GOMOS detectors and star 
tracking system are sensitive. The instrumental performance restricts the visual magnitudes to 4 
or less and the acceptable (equivalent blackbody) temperature range to 3000–40,000 K. 
GOMOS measurements will obviously be difficult to interpret in case of rapidly varying stars, 
and difficulties will also be encountered if two or more stars are visually close to each other. The 
overall list of suitable target objects is a catalogue containing ~1000 stars. 

Various simulations have been performed to determine the merit functions of different 
observing strategies. The selection of the stars and the optimization of the overall measurement 
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Figure 5.3. Geographical distribution of the geolocation (gray dots) of occultation measurements 
(~15,600) performed by GOMOS in January 2003. Inherent to the Sun-synchronous orbit of Envisat, 
the same star can be observed fourteen times per day at different longitudes and more or less the 
same latitude, and in the course of the month also the latitude changes more clearly. The 
geographical coverage depends on the availability of stars, which, of course, varies as the Earth 
progresses in its orbit around the Sun. 

sequence are performed on the ground for a series of orbits. This takes into account the various 
scientific objectives and ensures an even distribution of global measurements throughout the 
year. In this manner, the instrument typically acquires 40 stars per orbit, yielding ~ 200,000 
occultations per year. An example of the geographical coverage obtained after one month of 
GOMOS observations is shown in Figure 5.3. 

Inherent to the Sun-synchronous orbit of Envisat, the same star can be observed fourteen 
times per day at different longitudes and more or less the same latitude, and in the course of the 
month also the latitude changes more clearly. The geographical coverage depends on the 
availability of suitable stars, which is of course varying as the Earth progresses in its orbit 
around the Sun. In 2003 the minimum and maximum observed latitude were –79.9 and 89.7, 
respectively. 

5.2.3 Processing of Data Product 
First, the acquired transmission spectra are corrected for background limb radiation and 

scintillation effects. The scintillation correction is derived from the observed differences in 
scintillation between the two photometers, which observe in the blue and the red, and is based 
on the changing refractive index with wavelength [Dalaudier et al., 2001; Kan et al., 2001; 
Bertaux et al., 2004]. The remaining transmittance can then be related to atmospheric 
constituent densities (O3, NO2, NO3, O2, H2O, OClO, aerosol, and air density). Second, a 
spectral inversion is performed [Kyrölä et al., 1993], which produces horizontal column 
densities of different constituents; i.e., the concentrations integrated along the LOS. Finally, a 
vertical inversion is performed [Sihvola, 1994], which converts the LOS column densities to 
vertical concentration profiles and can be conceptualized as a more sophisticated version of 
“onion peeling”. 

Nominally the GOMOS data products should be generated and distributed by ESA’s Envisat 
Payload Data Segment (PDS), which is their operational processing chain. Initially, the data 
could not be provided to the calibration and validation (Cal/Val) teams because of to data 
generation and dissemination problems, and ESA has arranged for alternative data supply using 
the prototype processing chain at ACRI (Sophia Antipolis, France). During the Commissioning 
Phase, a strong sensitivity of the GOMOS detectors to radiation impact and additional 
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Figure 5.4. Simulation results of expected ozone profile accuracy for different combinations of star 
temperature T and visual magnitude Mv [Ratier et al., 1999, figure 6]. Dashed lines correspond to hot 
stars, whereas cold stars are indicated with solid lines. Gray and black correspond to examples using 
a weak and a strong star. 

unexpected phenomena affecting the retrieval have been detected. A major upgrade of 
algorithms has been implemented in several successive steps, and for this reason the supply of 
prototype data has been maintained, in order to allow Cal/Val teams to benefit from improved 
products at the earliest possible time, well ahead of implementation in the operational 
processors. The data analyzed in this chapter have been generated with the prototype processor 
in a version (GOPR_LV2_5.4b) equivalent to the version 4.02 (v4.02) of the operational (i.e., 
PDS) processor, which is the first GOMOS data version cleared for release to all GOMOS users. 

The product of interest for this chapter is the vertical ozone profile given as number densities 
on geometric altitude levels. These data are provided together with several auxiliary parameters 
of which mainly the characteristics of the star used in the observation are important for the 
analysis. The star temperature and magnitude determine the signal strength of the observed UV 
spectrum, which influences the ozone retrieval. The hot and bright stars have a favorable signal 
to noise ratio and hence are expected to give better ozone profile accuracy, as shown in Figure 
5.4 for different combinations of star temperature and visual magnitude. As will be 
demonstrated later, it is important to know whether the stellar signal was observed in a bright or 
dark background, but the current file output from the GOMOS processor (v4.02) does not yet 
contain information about the position of the Sun. Therefore we have calculated the solar zenith 
angle (SZA) with respect to the geolocation of the lowest tangent point (i.e., its latitude and 
longitude projected on the surface), and added this to the standard GOMOS data. In addition, the 
data product from this processor version does not contain the LOS azimuth angle at which a star 
is observed, and this information was obtained in a separate request to the processing unit at 
ACRI. 

5.3 GBMCD Correlative Data 

5.3.1 Introduction 
The Ground-Based Measurement and Campaign Database (GBMCD) subgroup of the ACVT 

provides data from ground-based instruments and small balloons to the central ACVT database 
for correlative measurements, which is maintained and facilitated by the Norwegian Institute for 
Air Research (NILU). For comparison to GOMOS ozone profiles, there are three different 
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sources of correlative data available, and in the following three sections we briefly describe their 
observation techniques. In addition, in each section is explained how these data were converted 
to the same measurement units as the GOMOS data (i.e., ozone number density as a function of 
geometric altitude). Section 5.3.5 gives an overview of all contributions, which is followed by a 
discussion in Section 5.3.6 on how to deal with data quality issues. In Section 5.3.7 we explain 
the chosen criteria for the definition of a collocated measurement. 

5.3.2 Ozonesonde Data 
The lower part of the atmosphere, between ground and 30-km altitude, is sampled by 

Electrochemical Concentration Cell (ECC) ozonesondes based on small balloons. These 
soundings are performed between 1 and 3 times per week as part of routine and special 
(validation) campaign observations. In the ECC sondes, air is pumped through a chemical cell 
containing an aqueous solution of potassium iodide [Komhyr, 1969; Komhyr and Harris, 1971]. 
The chemical reaction with ozone results in molecular iodine which can be detected and directly 
related to the ozone abundance in the outside air. Data are therefore provided as partial ozone 
pressure as a function of air pressure. The use of the ideal gas law and the assumption of 
hydrostatic equilibrium, which requires the additionally measured pressure and temperature 
information, yield the conversion to the common units for comparison. Some of the ozonesonde 
data used in this study were measured by a Brewer-Mast sonde, which mainly differs from the 
ECC sonde in the concentrations of the electrolyte and the design of the cell. 

5.3.3 Stratospheric Ozone Lidar Data 
Stratospheric ozone lidar systems measure the atmosphere between about 15- and 50-km 

altitude. These measurements are performed between once and three times per week, which is 
dependent on weather and atmospheric conditions. Lidar systems are usually operated at night 
under clear-sky conditions, but some lidars have been adapted for daytime use in polar regions. 
Stratospheric ozone lidar instruments use a special lidar system, which is called a Differential 
Absorption Lidar (DIAL) system [Measures, 1984; McDermid et al., 1990]. These systems 
simultaneously emit two light pulses at different wavelengths with different ozone absorption 
cross sections. The differences in light intensity backscattered from different altitudes can be 
directly related to the local ozone concentrations. Data are provided as ozone number densities 
as a function of geometric altitude and hence no conversion is necessary. 

5.3.4 Microwave Radiometer Data 
Ozone in the stratosphere and mesosphere can be measured with Microwave Radiometers 

(MWRs). These measurements are performed almost continuously during both daytime and 
nighttime and are largely unaffected by clouds. These systems detect the microwave emissions 
of atmospheric ozone using a millimeter wave receiver and multichannel spectrometer [Parrish 
et al., 1992]. In the observed spectrum ozone lines and their pressure-broadened shape can be 
used to reveal altitude-resolved ozone information, which is based on the optimal estimation 
technique of Rodgers [2000]. Data are provided as volume mixing ratios as a function of air 
pressure, and in addition these data come with averaging kernels and a priori information. The 
conversion to the common units is performed by assuming hydrostatic equilibrium and applying 
the ideal gas law, which requires the use of the provided pressure and temperature information. 

5.3.5 Overview of Contributions 
In the period between 1 July 2002 and 1 April 2003 a large number of instruments at 

numerous measurement sites around the world have acquired an overwhelming amount of 
correlative data, sometimes as part of dedicated Envisat measurement campaigns. An overview 
of these instruments, stations and their details is provided in Table 5.1, which is sorted by 
geolocation (i.e., descending latitude); Figure 5.5 shows the global distribution of these stations.  
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Figure 5.5. Geolocations of all 3623 available GOMOS measurements collocated (in time and space) 
with data from the contributing measurement stations (green asterisks). Distinction has been made 
between measurements made under bright limb (red dots), and twilight or dark limb (blue dots) 
conditions. Data shown were measured within an 800-km radius and a maximum 20-hour time 
difference of a GBMCD observation. The sparse availability of GOMOS data around the (tropical) 
Paramaribo and (Antarctic) Belgrano stations is remarkable and is in contrast to their average data 
provision (Table 5.1). 

From, in total, nineteen sonde launch stations we received 847 profiles. From, in total, eight 
lidar stations we received 508 profiles. From in total four MWR stations we received 849 daily 
files each containing several profiles. 

5.3.6 GBMCD Data Quality Criteria 
Validation of data implies the use of reliable correlative data with known (high) quality for 

the analysis. Therefore, in this analysis, we have used data from networks with regular 
calibration and validation activities. In Table 5.1 we have indicated which contributions come 
from stations that are part of the Network for the Detection of Stratospheric Change (NDSC). 
The initiative for this network [Network for the Detection of Stratospheric Change, 1986;] 
(http://www.ndsc.ws) was based on the need for such worldwide high-quality measurements, 
among others for validation of satellite-based sensors. The NDSC comprises a small number of 
ground-based measurement stations employing the full suite of instruments and located on 
strategic positions on the globe, and they are supplemented with measurements performed at 
complementary stations. The measurements of NDSC are regularly monitored for their quality 
via measurement validation campaigns performed under the NDSC protocol. See, for example, 
the papers about the STOIC [Margitan et al., 1995], MLO95 [McPeters et al., 1999], OPAL 
[McDermid et al., 1998a and 1998b], OHP97 (G. O. Braathen et al., manuscript in preparation, 
2004) and NAOMI [Steinbrecht et al., 1999] campaigns, at the Table Mountain, Mauna Loa, 
Lauder, OHP and Ny-Ålesund NDSC stations, respectively. A review paper of all these 
activities has recently been composed by Keckhut et al. [2004]. Other data contributors that are 
not NDSC members (note that this only involves sonde data) are generally part of other 
networks like those stations contributing to the World Ozone and Ultraviolet Radiation Data 
Center (WOUDC) and the Southern Hemisphere Additional Ozonesondes (SHADOZ) project 
(see Table 5.1). 
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Table 5.1. Overview and details of stations and instruments providing correlative data. The details 
also include the network affiliation, the ESA AO-project number and the principle investigator (PI) 
of the instrument 
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Ny-Ålesund (P) 78.92 11.93 Lidar 115 331 P. von der 
Gathen 

AWI 

Ny-Ålesund (P) 78.92 11.93 Sonde 74 331 P. von der 
Gathen 

AWI 

Thule (P) 76.53 –68.74 Sonde 26 158 S. Andersen DMI 
Scoresbysund (C) 70.48 –21.97 Sonde 34 158 S. Andersen DMI 
Alomar (C) 69.30 16.00 Lidar 54 9079 G. Hansen NILU 
Kiruna (C) 67.84 20.41 Micro

wave 
103 191 U. Raffalski IRF 

Sodankylä (C,W) 67.37 26.63 Sonde 78 429 E. Kyrö FMI 
Keflavik 64.00 –22.00 Sonde 25 191 M. Gil INTA 
Orland 63.40 9.20 Sonde 19 158 A. Vik NILU 
Yakutsk (C) 62.02 129.63 Sonde 4 158 V. Dorokhov CAO 
Jokioinen (W) 60.81 23.50 Sonde 27 429 E. Kyrö FMI 
Legionowo (C) 52.40 20.97 Sonde 48 174 B. Kois IMWM 
De Bilt (C,W) 52.10 5.18 Sonde 47 174 M. Allaart KNMI 
Uccle (C,W) 50.80 4.35 Sonde 114 300 D. De Muer RMIB 
Hohenpeissenberg 
(C,W) 

47.80 11.02 Lidar 24 360 H. Claude DWD 

Hohenpeissenberg 
(C,W) 

47.80 11.02 Sonde 
(BM) 

32 360 H. Claude DWD 

Payerne (C,W) 46.82 6.95 Sonde 113 158 R. Stubi MeteoSwiss 
Payerne (C) 46.82 6.95 Micro

wave 
275 158 N. Kaempfer MeteoSwiss 

Obs. Haute 
Provence (P) 

43.94 5.71 Lidar 83 360 S. Godin-
Beekmann 

CNRS 

Toronto (C) 43.66 –79.4 Lidar 5 153 S. Pal MSC 
L’Aquila 42.34 13.33 Sonde 3 206 G. Visconti UNIVAQ 
Table Mountain 
(C) 

34.40 –
117.70 

Lidar 76 360 I. S. 
McDermid 

JPL 

Mauna Loa (P) 19.54 –
155.58 

Lidar 87 360 I. S. 
McDermid 

JPL 

Mauna Loa (P) 19.54 –
155.58 

Micro
wave 

257 179 A. Parrish UMass & 
NIWA 

Paramaribo 
(C,W,S) 

5.75 –55.20 Sonde 39 174 M. Allaart KNMI 

Lauder (P) –45.04 169.68 Lidar 64 9003 D. Swart RIVM & 
NIWA 

Lauder (P) –45.04 169.68 Micro
wave 

214 179 A. Parrish UMass & 
NIWA 

Lauder (P) –45.04 169.68 Sonde 57 179 G. Bodeker NIWA 
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Marambio (W) –64.20 –56.70 Sonde 42 429 E. Kyrö FMI 
Dumont d’Urville 
(P) 

–66.67 140.01 Sonde 27 158 F. Goutail CNRS 

Belgrano –78.00 –38.00 Sonde 28 191 M. Yela INTA 
(P): NDSC primary station (Network for the Detection of Stratospheric Change) 
(C): NDSC complementary station 
(W): WOUDC station (World Ozone and Ultraviolet Radiation Data Center) 
(S): SHADOZ station (Southern Hemisphere Additional Ozonesondes) 
(BM): Brewer/Mast ozonesonde type 
 

To increase quality further, we have chosen to limit the use of the GBMCD correlative data 
by taking into account the known strength and weaknesses of the different instruments, which 
have become clear from the experience obtained in the validation campaigns mentioned above 
and the intrinsic limitations of the three types of correlative instruments. We restrict the use of 
correlative data by applying uniform selection criteria, in this way avoiding the need to analyze 
individual profile quality and necessary range restrictions. The altitude ranges of the three 
different instruments are restricted to those ranges where known optimal quality and highest 
altitude resolution prevails. On the basis of this, we have chosen to use sonde data between 0- 
and 30-km altitude, lidar data between 18- and 45-km altitude, and MWR data between 30- and 
70-km altitude. Even though the MWR data have good quality in the 20- to 30-km range, we 
have chosen to only use lidar and sonde data, because of their higher altitude resolution. 

Despite the restricted altitude range for each instrument, it was also necessary to remove parts 
of the remaining profiles from lidars and MWRs. As some lidars are operated in daytime mode, 
they have a lower sensitivity because of the higher straylight intensity and their upper altitude 
limit of good-quality data is lower than 45 km. In addition, some profiles of the MWRs have a 
lower quality which is also related to observational parameters. Therefore the lidar and MWR 
data are further restricted and only used when their reported relative error is smaller than 30%. 
The sonde data are reported without an error estimate and therefore we can not restrict them 
further in this way. One could argue that the error restriction is sufficient and we do not need to 
also restrict the altitude range. However, as some errors are reported as rather constant, mainly 
systematic, errors this could introduce biases in altitude ranges where the instruments have 
known limitations, because the smaller ozone values compared to the larger values are more 
likely to be removed as they will have a larger relative error. 

5.3.7 Collocation Criteria 
All the profiles that are mentioned in Section 5.3.5 and restricted according to Section 5.3.6 

are potentially available for comparison to GOMOS ozone profiles. However, these correlative 
instruments do not exactly sample the same atmosphere as the satellite instrument, and in order 
to compare them, we need to define criteria which allow a certain (maximum) difference in both 
location and time between the two observations. Note that allowing a larger time difference will 
result in a linear increase of the number of collocated measurements, while increasing the 
allowed radius around an observation will result in a quadratic increase of collocations. In 
addition, because of the differences between the instruments in measurement technique and 
geometry, even a perfect collocation of their observations will always leave differences in the 
sampled air mass and the sampling duration. 

In previous studies [Meijer et al., 2003b; Veiga et al., 1995] it has been demonstrated that a 
20-hour time window and a circle with an 800-km radius are appropriate choices for the allowed 
temporal and spatial differences, respectively. The time collocation criterion is set for the 
altitude levels below 50 km. Because in the mesosphere the ozone profile is subject to a strong 
diurnal variation, we need a stricter time criterion above 50-km altitude, where it is reduced to 5 
hours and additionally we require that the profiles were measured under the same limb 
illumination conditions (defined in Section 5.5). All these criteria form a good compromise 
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between perfect collocations (i.e., sampling exactly the same atmosphere) with insufficient 
statistics and a large number of poorly collocated observations. Note that, because of accurate 
planning of the sonde and lidar observations, and continuous operation of the MWRs, the 
collocation criteria relate to maximum differences, and often much smaller differences were 
achieved. In Section 5.5, we devote Section 5.5.2.7 to investigate the effect on the analysis 
results of setting different collocation criteria. 

The geographical distribution of all 3623 GOMOS measurements used in the analysis is 
shown in Figure 5.5. Colors indicate the limb conditions during the measurement. Note that the 
numbers of collocated GOMOS measurements for the high latitude stations are larger than those 
at lower latitudes, which is inherent to Envisat’s polar orbit and related measurement density. 

5.4 GOMOS Data Quality Filtering 

5.4.1 Introduction 
Initially, our activities had to be focussed on excluding from the analysis those (parts of the) 

GOMOS profiles which have an obvious poor quality, because even before comparing the 
GOMOS to the GBMCD data it is clear that the data contain some unrealistic features that will 
hamper the analysis. In Figure 5.6 we present an example of a normal and an unrealistic 
GOMOS ozone profile. In addition, we show in this figure the same profiles after using the 
quality flags provided in the v4.02 data product, but these flags do not seem to have a clear 
positive effect in the sense of quality filtering. Hence we used the GOMOS data without 
applying them, but obviously there is a need for a better quality filter. The products of the next  
released version (v5.0) will contain additional quality flags to allow more effective filtering. A 
better filter should be easy to implement for future users, and should avoid the need to check 
each individual profile. We now need to formulate rejection criteria that satisfy this requirement. 

5.4.2 GOMOS Data Quality Criteria 
In this chapter, we will investigate whether there is a bias present in the GOMOS data. 

Actually, the investigation of the reported error bars could be the subject of another study. In the 
analysis presented later in Section 5.5, we will not weigh the mean of the differences with the 
reported errors, and hence avoiding the mixture of these different investigations. Though, to 
prevent obviously wrong data entering the analysis, we have only analyzed data with a 
reasonable error, and then treated them equally. Therefore the following three basic criteria are 
used for the GOMOS ozone profile data to be accepted in the validation analysis. First, we 
require an error lower than 20%. This upper limit has been set taking into account that the error 
estimates of v4.02 data are generally too low. Note that v5.0 products will contain significantly 
improved error estimates, and this criterion may therefore require review when applied to v5.0 
products. Nevertheless, we have also checked whether the conclusions drawn from the analysis 
results would change with an upper limit of 15% and 25%, respectively. However, as the error 
below (and also above) a certain altitude dramatically increases, such a change in the upper limit 
only affects a very limited range at the bottom (and top) end of the profile, and has its largest 
impact on the data measured under a bright atmospheric limb conditions. Second, to avoid a 
possible random selection of data points at the edges, we want the resulting ozone profile to be 
consistent. Therefore we require that the ozone profile elements accepted so far must also have a 
significant number of accepted neighboring elements. This second criterion has been 
implemented by requiring that over a 2-km altitude range around a (candidate) accepted element 
at least 80% of the original elements should still be present. This consistency check only 
removes ~2% of the data points and has only a minor impact on the results at the lowest 
altitudes. Its effect on the analysis has been tested and was mainly visible in the calculated mean 
and not in the median, which indicates that some outliers that “accidentally” passed the initial 
criterion are now removed. Third, the remaining profile must at least have a vertical extension  
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Figure 5.6. Examples of a realistic GOMOS ozone profile (left, acquired on 5 September 2002) and a 
physically unrealistic profile (right, acquired on 25 November 2002). Both profiles are plotted three 
times; once plotting (all) the original data (lines and asterisks in red), once plotting only those 
original data accepted according to the quality flags supplied in the data product (blue asterisks), 
and once plotting only those original data accepted according to the quality criteria set in Section 
5.4.2 (gray lines). Note the rather random selection of profile elements at the lowest and highest 
altitudes using the quality flags, like the rejection of (seemingly) correct elements at the lower 
altitudes (left panel). 

 

 

 
Figure 5.7. (left) All 3623 GOMOS ozone profiles before (red) and the 2845 profiles after (green) 
applying the quality filter criteria (see Table 5.3 for statistics). The large range of unrealistic values 
is clearly visible, which stresses the need for these criteria. (right) Similar to the figure shown in the 
left panel, but only showing the GOMOS data measured under dark atmospheric limb conditions, 
which demonstrates that most unrealistic profiles stem from data measured under bright or twilight 
conditions (see Table 5.2 for definitions). 
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of 4 km, because criteria 1 and 2 might result in “profiles” with only a few data points and they 
will be removed by using this criterion. In Figure 5.6 we have additionally plotted the profiles 
resulting from the application of these three criteria to the original GOMOS data. 

All GOMOS profiles, which were selected as collocated measurements, are shown in Figure 
5.7 (left panel), which shows both the original profiles (in red), as read from the datafiles 
without applying the flags, and the accepted profiles (in green) after applying the above-
mentioned selection criteria. The actual range of the original data extends up to 1021 
molecules/m3, but such a range would reduce the clarity of the plot. The large spread in the main 
ozone peak stems from the large range in latitude and season covered by these measurements. 
The effect of the applied quality filtering is clearly visible, but actually this picture gives a 
wrong impression and is overshadowed by the results of the filtering on the data measured in a 
bright atmospheric limb conditions. The same picture only showing data measured in a dark 
atmospheric limb conditions (right panel of Figure 5.7) shows that the effect on these data is 
mainly a rejection of the data at the lowest part of the profile. 

5.4.3 Analysis of Rejected Profile Elements 
The use of the quality criteria resulted in an overall rejection of nearly 45% of the original 

GOMOS data, which certainly makes it worth investigating which parameters cause either 
acceptance or rejection of a certain altitude level or complete profile. Initially, we focus on the 
percentage of accepted levels with respect to the number of levels in the original data. We have 
checked this percentage for dependence on certain GOMOS observational parameters, such as 
the star magnitude, the star temperature, and/or the solar zenith angle (SZA) during the stellar 
occultation. The percentage of accepted levels does not have a clear correlation with just one 
single parameter, but it does show a strong correlation with the star temperature and the SZA, 
shown in Figure 5.8. To illustrate the effect of the SZA, we have colored the points 
corresponding to three different SZA ranges. Although the SZA is an important parameter for 
the number of accepted levels, it is also clear from the color indexing that the SZA alone does 
not give the complete picture. The largest number of accepted levels occurs when the star 
temperature is high (as expected from the results in Figure 5.4) and the SZA is large. Note that 
measurements made with a SZA smaller than 90o correspond to an observation made under 
bright atmospheric limb conditions. Under dark atmospheric limb conditions, a distinction can 
be observed between the results measured below and above a star temperature of ~7000 K, and 
the “average” altitude range covered by the profiles in these regimes are approximately 18–45 
and 18–80 km, respectively, which corresponds well with the simulations presented in Figure 
5.4 and the chosen upper limit of the allowed error range. Note that here 80-km altitude is the 
top of our analysis range. In Figure 5.8 we additionally observe that the number of accepted 
levels is generally halved when a star is observed in a bright compared to a dark atmospheric 
limb. 

We have also checked whether a profile has been rejected completely, arising from criterion 
3. We have calculated a “star usability”, by calculating the number of accepted profiles as a 
percentage of the total number of available profiles from that star. Figure 5.9 shows this 
percentage as a function of star ID number. Note that an identification number (star ID) has been 
given according to their visual magnitude; i.e., the brightest star has star ID number 1. Stars that 
have been used less than 5 times in the analysis are colored in gray. We can identify 20 stars 
(out of 160) that in only 10% (or less) of the measurements lead to an acceptable profile, based 
on the three selection criteria. This aspect should be further investigated, which can be 
particularly important for the GOMOS mission planning, as it should be resolved what is the 
common parameter of these stars and to check their usability on a larger data set, but it is beyond 
the scope of this chapter. From the analysis above, we can conclude that the rejection is 
correlated to a low star temperature and bright limb conditions, but possibly there are more star 
characteristics that need to be taken into account. A larger data set spanning a complete year is  
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Figure 5.8. Analysis of profile quality expressed as the percentage of accepted levels as a function of 
the star temperature. Three different SZA ranges are indicated in color, corresponding to bright 
(red), twilight (black) and dark (green) atmospheric limb conditions (see Table 5.2 for definitions). 

 
Figure 5.9. Analysis of star quality expressed as the percentage of usable profiles as a function of the 
star ID number. Stars that had less than five profiles available for this analysis are in gray. Note the 
group of stars at the bottom, whose measurements almost always result in a completely rejected 
profile. 
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required to complete this analysis, which should include all stars measured under different 
conditions. Note that depending on the position of the Earth in the universe, one star can only  
be observed setting in the atmosphere on either one position or two opposite positions on Earth. 
Hence, using only GOMOS measurements collocated with certain ground-based stations might 
bias the conclusions of this section on the star quality. 

Table 5.2. List of analysis parameters used in the GOMOS ozone profile quality assessment and 
their applied ranges. 

Parameter Selection 1 Selection 2 Selection 3 
Atmospheric limb 
(SZA) 

0o to 90o (bright limb) 90o to 108o (twilight limb)1 108o to 180o (dark 
limb)1 

Star visual magnitude 
(Mv) 

–2 to +1 (strong star) +1 to +4 (weak star) - 

Star temperature (K) 1000 to 7000 (cold star)2 7000 to 40,000 (hot star)2 - 
LOS azimuth angle 
(degrees) 

–10o to +10o (back LOS) +10o to +45o (slant LOS) +45o to +90o (side 
LOS) 

Latitude (degrees) 0o to 23.5o (tropical)3 23.5o to 66.5o (midlatitude) 66.5o to 90o (polar)4 
Collocation criteria 
(space and time)5 

0 to 800 km and 0 to 20 
hours (∆x=800 and 
∆t=20)5 

0 to 400 km and 0 to 10 
hours (∆x=400 and ∆t=10)5 

0 to 200 km and 0 
to 5 hours (∆x=200 
and ∆t=5) 

1: Astronomical twilight ends when the Sun is more than 18o below the horizon and the upper atmosphere is no longer illuminated.
2: The temperature separating the two regimes observed in the (dark limb) results of Figure 5.8 is taken as the border. 
3: Latitudes of the Tropic of Capricorn (SH) and Cancer (NH) are taken as the border between the tropical and midlatitude region. 
4: Latitudes of the Antarctic (SH) and Arctic (NH) circles are taken as the border between the midlatitude and polar regions. 
5: Above 50-km altitude the time criterion is always 5 hours. 

5.5 Analysis 
The aim of this chapter is to assess the quality of the GOMOS ozone profiles and possible 

dependencies on certain parameters. As mentioned in Section 5.2.3, this quality is expected to be 
dependent on the differences in the brightness and temperature in the large ensemble of targeted 
stars. Simulations demonstrated (Figure 5.4) that the quality in the lower stratosphere is 
expected to be determined by the star magnitude, while at higher altitudes the star’s temperature 
is more important, as hot stars produce significant emission in the UV part of the spectrum. 
Nevertheless, we should be aware that this expected effect might have been eliminated, because 
we have selected data (from hot and cold stars) within the same error range, and the errors of the 
simulations shown in Figure 5.4 are random and not systematic. In addition, the retrieval seems 
to be strongly affected by the brightness of the atmosphere in which the star occults. The final 
observational parameter that we investigate is the inclination of the spatial location of the profile 
with respect to the vertical. This obliqueness of the occultations depends directly on the LOS 
angle with respect to the antiflight direction, due to the occultation geometry and the orbital 
motion. The best results are expected for angles close to zero degrees (i.e., looking backward), 
because in these “vertical” occultations the scintillation correction for all wavelengths is less 
complex than in the oblique ones. Apart from these measurement-related parameters, the 
analysis of profile quality is also performed with respect to the latitude band and the applied 
collocation criteria. In Table 5.2 we have listed the parameters and their ranges, which were 
used in analyzing the comparisons. In Section 5.5.1 we first explain the comparison approach 
before presenting the analysis results. 
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Table 5.3. Statistics of GOMOS collocated observations used in this study. 

 Reduction Total Left Over  
1. GOMOS-GBMCD collocated observations  6747 
2. Unavailable GOMOS files –3063 3684 
3. Corrupt or empty GOMOS files –61 3623 
4. Rejected GOMOS profiles due to quality criteria –778 2845 
5. Collocated pairs without altitude overlap –343 2502 

GOMOS-GBMCD pairs used in this study 2502 

5.5.1 Comparison Approach 
The comparison of different data sets raises several important issues about their 

comparability. The differences in retrieved measurement units have already been accounted for 
in Section 5.3.2 and 3.4, by transforming all data to values of ozone number density versus 
geometric altitude. To be able to compare both profile sets, we have linearly interpolated all 
profiles to a common altitude grid with 200-m intervals. 

Between the profiles there can also be differences in the altitude resolution, but taking this 
into account can become very complicated. For the comparisons involving lidar and sonde data, 
the effects of ignoring these differences are expected to be small, as these data have quite similar 
resolutions as those estimated for GOMOS. For the comparisons involving MWR data the 
situation is different, and the most appropriate way of comparing these data to other data would 
be to multiply the GOMOS profiles with the MWR averaging kernels and to incorporate their a 
priori information [Connor et al., 1991]. However, when comparing the data sets in this manner, 
then the GOMOS data has been degraded and moreover is no longer independent from the 
MWR data, as shown by Meijer et al. [2003b].  

In this chapter we make the assumption that the effects arising from differences in altitude 
resolution are also negligible for the comparisons involving MWR data. The effect of ignoring 
such differences is expected to result in a larger standard deviation of the differences between 
data set 1 and data set 2 and a smaller standard deviation of the profile for the data set with the 
coarsest resolution. In the calculated mean differences, a small bias might only show up in 
regions where the profile demonstrates on average strong curvature. Although the altitude 
resolutions of the MWR and the GOMOS data are quite different, the effects of ignoring these 
differences are also expected to be small. This results from assuming that the MWR smoothing 
error (which includes the effects of resolution and a priori information) is stochastic, and hence 
its mean error should vanish when considering a sufficiently large ensemble of profiles. 

The next step is to check whether the paired profiles of GOMOS and GBMCD data exhibit 
overlapping altitude ranges. This is especially important for those pairs involving sonde 
measurements, where the data sometimes only reach up to 18-km altitude. Even worse, 
sometimes the collocated GOMOS profiles do not have any altitude overlap with the GBMCD 
correlative data, and hence these pairs were not useful. In Table 5.3 we list the total number of 
collocated GOMOS-GBMCD observations (pairs), the number of unavailable GOMOS profiles, 
the number of corrupt or empty GOMOS files, the number of rejected GOMOS files due to the 
quality criteria, and the number of pairs without altitude overlap. The largest reduction (over 
45%) results from unavailable GOMOS data, which is raw GOMOS data that have been taken 
but have not yet been processed, and we hope to incorporate this set in future studies. Applying 
the quality criteria to the GOMOS data has an especially large effect on the altitude extent of the 
profiles, and as a consequence it reduced the number of useful pairs by 343. In addition, the 
quality criteria have completely rejected 778 GOMOS profiles and hence equally reduced the 
number of pairs. In total we are left with the respectable number of 2502 useful profile pairs. 
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Figure 5.10. Intercomparison results of all accepted GOMOS and paired GBMCD correlative data. 
(left) Mean GOMOS (bold red line) and GBMCD (bold blue line) ozone profiles and their standard 
deviations (thin lines in corresponding colors). Note the logarithmic, instead of linear, scale for the 
ozone values above 50-km altitude. (middle) Mean (green line) and median (black line) differences 
between all the paired GOMOS and GBMCD data as a percentage of the latter. For the mean profile, 
we also plotted the (1 σ) standard deviation of the differences (thin green line). Numbers at the right 
of the middle panel indicate, for some altitude levels, the number of pairs used at that level. (right) A 
comparison between the standard deviation of the differences (green line) and the standard 
deviations of all GOMOS (red line) and GBMCD (blue line) ozone profiles. 

From the useful set of collocated pairs, or any subset of them, we calculate the mean and the 
standard deviation of the GOMOS and GBMCD ozone profiles. In addition, we calculate the 
mean, the standard deviation, and the median of their differences; calculated as GOMOS minus 
GBMCD data in percentage relative to the latter. Per altitude level the availability of valid data 
pairs is evaluated (i.e., is there overlap in altitude), and from these data points we derive all of 
the above quantities. 

5.5.2 Results 
In Figure 5.10 we present the analysis results for the whole set of useful collocated pairs. 

Shown are the mean ozone profiles of both data sets (left), the calculated differences (middle), 
and a comparison of the standard deviations (right). The discontinuities in the left panel profiles 
(e.g., at 30-km altitude) originate from the differences in the number of used pairs per altitude 
level, which are partly due to the GBCMD data restrictions. Note that data from different 
instruments are not always measured in the same latitudinal range or season, and hence these 
discontinuities can be understood from geophysics. In between the middle and right panel we 
have indicated for some of the altitude levels the actual number of profile pairs that have been 
used in the analysis at that particular level. 

Ideally, the profiles of the median and mean differences would be equal and the standard 
deviation of the differences would be relatively small compared to the standard deviation and 
the error of the GOMOS and GBMCD profiles. When the distribution of the differences 
contains outliers, then this would be reflected in a large standard deviation (e.g., around 30-km 
altitude). Those outliers that are only present on one side of the distribution can be identified by 
differences observed between the median and the mean, which is basically the case over the 
whole altitude range (Figure 5.10).  
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5.5.2.1 Influence of Limb Illumination Condition 
The main source of the discrepancies is the solar illumination condition of the atmospheric 

limb. We have distinguished between three atmospheric limb conditions, namely the bright, 
twilight, and dark limb situation (Table 5.2), and made subselections of the analysis involving 
only these GOMOS data; see Figure 5.11. The bright limb condition clearly influences the 
GOMOS data resulting in an 18–33% negative bias and a limited altitude extent (top panels of 
Figure 5.11). The subselection of bright limb cases was furthermore subdivided to examine the 
possible (Section 5.2.3) influence of star magnitude and temperature (Table 5.2) on the retrieval 
(not shown). The star magnitude has the strongest influence on the analysis results. Whereas the 
selection with “strong” stars gives results with a 15–25% negative bias between 35- and 64-km 
altitude, the selection with “weak” stars ranges from –50% bias at 40 km to –15% at 63-km 
altitude and has a slightly larger standard deviation of the differences. In bright limb the 
selection with “cold” stars compared to the selection using “hot” stars gives indeed the expected 
smaller altitude extent, but its bias in the overlapping range is less negative and even oscillating 
around zero between 30- and 42-km altitude. 

Results dramatically improve when the limb is under twilight conditions with a less negative 
bias, now 12% in the overlapping altitude range and even 5% below 35 km, and with profiles 
extending down to 12 km (middle panels of Figure 5.11). Despite the improvements, we observe 
that above 57-km altitude the twilight-limb selection shows an increasing strong positive bias, 
and the variation of the GOMOS ozone profile deviates from the one of the GBMCD over 
almost the entire altitude range. Note that in this range the time criterion for collocation is 5 
hours and that the GBMCD data have also been measured under twilight atmospheric limb 
conditions. 

These poor-quality GOMOS data, in which there might be some solar illumination in the 
observations (i.e., bright and twilight limb cases), are then removed from the whole selection 
and this results in the dark limb selection (Table 5.2). This selection (bottom panels of Figure 
5.11) again improves over those cases measured in twilight limb with a smaller negative bias 
(especially between 35- and 52-km altitude) and a smaller standard deviation of the differences. 
From 14- to 64-km altitude the analysis results of this dark limb selection show a small 2.5% 
negative bias below 45 km that grows slightly to a 7.5% negative bias above this altitude. The 
standard deviation of the differences decreases from 16% (19–30 km) to 14% (30–45 km) to 
11% (45–61 km) with increasing altitude, and is always smaller than the standard deviation 
(variation) of the GOMOS and GBMCD ozone profiles. Note that the variation in the GOMOS 
and GBMCD profile pairs is, more or less, equal over the whole altitude range, which adds to 
the confidence in the quality of the GOMOS data. In addition, between 21- and 62-km altitude 
the median and mean of the differences are as good as equal, which indicates an even 
distribution of the analysis results around the mean value. 

We conclude that the GOMOS measurements made in dark limb give the best results. 
Therefore only these dark limb cases (1376 profiles) will be further analyzed in the subsections 
5.2.2 – 5.2.7, to check for possible other influences on the GOMOS data quality. 

5.5.2.2 Influence of Star Magnitude  
Here we examine the influence of the star magnitude on the analysis results. As there are not 

so many strong stars, the subselection of the dark limb cases only involves 109 profile pairs 
versus 1267 pairs with weak stars (top panels of Figure 5.12). Since the number of pairs is 
lower, the standard deviation of the differences is expected to be larger, but instead it is even 
smaller (e.g., above 30 km ~8% instead of ~12%) indicating higher-quality (less noisy) GOMOS 
profiles for the strong star observations, which results from the (expected) higher quality spectra. 
The derived bias for the strong stars is slightly larger below 45 km (–4% versus –2.5%) and 
slightly smaller above this altitude (–5% versus –7.5%), and the results extend 3-km lower down 
in altitude. We conclude that there is no significant influence of the star magnitude on the 
GOMOS data quality. 
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Figure 5.11. Similar to Figure 5.10, but now using only the subselection of the paired data in which 
GOMOS measured under bright (top), twilight (middle) and dark (bottom) limb conditions (see Table 
5.2 for definitions). Note the differences in total number of pairs. 
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Figure 5.12. All panels show analysis results similar to those shown in the middle panel of 
Figure5.10. The top panels show the influence of the star magnitude, and these selections only involve 
those paired data in which GOMOS measured under dark limb conditions and used all (top left), 
strong (top middle) and weak (top right) stars (see Table 5.2 for definitions). The bottom panels show 
the influence of the star temperature, and these selections only involve those paired data in which 
GOMOS measured under dark limb conditions and used all (bottom left), hot (bottom middle) and 
cold (bottom right) stars (see Table 5.2 for definitions). 

5.5.2.3 Influence of Star Temperature 
The selections of hot (822 pairs) and cold stars (554 pairs) give almost equal analysis results 

with only a few small differences (see bottom panels of Figure 5.12). In general the bias is 
similar, except between 37- and 54-km altitude where the cold stars show a smaller bias. In 
addition, the cold stars have a slightly larger standard deviation of the differences at low 
altitudes and smaller at higher altitudes. The hot stars give results that extend 3 km lower down 
in altitude, but the overall valid range is the same. We point out that the number of pairs is 
limited at higher altitudes, just like in the bright limb subselection, which was expected (Section 
5.2.3) from simulations and also shown in the analysis of rejected profile elements (Section 
5.4.3). Apart from the altitude extent, we conclude that there is no significant influence of the 
star temperature on the GOMOS data quality. 
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5.5.2.4 Influence of LOS Azimuth Angle 
In November 2002 the GOMOS instrument encountered a problem with the steering mirror 

control unit which limited its range over which a star could be viewed setting in the atmosphere. 
Instead of the nominal –10 to 90 degrees LOS azimuth angle with respect to the antiflight 
direction, the LOS could only be pointed (initially) from 0 to 90 and later from 4 to 90 degrees. 
Although the problem has been solved in July 2003 by switching to the redundant mirror control 
unit, it is worth investigating the possible effect of the LOS azimuth angle on the measurement 
quality, especially for this period, but also during nominal operations. The analysis results (not 
shown) of the “back LOS” and the “slant LOS” selections (see Table 5.2) are mutually almost 
identical and very similar to the results of the all dark selection, which is not surprising as it 
comprises 88% of the pairs. For larger positive LOS azimuth angles (i.e., “side LOS” selection, 
Table 5.2) the GOMOS data tends to get noisier. Even though the mean bias remains quite 
similar to the other two selections, this noise results in an increasing standard deviation of the 
differences, especially toward lower altitudes. 

5.5.2.5 Influence of Geolocation 
The previous sections mainly focussed on the influence of observational parameters, but in 

this section we focus on the validity of the GOMOS data in different global regions, which are 
divided in different latitudinal ranges (Table 5.2). The comparison results for the polar regions 
(top panels of Figure 5.13) show quite large standard deviations of the profiles and of their 
differences (top right panel). In addition, generally the bias in these regions is slightly more 
negative than the bias of the whole selection (bottom panels of Figure 5.11), and especially 
between 35- and 45-km altitude where the bias is –12%. Above 50 km there are only three pairs 
left, and above 58-km altitude they show an increasing positive bias.  

The midlatitude regions, compared to the polar regions, show much smaller standard 
deviations. The effect of averaging only data from similar regions is clearly visible in the 
variation of the ozone profiles, which becomes even more apparent in the tropical regions. In the 
midlatitude regions (middle panels of Figure 5.13) there is no bias between 28- and 38-km 
altitude, and below and above these altitudes there is a slightly negative bias, but within the 
standard deviation of the differences. 

The results for the tropical regions (bottom panels of Figure 5.13) show a little bit more 
structure in the profile of mean differences, but the bias is again small. In these regions though, 
the variation of the profiles is so small that it is even smaller than the standard deviation of the 
differences. Because of the lack of available GOMOS data collocated with the Paramaribo 
station, these analysis results contain almost exclusively paired data from the Mauna Loa 
observatory on Hawaii, Unite States.  

5.5.2.6 Influence of Correlative Instrument 
In order to exclude possible effects introduced by using a specific type of correlative 

instrument, we have separately analyzed the paired data only involving sonde, lidar and MWR 
data (the left, middle and right top panels, respectively, of Figure 5.14). The results are 
remarkably consistent and the derived bias involving the data of different instruments overlap in 
the altitude regions in common. Toward the top and bottom end of the allowed lidar altitude 
range the standard deviation of the differences increases and the mean starts to deviate from the 
median. The same applies to the top end of the sonde altitude range. From this we conclude that 
we have made a good choice for the applied GBMCD quality criteria (Section 5.3.6). 
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Figure 5.13. Similar to Figure 5.10, but now using only the subselection of the paired data measured 
in the polar (top), the midlatitude (middle) and the tropical (bottom) regions (see Table 5.2 for 
definitions). 
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Figure 5.14. All panels show analysis results similar to those shown in the middle panel of Figure 
5.10. The top panels show the influence of the used correlative instrument, and these selections only 
involve those data in which GOMOS measured under dark limb conditions and are paired with sonde 
(top left), lidar (top middle), and microwave data (top right). The bottom panels show the influence of 
the applied collocation criteria, and these selections only involve those data in which GOMOS 
measured under dark limb conditions and are paired using normal (bottom left), 2 times stricter 
(bottom middle), and 4 times stricter (bottom right) collocation criteria in both space and time (see 
Table 5.2 for definitions). Note that the bottom left panel is identical to the “all dark limb” selection 
(bottom of Figure 5.11). 

5.5.2.7 Influence of Collocation Criteria 
The applied collocation criteria (Section 5.3.7) were assumed to be strict enough to 

distinguish between dynamically induced differences and any possible biases present in the 
GOMOS data. Temporal and spatial differences between two observations can, to a certain 
extent, be regarded as interchangeable variables, because in time atmospheric dynamics moves 
the air away from a measurement site. Therefore, we have investigated the influence of setting 
stricter criteria by simultaneously tightening both criteria. The selection with all dark limb cases 
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corresponds to the standard 800-km radius and 20-hour time window criteria (bottom left panel 
of Figure 5.14). The results for setting 2 times (∆x = 400 and ∆t = 10) and 4 times (∆x = 200 
and ∆t = 5) stricter collocation criteria are shown in the middle and right bottom panels, 
respectively, of Figure 5.14. Note that in all selections the time criterion above 50-km altitude is 
always 5 hours. It is reassuring to see that the analysis results are very similar for all three 
selections, and the main difference between them is a slightly decreasing standard deviation of 
the differences and a noisier mean bias profile. Note that the number of pairs decreases as 
expected (Section 5.3.7) by a factor of 8 in each step, which would significantly limit the 
possibility to make further subselections when these stricter criteria would be used. From this 
we conclude that the chosen criteria for this chapter (see Table 5.2) were appropriate and that 
there is no need to tighten them. 

5.6 Discussion and Conclusions 
The GBMCD subgroup of ESA’s ACVT, which is part of Envisat’s coordinated validation 

program, aimed in this chapter to assess the quality of GOMOS ozone profiles. This assessment 
is based on a large number of correlative measurements worldwide and should support the 
atmospheric research community in the use of these data. We have presented the validation 
results from GOMOS data generated with the prototype processor version 5.4b, equivalent to 
v4.02 of the operational processor, and measured between 1 July 2002 and 1 April 2003, which 
completely includes Envisat’s Commissioning Phase. A constituted data set between ground 
level and 70-km altitude formed the high-quality reference set, which included GBMCD 
correlative measurements from thirty-one instruments/launch sites at twenty-five stations 
ranging from the Arctic to the Antarctic. These GBMCD data were successfully used to analyze 
the GOMOS ozone profile quality, and in addition to investigate several possible dependencies 
on measurement and geophysical parameters. 

Initially, our activities had to be focussed on excluding from the analysis those (parts of the) 
GOMOS profiles that have an obvious poor quality, because even before comparing them, it is 
clear that the data contain some unrealistic features that will hamper the analysis. Therefore we 
have only selected data with a reasonable error, and we have additionally required that the 
resulting ozone profile be consistent, which avoids a possible random selection of data points at 
the edges. Applying these criteria reduced the GOMOS data quantity by nearly 45%, and in 22% 
of the cases even rejected the whole profile. We found that rejection or acceptance of data is 
correlated with a combination of both the star temperature and the atmospheric limb condition. 
Measurements on hot stars in a dark limb gave the highest number of accepted profile elements. 
Separating the above-mentioned numbers by atmospheric limb condition gives 77%, 34% and 
28% of data quantity reduction, and 55%, 5% and 0.4% of rejected profiles for bright, twilight 
and dark limb, respectively. 

The subset of the original GOMOS data that passed the quality criteria has been validated 
using lidar, balloon sonde and MWR measurements around the world. In total, we had 2502 
available and useful profile pairs, in which correlative observations were performed within an 
800-km radius and a maximum 20-hour time difference of a satellite observation. The quality of 
the GOMOS ozone profiles was found to be strongly dependent on the solar illumination of the 
limb during the stellar occultation. Data measured under bright limb conditions (i.e., Sun above 
horizon) give a strong negative bias and their usability is doubtful. Although measurements in 
twilight limb dramatically improve over those measured in bright limb with a less negative bias, 
the GOMOS profiles above 57-km altitude show an increasing strong positive bias and over 
almost the entire altitude range the variation of the profiles deviates from the one of the 
GBMCD. In the dark limb selection the median and the mean of the GOMOS and GBMCD 
differences are almost identical between 21- and 62-km altitude with a small (2.5%) negative 
bias between 14 and 45 km which slightly grows to a 7.5% negative bias above this altitude and 
up to 64 km. The standard deviation of these differences decreases from 16% (19–30 km) to 
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14% (30–45 km) to 11% (45–61 km), and in this range is always smaller than the standard 
deviation (variation) of the GOMOS and GBMCD ozone profiles. 

The 1376 profile pairs in which GOMOS measured in dark limb have been used as the basis 
selection for the remainder of the chapter. First of all, the influence of the star characteristics has 
been investigated. For all the stars used in this intercomparison, both the star apparent 
magnitude and effective temperature do not seem to have a significant influence on the 
validation results, but merely on the altitude extent and standard deviation of the differences, 
which is as expected from simulations. The LOS azimuth angle, at which the star was observed, 
seems to affect the measurements for angles larger than 45 degrees and in this situation the data 
is correlated with noise-like features on the ozone profile. Actually, the profile shown as an 
example in the right panel of Figure 5.6 has a corresponding LOS azimuth angle of 71 degrees, 
and demonstrates such an oscillating effect. 

Besides the observational-related parameters, we have also analyzed the results for possible 
dependencies on several geophysical parameters. For example, the analysis has been separated 
in three different latitude regions. In the polar regions, especially between 35- and 45-km 
altitude, we found a slightly more negative bias than elsewhere, but note that in these regions for 
the profile above 50-km altitude there were not enough pairs to draw firm conclusions. In the 
midlatitude and tropical regions the bias and standard deviation of the differences are small, and 
between 28- and 38-km altitude at midlatitudes there is even a zero bias. The larger standard 
deviation of the ozone profiles in the polar regions is expected from the larger seasonal variation 
of the ozone profile and the increased dynamics compared to the other regions, and this is also 
reflected in the larger standard deviation of the differences. The increased bias, on the other 
hand, can not be explained in this way, unless the increased dynamics or (isotropic) turbulence 
(e.g., from the vortex) induce errors in the way refraction is described in the retrieval model, but 
then again this is usually not expected to lead to systematic errors. 

On the basis of the above-presented analysis results we have the following recommendations 
for the users of GOMOS ozone profile data. Provided that the presented quality criteria are 
applied to the profiles, we believe that it is justified to use the GOMOS data measured under 
dark limb conditions, which is valid for the altitude range 14–64 km. In this subselection of the 
GOMOS data the users do not have to consider possible effects of star characteristics and 
latitudinal region of the measurement, with the exception that in polar regions between 35- and 
45-km altitude the bias is slightly larger. They only have to pay attention to possible effects of 
data measured with a LOS azimuth angle larger than 45 degrees and the inconclusive results 
above 50-km altitude in the polar regions. Although, the SZA (i.e., limb condition) and the LOS 
azimuth angle are currently not in the product, they can be supplied by ACRI on request and 
they will be implemented in the data format with the next processor upgrade. 

Future algorithm development should focus on improving the retrieval of data measured in a 
bright or twilight atmospheric limb and the quality flags in the data product. The quality criteria 
proposed and applied in this chapter indicated that for some specific stars only less than 10% of 
their occultations yielded an acceptable profile. We recommend further investigation of this 
aspect and perhaps remove such stars from the measurement list, i.e., priority should be given to 
other and preferably hot stars. Note that the data examined in this chapter did not necessarily 
enclose all stars observed during the GOMOS mission, which is a consequence of the 
measurement configuration and the GBMCD geolocations. In addition, we recommend ESA to 
investigate the (unrealistic) oscillations in the ozone profiles resulting from measurements made 
with a LOS azimuth angle larger than 45 degrees. 

The following conclusions are especially of interest for those researchers who perform 
validation studies, because in the analysis we have also checked whether the used validation 
approach influenced the analysis results. First of all, the individual results of the three different 
instrument types agreed very well, which underlined the quality of the ground-based data set and 
the validity of the chosen GBMCD data quality criteria. Second of all, when we tightened the 
allowed spatial and temporal differences between the two observations, the conclusions did not 
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significantly change, and the main difference over the whole altitude range is a smaller standard 
deviation of the differences (especially below 20-km altitude). This conclusion is also valid for 
when we apply the same analysis only to data measured in the polar regions. Therefore the 
chosen collocation criteria (i.e., 800-km radius and 20-hour time window (5 hours above 50-km 
altitude)) were and are a good compromise between a useful number of collocations and an 
acceptable similarity of the compared air masses. The above-presented analysis results were 
uniform up to 61-km altitude, but above this altitude the results of the different MWRs are 
diverse and hence inconclusive. In this upper altitude range the averaging kernel and a priori 
information should be considered in the quality selection criteria of the MWR data, as some 
instruments and measurement conditions result in poor-quality ozone profiles. Investigating data 
quality above 61-km altitude should be the focus of future work. 
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Chapter 6 

Summary, conclusions and outlook 

6.1 Aim of the Work in this Thesis 
The aim of the work presented in this thesis is to characterize ozone profiles retrieved from 

satellite measurements, with particular focus on two instruments on board two different 
European satellites. The goal of characterization is to provide users with a better insight in the 
product that they are using, and for this, two important aspects are taken into account. First, the 
user needs to know how to interpret the data product, which is not always as straightforward as 
it may seem, and this is especially true for products that include so-called averaging kernels and 
(if applicable) a priori information. The extra information in such products can reveal aspects 
regarding the capabilities of the retrieval system, and hence should be analyzed in order to 
understand the relation between the retrieved profile and the true atmospheric situation at the 
time of the measurement. Second, users require information with respect to the quality of the 
product (precision and accuracy), and therefore a quality assessment of the profiles is required. 
The aim is to explore a good assessment approach, which can give the user a clear insight in the 
limitations and capabilities of the satellite instrument and its product under study. In section 6.2 
the summary and conclusions with respect to the results of this research are presented. In section 
6.3 an outlook is given for future research. 

6.2 Summary and Conclusions 
In this thesis the characterization of ozone profiles is applied on data of two different satellite 

instruments. In chapter 2, 3 and 4 ozone profiles are analyzed which were retrieved from the 
spectra measured by the GOME instrument on board the ERS-2 satellite. GOME is a nadir-
viewing instrument, which observes spectrally-resolved UV radiation backscattered from the 
Earth’s atmosphere. In chapter 5 ozone profiles are analyzed which were retrieved from the 
spectra measured by the GOMOS instrument on board the Envisat satellite. GOMOS is an 
occultation-viewing instrument, which observes UV radiation from stars as they set in the 
Earth’s atmosphere. The spectra of both instruments can be used to extract information on the 
vertical distribution of ozone with altitude. 

6.2.1 GOME Ozone Profiles 
Height-resolved information of ozone is contained in the GOME spectra. This can be 

understood by regarding two physical properties of atmospheric ozone, and by oversimplifying 
the nature of the problem. The first property is that ozone concentrations increase with 
decreasing altitude, which holds until the ozone maximum that is around 25-km altitude, and the 
second property is that ozone absorption cross sections decrease with increasing wavelength in a 
specific part of the UV spectrum (ozone Hartley and Huggins bands from 250–320 nm). With 
these two known properties, the solar radiation measured at a certain wavelength is 
backscattered within a certain confined altitude region in the Earth’s atmosphere, because above 
this region the ozone concentrations are too low to affect the radiation levels at this wavelength
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 (and related ozone absorption cross sections) and below this region the ozone concentrations are 
too high for radiation to penetrate down to these levels, be reflected and reach the GOME 
instrument. 

The emphasis of the data analyzed in this thesis is on ozone profiles retrieved with the 
Optimal Estimation (OE) method. This method requires a forward model that can be used to 
compute the measured spectrum, given an ozone profile and a set of measurements, in this case 
the reflectance at a number of wavelengths (backscattered spectrum divided by solar spectrum, 
i.e., reflectivity spectrum). The OE method is an inversion method that is useful for situations in 
which there is too little information in the measurements, and it prevents the magnification of 
measurement noise in the solution by using external, a priori, information. A disadvantage of 
the method is that the solution is not purely derived from the measurement, but also contains 
information from the a priori. The accuracy of the OE retrieved profiles depends on the 
accuracy of the reflectivity spectrum, so accurate profiles demand well-calibrated GOME 
spectra. In chapter 2, an analysis on the accuracy of the GOME reflectivity spectra is reported. It 
is shown that the GOME spectra suffer from a number of calibration errors, which are an off-set 
in the earth radiance due to varying disturbances from certain electronic parts of the instrument 
(the Peltier cooler), a slow (timescale of years) wavelength dependent degradation of the 
reflectance, and a wavelength dependent error in the reflectivity which is constant with time. 
Correction methods have been developed and applied on the GOME spectra to account for these 
systematic errors. This recalibration of the spectra mainly affects the shorter wavelengths (<305 
nm), with correction factors of the order of 0.9, which results in lower reflectivities at these 
wavelengths; this gives higher ozone values above ~30 km. The newly retrieved ozone profiles 
on the basis of recalibrated GOME data agree significantly better with the sonde/lidar 
measurements in the stratosphere. Nevertheless, in chapter 3 it is demonstrated that the GOME 
profile retrieval system (algorithm and spectral measurements) still contains errors, which vary 
with season and altitude, but the errors are now largest in the troposphere and lower 
stratosphere.  

The plausible explanation given in chapter 3 for the observed errors is the neglect of 
polarization in the radiative transfer computation using MODTRAN (a radiative transfer model 
applied in the old KNMI ozone profile retrieval algorithm) and an incorrect correction for the 
polarization sensitivity of the instrument. In chapter 4 ozone profiles are used that were retrieved 
using a new algorithm from KNMI that has taken these aspects into account. The new profiles 
compare significantly better to the lidar profiles. The remaining errors are likely due to still 
insufficient calibration corrections of the GOME spectra, and future work is needed to resolve 
these calibration issues. Rather than comparing the retrieved ozone profiles with correlative 
(smoothed/transformed) data from ground-based instruments, it would be better to identify the 
remaining errors in the GOME spectra by comparing the reflectivity spectra to modeled spectra 
on the basis of a known atmospheric situation. The comparison with lidar data involves a 
transformation of the lidar data using averaging kernels and a priori information, while a 
comparison of spectra involves a more accurate transformation of the correlative data by means 
of an accurate radiative transfer calculation.  

The previously-mentioned physical properties and simplified view, on which ozone profile 
retrieval from (instruments like) GOME is based, lead to questions regarding the interpretation 
of the retrieved ozone profile. This holds, in particular, for the mix of a priori and measurement 
information in the OE retrieval. In general, the retrieved profile is a transformation of the true 
profile, and this transformation is quantified with the so-called averaging kernel matrix, which 
relates the truth to the retrieval. Analyzing the following three parameters can assist in a correct 
interpretation of the retrieved profile. The first parameter is a measure for the extent of the 
altitude region that influences a retrieved ozone concentration at a certain altitude, which also 
reflects the capability of the retrieval system to resolve structures. In chapter 3 and 4 we 
calculate the resolving length, which is one of several ways to quantify the vertical resolution of 
the retrieved ozone profile. The results of this method for estimating resolution are quite 

118 



Summary, conclusions and outlook 

consistent with the results of other definitions, but this method has the advantage that it gives 
sensible values over the whole altitude range and also for odd-shaped averaging kernels. The 
second parameter is the centroid of the averaging kernel: the average altitude of the vertical 
range of the true profile that affects the retrieved profile at a certain altitude. Nominally the 
centroid is equal to the retrieved altitude, but below the ozone maximum the centroid may 
deviates from its nominal value. The third parameter is a measure for the fraction of a priori 
information in the retrieved profile. In chapter 3 and 4 this a priori fraction is estimated for a 
range of GOME ozone profiles. These three parameters basically characterize the retrieved 
profiles and support the interpretation of the retrieval. Note that the use of these parameters is 
not restricted to (GOME) ozone profiles. They can also be applied for the interpretation of other 
retrievals that include averaging kernels, for example, ground-based microwave radiometer data. 

The interpretation tools are applied to ozone profiles retrieved from GOME measurements 
using five different OE-based algorithms and one algorithm based on the Pihilips-Tikhonov 
regularization method. From the results of the three interpretation parameters, a valid altitude 
range is identified in which the retrieved ozone profiles have acceptable properties. Within the 
valid range, the averaging kernels of the retrieved data are required to have a vertical resolution 
less than 15 km, a centroid that is within 4 km of its nominal altitude and an a priori fraction 
smaller than 0.85. On the basis of the results of these six algorithms, the valid altitude range of 
GOME data is 15–48 km, and in this range an average vertical resolution of about 10 km can be 
achieved. 

Although the emphasis, so far, has been on methods that retrieve profiles including averaging 
kernels, the conclusion of the results of the other methods is that they show very similar valid 
altitude ranges. For the algorithms based on the neural network approach, the valid altitude 
range is 17–44 km, and for the algorithm based on the ozone-column data assimilation approach, 
the valid range is 15–45 km. However, it should be noted that the ozone profiles retrieved using 
the data assimilation algorithm generally show a larger differences with the lidar profiles. 

The general conclusion of chapter 4 is that acceptable (as defined above) ozone profile 
information can be retrieved in the altitude range 15–48 km, and in this range the GOME ozone 
profile data have a precision of 5–10% and a bias up to 5% or 20%. This result has been derived 
by analysis of the GOME profiles and comparisons with collocated (in time and space) lidar 
ozone profiles in the period 1997–1999, which also covers the different seasons. Lidar 
measurements are used from five different stations, which are located in five different global 
regions (polar and midlatitude, in both hemispheres, and sub-tropics). 

6.2.2 GOMOS Ozone Profiles 
The ozone profiles retrieved from GOMOS measurements have a substantially better vertical 

resolution (~1 km) than the GOME data, but they produce a much smaller number of profiles 
per day, and they are limited to the night side while GOME only measures on the day side of the 
satellite orbit. The advantage of the measurement technique exploited by GOMOS is that it is 
self-calibrating, and hence problems with inadequately calibrated spectra, as with GOME, are 
avoided. In addition, using stars instead of the Sun gives GOMOS the advantage of measuring a 
tenfold of the number of profiles obtained by solar occultation-viewing instruments, and 
moreover, with a good global distribution. The weakness of the stellar signal, however, limits 
the profile retrieval to the altitude region above about 14 km. In chapter 5 the GOMOS ozone 
profiles, measured in the period between 1 July 2002 and 1 April 2003, are subjected to an 
extended quality assessment involving correlative measurements performed by balloon sondes, 
lidar systems and microwave radiometers around the world. The data measured by these 
instruments form a high-quality reference set between ground level and 70-km altitude. 
Correlative measurements from thirty-one instruments/launch sites at twenty-five stations 
ranging from the Arctic to the Antarctic contribute to this assessment.  

Initially, the activities are focused on excluding from the analysis those (parts of the) 
GOMOS profiles which have an obvious poor quality. The applied data selection only allows 
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profile elements with a reasonable error and a consistent resulting ozone profile, i.e. without 
gaps. The rejection of elements resulting from these criteria is correlated with the brightness of 
the atmospheric limb in which the observations were performed and with the temperature of the 
star used in the observations. Measurements on hot stars in a dark limb gave the highest number 
of accepted profile elements. In total the GOMOS data quantity is reduced by nearly 45%, but 
for the data measured under dark atmospheric limb conditions only, the reduction is 28%.  

In total 2502 available and useful profile pairs are identified which were performed within an 
800-km radius and a maximum 20-hour time difference of the satellite observation. The quality 
of this set of GOMOS ozone profiles is found to be strongly dependent on the solar illumination 
of the limb during the stellar occultation. Measurements performed under bright, but also 
twilight, atmospheric limb conditions result in data with significant biases. This subset of the 
data is excluded from the analysis in the remainder of the assessment. The dark limb set still 
forms 1376 profile pairs, and these GOMOS data agree very well with the correlative data and 
between 14- and 64-km altitude their differences only show a small (2.5–7.5%) and insignificant 
negative bias with a standard deviation of 11–16% (19–63 km). The large number of profile 
pairs, in which GOMOS measured in a dark limb, allows the investigation of several (possible) 
dependencies on both measurement and geophysical parameters. 

The selection is divided to study the influence of different star characteristics, but neither the 
star apparent magnitude nor its effective temperature seem to have a significant influence on the 
validation results. The main influence of these parameters is on the altitude extent of the 
accepted profile and the standard deviation of the differences. This is as expected from 
simulations; observations on cold stars result in profiles with a lower maximum altitude 
compared to observations on hot stars. The line of sight azimuth angle, at which the star was 
observed, seems to affect the measurements for angles larger than 45 degrees and in this 
situation the data is correlated with noise-like features on the ozone profile.  

The selection is also divided into observations performed in different latitude regions. In the 
polar regions, especially between 35- and 45-km altitude, we find a slightly more negative bias 
than elsewhere, but in these regions there are not enough pairs to draw firm conclusions for the 
profile above 50-km altitude. In the midlatitude and tropical regions the bias and standard 
deviation of the differences are small, and between 28- and 38-km altitude at midlatitudes there 
is even a zero bias. 

The individual results of the three different instrument types agree very well, which 
underlines the quality of the ground-based data set and the validity of the chosen ground-based 
data quality criteria. The chosen collocation criteria (i.e., 800-km radius and 20-hour time 
window (5 hours above 50-km altitude)) are a good compromise between a useful number of 
collocations and an acceptable similarity of the compared air masses. 

6.2.3 General Conclusions 
Retrieving reliable ozone profiles from GOME eartshine spectra requires them to be well 

calibrated, and this important aspect is inherent to the retrieval and measurement technique. 
Ground-based ozone profiles can support in diagnosing the quality and/or success of correcting 
for an inadequate calibration. As a next step it is proposed to exploit the ground-based 
measurements better by deriving corrections based on the modeled spectra using the ground-
based profiles as input. In this way these high-quality reference data are used as gauging points 
and their quality can be extended over a larger area than just around the ground station. If this 
synergy is properly exploited, then the GOME ozone profile quality, despite the degradation 
effects, might become good enough for trend studies. This reflects the strong synergy between 
ground-based and satellite observations, which underlines the need for both kind of 
measurements. Another conclusion on the GOME ozone profiles retrieved with OE is that, in 
order to limit the large influence of a priori information, the reported ozone profiles should be 
given on fewer layers, more reflecting the vertical resolution, e.g., on about 6 levels. 

120 



Summary, conclusions and outlook 

The ozone profiles from the two satellite instruments studied in this thesis have a lower limit 
in their altitude range which is in the stratosphere. Unless special efforts are made to gain or 
exploit additional information on the troposphere, this conclusion is likely to apply to similar 
nadir-viewing instruments. In addition, instruments exploiting other viewing geometries are 
likely to encounter similar limitations inherent to the (physical) nature of the problem; the low 
tropospheric ozone concentrations are observed from space behind a thick ozone layer and quite 
often also obscured by (high) clouds. Even if only instruments measuring solar occultations can 
reach lower down, perhaps even into the troposphere, they on the other hand do not get a good 
global coverage. Therefore, frequent ozone profiles reaching down into the troposphere 
measured on a global scale seem currently out-of-reach, and are limited to special regions which 
allow an estimate on a monthly basis, e.g., the tropical troposphere [Valks, et al., 2003]. 

6.3 Outlook 
The research topics addressed in this thesis are directly of interest to instruments similar to 

GOME, and the analysis tools used here can also be applied to their data products. In March 
2002, the European environmental satellite Envisat was launched with on board the 
SCIAMACHY instrument, followed in July 2004 by the NASA platform EOS-AURA housing 
the Dutch-Finnish Ozone Monitoring Instrument (OMI). In addition, for the near future series of 
GOME-2, an improved version of GOME, and new SBUV-2 instruments are planned to be 
launched in orbit. From 2005 to 2020 GOME-2 instruments will be on a series of MetOp 
platforms from EUMETSAT. All these instruments measure in the nadir-viewing geometry the 
UV solar radiation scattered in the Earth atmosphere, suitable for the retrieval of ozone profiles. 
Similar ozone profile algorithms have been developed for these instruments, and ozone profiles 
retrieved from their measurements are suitable for the same interpretation analysis as the one 
presented in this thesis. It should be noted that SCIAMACHY views the atmosphere both in 
limb and in nadir geometry, offering the possibility to retrieve more accurate and better height-
resolved profiles. The first SCIAMACHY ozone profiles retrieved from limb measurements 
have recently been presented by several groups.  

In 2003 the ESA CHEOPS-GOME project started, this project aims to deliver two prototype 
ozone profile algorithms to ESA for future implementation into an operational processor. The 
algorithms will be based on the OE and the neural network approaches. The new processor will 
then be used to process the data of the complete 8-year GOME mission and is likely to be used 
for similar, future products. The project also involves an extended validation study, similar to 
those presented here. The GOME ozone profiles of the whole mission will then be provided to 
the user community. 

In 2004 the project called Envisat Quality Assessment with Lidar (EQUAL) has commenced 
at RIVM, which provides a continuation of validation activities required to ensure the quality of 
ozone and temperature profiles from Envisat. The quality assessment will involve data of all 
three atmospheric chemistry instruments (SCIAMACHY, GOMOS and MIPAS), which exploit 
the measurement viewing geometries in the solar, lunar and stellar occultation mode, and the 
limb- and nadir-viewing mode. This will allow an evaluation of the merits of each technique. 

In recent years two international efforts were taken to initiate global networks for monitoring 
the environment and human security aspects. The European Union and ESA initiated the Global 
Monitoring for Environment and Security (GMES), of which here the theme “atmosphere” is of 
interest. Via GMES data and services will become available to support governmental institutes 
and agencies in their tasks. GMES is based on the synergy between four pillars, which are the 
services, the data measured by spaceborne instruments, the data measured by ground-based and 
in-situ instruments, and the data infrastructure. The initial phase has been completed and 
between 2004 and 2008 GMES will be implemented. The second effort has been initiated during 
the first Earth Observation Summit (EOS) in Washington, and later during the second summit 
(EOS-II) in Tokyo the monitoring network called Global Earth Observation System of Systems 
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(GEOSS) was approved by the participating countries. Europe will put GMES forward as their 
contribution to this network. In 2005 the third summit (EOS-III) will take place in Brussels. The 
subjects covered and synergy intended by both these international networks fit with the subjects 
covered in this thesis and the ongoing satellite validation projects. 
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List of acronyms and abbreviations 
 
The following list of acronyms and abbreviations has been used throughout this thesis. 
 
ACVE Atmospheric Chemistry Validation of Envisat 
ACVT Atmospheric Chemistry Validation Team 
ADEOS Advanced Earth Observation System (satellite) 
AO Announcement of Opportunity 
BIRA-IASB Space Aeronomy Institute of Belgium 
BUV Backscatter Ultraviolet (instrument) 
CaA Clouds as Albedo 
Cal/Val Calibration and Validation  
CLAES Cryogenic Limb Array Etalon Spectrometer (instrument) 
CTM Chemical-Transport Model 
DA Data Assimilation  
DFS Degrees of Freedom for the Signal  
DIAL Differential Absorption Lidar 
DLRR German Aerospace Center (DLR) Rose (model) 
DOAS Differential Optical Absorption Spectroscopy 
DU Dobson Unit (1DU = 0.001 atm cm) 
ECC Electrochemical Concentration Cell (sonde) 
ECMWF European Center of Medium-Range Weather Forecasts 
ENVISAT Environmental Satellite 
EOS-Aura Earth Observing System Aura (satellite) 
EP-TOMS Earth Probe-Total Ozone Mapping Spectrometer 
ERS Earth Remote Sensing (satellite) 
ESA European Space Agency 
FRESCO Fast Retrieval Scheme for Cloud Observables  
FURM FURM (Full Retrieval Method 
FWHM Full Width at Half Maximum 
GBMCD Ground-based Measurement and Campaign Database 
GDP GOME Data Processor 
GEOS-CHEM Global Earth Observing System Chemistry (model) 
GOME Global Ozone Monitoring Experiment (instrument) 
GOME1-O3P-WG  GOME-1 Ozone Profile Retrieval Working Group 
GomeCAL spectral Calibration program for Gome data 
GomeCAT GOME Cloud Retrieval Algorithm, formerly named CRAG  
GOMETRAN RTM specifically designed for GOME data 
GOMOS Global Ozone Monitoring by Occultation of Stars (instrument) 
GSFC Goddard Space Flight Center  
HALOE Halogen Occultation Experiment (instrument) 
HIRDLS High Resolution Dynamics Limb Sounder (instrument)  
ID Identification 
ILAS Improved Limb Atmospheric Spectrometer (instrument) 
IOP Integrated Ozone Profile 
ISAMS mproved Stratospheric and Mesospheric Sounder (instrument) 
IUPB Institute of Environmental Physics at the University of Bremen 
JPL Jet Propulsion Laboratory 
KNMI Royal Netherlands Meteorological Institute 
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LaRC Langley Research Center 
LEO Low Earth Orbit 
LIDAR Light Detection and Ranging 
LIDORT Linearized Discrete Ordinate Radiative Transfer 
LIDORTA LIDORT with Analytical solutions 
LIMS Limb Infrared Monitor of the Stratosphere (instrument) 
LOS Line of Sight  
LRIR Limb Radiance Inversion Radiometer (instrument) 
LUT Look-up-Table 
MetOp Meteorological Operational (satellite) 
MIPAS Michelson Interferometer for Passive Atmospheric Sounding  
MLO Mauna Loa Observatory 
MLP Multi-Layer Perceptron 
MLS Microwave Limb Sounder (instrument) 
MSISE90 Mass Spectrometer and Incoherent Scatter Extended atmospheric 

model 1990 
MODTRAN Moderate Resolution Transmittance Code model 
MSX Midcourse Space Experiment (satellite) 
MWR Microwave Radiometer 
N/A Not Applicable 
NASA National Aeronautics and Space Administration 
NCEP National Centers for Environmental Prediction 
NDSC Network for Detection of Stratospheric Change 
NILU Norwegian Institute for Air Research  
NIR Near-Infrared 
NIWA National Institute of Water and Atmospheric Research 
NN Neural Network 
NNORSY Neural Network Ozone Retrieval System  
NOAA National Oceanic and Atmospheric Administration 
NPOESS National Polar-orbiting Operational Satellite System  
OE Optimal Estimation 
OHP Observatoire Haute Provence 
OMI Ozone Monitoring Instrument 
OPAL Ozone Profiler Assessment at Lauder 
OPERA Ozone Profile Retrieval Algorithm  
OSIRIS Optical Spectrograph and Infrared Imager System (instrument) 
PB-SRON Programme Bureau external research of NWO-SRON 
PDS Payload Data Segment 
PI Principal Investigators 
PMD Polarization Measurement Device 
POAM Polar Ozone and Aerosol Measurement (instrument) 
PTR Philips-Tikhonov Regularization 
RAL(X) Rutherford Appleton Laboratory 
RIVM National Institute of Public Health and the Environment 
RRS Rotational Raman scattering 
RTM Radiative Transfer Model 
SAGE Stratospheric Aerosol and Gas Experiment (instrument) 
SAM Stratospheric Aerosol Measurement (instrument) 
SAO(O) Smithsonian Astrophysical Observatory 
SBUV Solar Backscatter Ultraviolet (instrument) 
SCIAMACHY Scanning Imaging Absorption Spectrometer for Atmospheric 

Cartography (instrument) 
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SHADOZ Southern Hemisphere Additional Ozonesondes 
SMR Sub-Millimeter Radiometer (instrument) 
SOLSTICE Solar Stellar Irradiance Comparison Experiment 
SPARC Stratospheric Processes and their Role in Climate 
SPOT Satellite Pour l’Observation de la Terre 
SRON Space Research Organization Netherlands 
STD Standard Deviation of the Differences 
SZA Solar Zenith Angle 
TES Tropospheric Emission Spectrometer (instrument) 
TOMS Total Ozone Mapping Spectrometer (instrument) 
TOPAL Temperature and Ozone Profiler Assessment at Lauder  
UARS Upper Atmosphere Research Satellite 
UKMO United Kingdom Meteorological Office 
UMASS University of Massachusetts 
UTVE University of Tor Vergata  
UV Ultraviolet  
UVISI Ultraviolet and Visible Imagers and Spectrographic Imagers 

(instrument) 
VIS Visible 
WOUDC World Ozone and Ultraviolet Radiation Data Center 
ZSW(B) Center for Solar Energy and Hydrogen Research 
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Stellingen behorende bij het proefschrift:

“Characterization of ozone profiles 
retrieved from satellite measurements”

Yasjka Meijer, 12 januari 2005



1. Meningen en vooroordelen zijn erg goed te vergelijken met de
“optimal estimation” methode, want hierbij is het resultaat ook
afhankelijk van de bron van de gebruikte a-priori kennis en de
covariantie daarop. De a-priori kennis wordt bepaald door de
eigen realiteit (buurt, land, etc.). De balans tussen mening en
vooroordeel wordt bepaald door de toegestane covariantie
(hoofdstuk 2, 3 en 4 van dit proefschrift).

2. Voor het juiste gebruik van ozonprofielen uit satellietmetingen is
een volledige karakterisering van het product met inbegrip van de
“averaging kernels” essentieel (hoofdstuk 2, 3 en 4 van dit
proefschrift).

3. Het moeilijkste van validatie is niet de analyse zelf, maar het
verkrijgen van data waarover zinnige uitspraken kunnen worden
gedaan.

4. Milieuonderzoek doen kent een belangenverstrengeling, want een
bloeiende economie levert meestal zowel veel vervuiling op als
geld voor dit onderzoek.

5. Het verrichten van goed onderzoek wordt tegenwoordig vaak
beloond met minder tijd voor zelf onderzoek verrichten en meer
tijd voor het schrijven van voorstellen.

6. Een cursus voor optimaal (duidelijk en effectief) e-mailen en
voor standaard databeheer op de computer (folderindeling en
naamgeving van bestanden) zou leiden tot een enorme
verbetering van de onderlinge contacten en efficiënter werken.

7. De wereldburgerij begint zich steeds meer te gedragen als een
mierenkolonie waarin iedereen zijn eigen specialiteit heeft en
afhankelijk is van elkaar.



8. Kernfusie is het enige echte alternatief voor fossiele brandstoffen,
want wind- en zonne-energie kunnen ons nooit geheel voorzien
in onze energiebehoefte.

9. Een overheid die kapitalen verdient aan accijnzen op fossiele
brandstoffen kan een geloofwaardig groen beleid voeren door een
aanzienlijk deel hiervan te investeren in milieu- en
klimaatonderzoek.

10. Een hele kleine waarschijnlijkheid op een ernstige gebeurtenis
geven een vals gevoel van veiligheid, want dat werkt alleen uit op
grote getallen en voor het individu is de kans 0 of 1 met alle
bijbehorende gevolgen.

11. Boetes hebben de status bereikt van een kostenpost en zijn geen
gezaghebbend middel meer om een wet of regel duidelijk te
maken.

12. Het is opvallend dat Nederlandse vrouwen boven de 30 jaar vaak
kort haar hebben, en meestal ook roodgeverfd met daarbij een
klein rond brilletje.
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