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Summary
Ozone (O3) is one of the less abundant consituents of the Earth’s atmosphere
with a concentration of about 10 parts per million volume (ppmv), but despite
that it plays different important roles in different parts of the atmosphere. In
the stratosphere, ozone shields life from harmful, high energetic shortwave
ultraviolet (UV) radiation. However, due to the man-made chlorofluorocarbons
(CFCs) and other related compounds, stratospheric ozone is severely depleted
in spring resulting in the so-called ozone hole over the South Pole. Lower in the
atmosphere – in the troposphere –, the chemical reactivity of ozone influences
the oxidizing capacity, which is a qualitative description of the ability of the
atmosphere to clean itself from pollutants. Moreover, ozone is considered a
greenhouse gas, while near the Earth’s surface it forms photochemical smog,
which poses a risk to health. For these reasons, it is important to monitor both
the vertical and horizontal distribution of ozone.

Ozone is formed naturally in the stratosphere through photodissociation of
molecular oxygen (O2) at wavelengths smaller than 242 nm and subsequent re-
action with atomic oxygen. The loss of ozone is regulated by photodissociation
of ozone and catalytic cycles, in which ozone is destroyed but the concentra-
tion of the other reactant, the so-called catalyst, does not change. Together
with atmospheric transport, these mechanisms characterize the contemporary
distribution of stratospheric ozone. In the troposphere, ozone is formed almost
exclusively through photodissociation of nitrogen dioxide (NO2).

Monitoring ozone from space dates back to the 1970s and since then several
satellite instruments have been launched exploiting different spectral regions
of the electromagnetic spectrum. The Global Ozone Monitoring Experiment 2
(GOME-2) and the Infrared Atmospheric Sounding Interferometer (IASI) on-
board the European MetOp satellites continue the long heritage of satellite
instruments dedicated to observe ozone. The MetOp series consists of three
consecutively launched satellites with the first one in orbit since October 2006,
ensuring a continuous data set of nearly two decades. GOME-2 measures earth
radiance and solar irradiance spectra in the UV, visible and near-infrared spec-
tral range between 240 nm and 790 nm and IASI measures thermal infrared
(TIR) radiances between 3.62 µm and 15.5 µm (645 – 2760 cm−1). In the
UV, information about ozone can be retrieved exploiting the ozone absorption
in the Hartley and Huggins band between 200 nm and 360 nm and the TIR
comprises information about ozone around the 9.6 µm absorption band be-



tween 1000 – 1065 cm−1. To retrieve information about ozone from spectrally
resolved measurements a radiative transfer model is needed, which is funda-
mentally different in the UV and the TIR. Radiative transfer modeling in the UV
simulates the transfer of light through the Earth’s atmosphere considering tel-
luric absorption and scattering by air molecules, clouds and aerosols. Assuming
local thermodynamic equilibrium, the radiative transfer simulation in the TIR
is based on the integration of the Planck function along the line-of-sight.

The research presented in this thesis comprises an effort to improve the
retrieval of the vertical ozone distribution using GOME-2 UV measurements in
the Huggins bands between 325 – 335 nm and IASI TIR measurements around
the 9.6 µm ozone absorption band between 1000 – 1065 cm−1 synergistically.
A prerequisite for a combined UV-TIR retrieval is that both retrievals are as
accurate and consistent as possible to overcome a propagation of deficiencies
into the combined retrieval. Consequently, the organization of this thesis is
determined by first studying ozone retrievals from the TIR and UV spectral
ranges individually before attempting a combination.

After an introductory chapter, the second chapter of the thesis deals with
the retrieval of ozone profiles from TIR measurements in the 9.6 µm ozone
absorption band between 1000 – 1065 cm−1 as routinely recorded by IASI. In
general, cloud filters are applied to exclude cloudy scenes from the retrieval,
but thin cirrus clouds (e.g. with optical thicknesses τ550nm < 0.05) are difficult
to detect. In this study, it has been found that omitting thin cirrus clouds in
the retrieval introduces a significant error on the retrieved ozone profiles. This
motivated a two-step retrieval approach to mitigate the effect of thin cirrus
clouds on the ozone profile retrieval. As a first step an effective cloud opti-
cal thickness is retrieved from the 15 µm CO2 absorption band in which the
effective cloud optical depth is described in terms of an extinction layer at a
fixed altitude. Subsequently, the retrieved effective cloud parameter is input
into the ozone profile retrieval from the 9.6 µm band. A study with simulated
IASI measurements demonstrated a clear improvement when accounting for
thin cirrus in this manner. Subsequently, the presented approach has been ap-
plied to IASI measurements between December 2008 and April 2010 and vali-
dated with 193 collocated ozonesonde measurements at nine validation sites.
Analyzing the difference in the mean profile, which is the bias between the re-
trieved ozone profile and the corresponding validation measurement, and the
root-mean-square difference, which describes the spread between the retrieved
ozone profile and the validation measurement, confirmed the improvement
when accounting for thin cirrus.

The third chapter is dedicated to ozone retrievals from GOME-2 UV mea-
surements. Due to the severe degradation of the GOME-2 spectrometer, which
is strongest at shorter wavelengths, this study concentrated on the retrieval
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of total ozone columns from GOME-2 radiance measurements in the Huggins
band between 325 – 335 nm. Also this spectral region is affected by degrada-
tion, however to a lesser extent. This time-dependent instrument degradation
is corrected for assuming that cloud-free mean GOME-2 measurements over a
certain region and under a certain viewing geometry do not change. The then
employed inversion scheme is based on the scaling of a reference ozone profile,
which allows for the direct fitting of the total ozone column. This requires accu-
rate simulation of the GOME-2 radiances and as part of the study three aspects
have been studied that introduce forward model errors if not accounted for:
the assumption of a clear sky model atmosphere in the forward model, the rep-
resentation of the Earth’s sphericity, and the need to account for polarization
in the exploited spectral range. Strict cloud filtering based on the operational
GOME-2 FRESCO (Fast Retrieval for Clouds from the Oxygen A band) product
and the use of a pseudo-spherical scalar radiative transfer model in combi-
nation with the simultaneous fit of a linear wavelength-dependent effective
surface albedo proved good accuracy. This has been shown in a validation of
total ozone columns inferred from GOME-2 measurements with ground-based
total ozone column measurements at 36 stations. Moreover, it has been shown
that the used profile scaling approach allows for two different interpretations
of the retrieved total ozone column. The most common way is to interpret the
retrieved total ozone column as an estimate of the true column. This requires
accurate a priori knowledge of the ozone profile to be scaled by the inversion,
which otherwise introduces a retrieval error. Alternatively, the retrieved total
ozone column can be interpreted as an effective column defined by the vertical
integration of the ozone profile using the total column averaging kernel as an
altitude weight. In this way, the quality of the data product becomes much
less dependent on the a priori assumption of the vertical distribution of ozone,
which has been confirmed in a validation of the retrieved GOME-2 total ozone
columns with ozonesonde profiles convolved with the total column averaging
kernel.

Considering the conclusions from the two previous chapters, the combina-
tion of the 325 – 335 nm UV spectral region and the 1000 – 1065 cm−1 TIR
spectral region is discussed in the fourth chapter. An extensive description of
the Tikhonov regularization scheme used in the inversion has been given to
provide an insight into the contributions of the UV and TIR spectral bands to
the combined retrieval. Included is a description of a set of analytic tools for
both the combined retrieval and its spectral UV and TIR contributions compris-
ing the averaging kernel, the retrieval error, and the error correlation between
the state vector elements. The performance of the combined approach has been
tested for simulated GOME-2 and IASI measurements and showed an improve-
ment of the retrieval error, increased sensitivity to ozone in the stratosphere,
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and a more altitude-confined error correlation. All together, these factors in-
dicate that ozone structures can be separated better combining the UV and
TIR spectral regions. The single band UV retrieval showed a clear dependence
of the retrieval sensitivity on increasing solar zenith angle, which significantly
improved when combining the UV and TIR spectral ranges in the retrieval. Ap-
plying the synergistic retrieval approach to GOME-2 and IASI measurements
and validating the retrievals with ozonesonde measurements at four validation
ground stations confirmed the findings from simulated measurements.

For future investigations, it is interesting to extend the UV spectral range
to shortwave UV and visible wavelengths. Both spectral ranges introduce new
complexities to the retrieval. Fore example the use of shortwave UV measure-
ments requires mitigation for the strong wavelength dependent degradation of
the GOME-2 instrument and inferring ozone from the visible spectral range is
hampered by the strong interference with the spectral information on surface
reflection. These aspects have to be investigated carefully to improve future
retrieval of atmospheric ozone.
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It always seems impossible
until it is done.

Nelson Mandela





1Introduction
Ozone is one of the most important constituents of the Earth’s atmosphere and
it plays different critical roles in different parts of the Earth’s atmosphere. For
this reason it is important to monitor both its vertical and horizontal distribu-
tion using satellite observations.

1.1 Ozone in the Earth’s atmosphere

Ozone is one of the most important, yet not abundant, constituents of the
Earth’s atmosphere. Compared to nitrogen and oxygen, which account for
about 99% of the composition of the Earth’s atmosphere, ozone contributes
between 0.05 parts per million volume (ppmv) and 10 ppmv depending on the
altitude in the atmosphere. It takes different important roles in the atmosphere,
where stratospheric ozone hampers harmful energetic shortwave ultraviolet
(UV) radiation from penetrating deep into the atmosphere. Due to its chemical
reactivity, it acts as a reactant in the troposphere and forms photochemical
smog near the Earth’s surface, which is considered a health risk. How servere
smog can be is shown in Fig. 1.1 in which the waterfront of Hong Kong is
displayed on a day with heavy smog in comparison to a clear day. However, it
has to be noted that ozone is not the only component of smog. Amongst others,
particulate matter and soot have to be mentioned here as well.

1.1.1 The distribution of ozone in the atmosphere

The existence of ozone in the Earth’s atmosphere has been known for more
than one and a half centuries since its first detection in 1858 by Houzeau
(1858). Spectroscopic studies by Hartley (1881) showed that ozone is more
abundant in the ’higher’ atmosphere rather than near the ground.

Today it is known that ozone comprises a distinct vertical distribution in the
atmosphere with a sharply defined maximum centered around 20 km, which is
shown in Fig. 1.2 displaying two ozone number density profiles in molecules
per cubic centimeter (cm−3) measured at the South Pole in September and
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Figure 1.1 – Hong Kong waterfront on a clear and hazy day. Photo: Alex Hofford.

November 1991. Another commonly used unit is the mixing ratio of ozone,
which is the ratio of the number of ozone molecules over the total number of
molecules in a defined volume, thus parts per million volume (ppmv). Volume
mixing ratios of ozone can be easily obtained by dividing ozone number den-
sities by the number density of air. The ozone maximum in the stratosphere is
called the ozone layer and contains about 90% of the available ozone in our at-
mosphere. The remaining ozone resides to the largest extent in the troposphere
(about 10%) and to very small extent in the mesosphere (about 0.1%). Clearly,
the ozone concentration profiles shown in Fig. 1.2 differ. In September the
stratospheric ozone concentration is considerably lower than the stratospheric
ozone concentration in November, while the tropospheric ozone concentra-
tion is comparable. The low ozone concentration in the stratosphere in the
ozonesonde profile in September is referred to as the ’ozone hole’, which is an
example that ozone does not only vary with altitude but also with time.

Furthermore not only temporally and vertically, but also horizontally ozone
comprises a distinctive distribution. This can best be seen considering the to-
tal column of ozone measured by space-based intruments. The total amount
of ozone is commonly given in Dobson Units (DU), where 1 DU is defined
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Figure 1.2 – Vertical ozone distributions measured by ozonesondes in Antartica. The ozonesonde
profile in the later Austral spring is displayed in black and comprises a total ozone column of
335 DU. The ozonesonde profile during ’ozone hole condition’ is displayed in red and comprises a
total ozone column of 128 DU.

as the geometrical thickness of the layer of ozone (in units of 10 µm) under
standard pressure (1013.25 hPa) and standard temperature (273.15 K). The
monthly mean zonal distribution of total ozone is shown in Fig. 1.3 and is
obtained from Total Ozone Mapping Spectrometer (TOMS) measurements be-
tween 1979 and 1992. Mean total ozone columns range from values larger
than 450 DU in the northern high latitudes in March – April and smaller than
200 DU in the southern high latitudes in September – October, while the total
amount of ozone is comparatively invariant in the tropics throughout the year
and generally lower compared to the mid-latitudes and high-latidues with the
exception of the ozone hole. The low total ozone columns in the Antarctic in
September – October mark the ozone hole and also concur with the total ozone
column calculated from the ozonesonde profile in September 1991 (128 DU)
from Fig. 1.2. As already discussed, about 90% of the total ozone resides in
the stratosphere, Fig. 1.3 thus reflects to a large extent the situation in the
stratosphere.

1.1.2 Stratospheric ozone

In the stratosphere ozone shields the Earth from harmful UV radiation through
its strong absorption at wavelengths ν = 230 – 290 nm. In this way virtu-



4 Chapter 1

Figure 1.3 – Monthly mean zonal distribution of total ozone in DU. TOMS total ozone measure-
ments are averaged over the period 1979 – 1992. Source: NASA.

ally all shortwave biologically active UV radiation is absorbed that is other-
wise lethal to unicellar organisms and surface cells of higher organisms (e.g.
plants and animals). During prolonged exposure it may cause skin cancer in
humans. Thus, a thinning ozone layer poses health risks (Lavker and Kaidbey,
1997; Longstreth et al., 1998) and a risk for ecosystems (Caldwell et al., 1998).
Furthermore, the absorbtion of UV radiation in the stratosphere regulates the
temperature of the stratosphere and is thus responsible for the stratospheric
temperature inversion and consequently its statically stable nature.

To understand and describe the ozone layer, Chapman proposed a set of re-
actions which describe the natural formation and destruction of ozone (Chap-
man, 1930a; Chapman, 1930b):

O2 + hν −→ O + O , (1.1)

O + O2 + M −→ O3 + M , (1.2)

O3 + hν −→ O + O2 , (1.3)

O + O3 −→ 2O2 . (1.4)

In reaction 1.1 atomic oxygen is produced through dissociation of molecular
oxygen by the energy of photons at wavelengths ν < 242 nm and the Planck
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constant h. Subsequently in reaction 1.2, atomic oxygen reacts with molecular
oxygen to form ozone in the presence of a molecule M that removes energy
released by the reaction through collision. Furthermore, ozone can be dissoci-
ated by photons of wavelengths ν < 850 nm into atomic and molecular oxygen
(reaction 1.3). In turn, the vacant atomic oxygen can react with ozone to form
more molecular oxygen (reaction 1.4). Since the formation of ozone (reactions
1.1 and 1.2) takes place much faster than the natural destruction (reactions 1.3
and 1.4), an excess amount of ozone is to be expected in the tropics, where the
availability of UV radiation is highest due to the high solar elevation, and corre-
spondingly lower in the mid- and high-latitudes. However, this disagrees with
the TOMS observations shown in Fig. 1.3 and is a major shortcoming of the
Chapman cycle. Moreover, Chapman’s theory predicts the altitudes of high-
est ozone production to be located above the observed maximum, the ozone
layer, for both the tropics and the mid-latitudes. These two shortcomings hint
at an atmospheric transport mechanism, which is not considered in Chapman’s
theory.

Brewer Dobson circulation

Dobson (1930) stated that if ozone is formed through photolysis, the only way
to explain the high ozone concentrations in the Artic spring and the low ozone
concentrations in the tropics (see Fig. 1.3) is by means of transport. Brewer
(1949) confirmed Dobson’s observation with measurements of water vapor.
The Brewer-Dobson circulation is illustrated in Fig. 1.4, and consists of a
meridional cell in each hemisphere, where the cell in the winter hemisphere
is developed more strongly. In the tropics, it is described by upwelling of air
into the stratosphere where it moves poleward to descend in the high- and po-
lar latitudes. In the past, it was common practice to regard the Brewer-Dobson
circulation being driven by diabatic heating in the tropics and diabatic cooling
the high-latitudes. However, this concept had to be reviewed and extended
by a breaking wave-term to conserve angular momentum (e.g. Haynes et al.
(1991)).

Accounting for the circulation, the calculated ozone distributions coincide
in a relative sense with those of the observed ozone profiles, but the absolute
numbers were still too high. In fact, following Chapman’s oxygen only theory
would result in a doubling of the global total amount of ozone in just two
weeks (e.g. Wayne (1991)). Consequently, important reactions of destroying
ozone in the natural stratosphere have to be accounted for to reflect the actual
situation.
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Figure 1.4 – Nimbus-7 Solar Backscatter Ultraviolet (SBUV) mean ozone sub columns overlayed
by an illustration of the Brewer-Dobson circulation. Source: NASA.

Catalytic cycle

At first sight, it was thought that no trace gas in the stratosphere would be
able to destroy ozone efficiently as it would be depleted rapidly (e.g. Wayne
(1991)). But then Bates and Nicholet (1950) came up with the idea of catalytic
cycles that are capable of destroying ozone:

X + O3 −→ XO + O2

XO + O −→ X + O2

Net O + O3 −→ O2 + O2 . (1.5)

Essentially, a catalytic cycle can provide a more efficient route than reaction
1.4. In reaction 1.5, X is the catalyst which is not destroyed during the reaction
and thus its concentration does not change in the proposed reaction scheme.
The catalyst X can be [H,OH,NO,Cl]. The efficiency of destroying ozone de-
pends on the concentration profile of the catalyst, for example the catalytic
destruction of ozone involving NO dominates in the lower stratosphere (up to
40 km) where the ozone concentration is maximum (see Fig. 1.2), while the
cycles involving H and OH become more important higher in the atmosphere
(above about 50 km). Moreover, the catalytic species can react amongst each
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other to form reservoirs, for example nitric acid (HONO2) forms a reservoir for
OH1 and NO1 and stores in fact about 50% of NO1. Hydrocloric acid (HCl)
forms a reservoir for Cl1 through reaction of Cl and stratospheric methane.
In this way about 70% of stratospheric Cl1 is present as HCl. Futhermore,
chlorine nitrate (ClONO2) is an important reservoir as it couples the chlorine
and nitrogen catalytic cycles. This demonstrates that reservoirs are important
in the stratospheric ozone chemistry as they can set catalysts inactive but in
parts the catalysts remain available for potential reactivation. Also, reservoir
species might be transported from the stratosphere into the troposphere and
vice versa. In this way the chemistry and dynamics of the stratosphere and the
troposphere are linked (e.g. Holton et al. (1995)).

Antropogenic influence on the distribution and chemistry of ozone

In the 1970s, concern was raised that mankind has an influence on the ozone
chemistry and consequently its concentration and distribution. Originally, chlo-
rofluorocarbons (CFCs), which are a subset of the halocarbons, were developed
amongst others as refrigerant and aerosol propellant (e.g. in spray cans) and
favored because of their non-flammable and non-toxic nature. However, Love-
lock et al. (1973) reported that the abundance of CFCs in the troposphere was
comparable to the total amount ever produced. Due to their inertness with life-
times of hundreds of years in the troposphere, the only way of their removal
is transport into the stratosphere and subsequent UV photolysis. Therefore,
Molina and Rowland (1974) saw a threat to the ozone layer in the chlorine
atoms of the CFCs. Moreover, next to the chlorinated CFCs there are also bro-
mofluorocarbons BFCs, whose bromine is a much more efficient catalyst than
chlorine. Bromine is more efficient in the sense that there exist no efficient
reservoires in the stratosphere because HBr and bromine nitrate (BrONO2)
are rapidly photolysed (e.g. Wayne (1991)).

Ozone hole

The concerns of Molina and Rowland (1974) were proven to be correct. Be-
tween 1977 and 1984, ground-based instruments detected a loss in total ozone
of about 30% in the Antartic (Farman et al., 1985). Shortly after the discov-
ery by Joe Farman, the results were confirmed by TOMS satellite measure-
ments. Rumors that the ozone hole was not discovered by TOMS due to a
software failure were rectified by McPeters: "Our software had flags for ozone
that was lower than 180 DU, a value lower than had ever been reliably reported

1The families HOx, NOx, and Clx should be used here instead, because reactions between
family members are very fast.
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prior to 1983. In 1984, before publication of the Farman paper, we noticed a
sudden increase in low value from October of 1983. We had decided that the
values were real and submitted a paper to the conference the following summer
when Joe’s paper came out, showing the same thing. As the first one in print,
he gets full credit for discovery of the ozone hole. It makes a great story to
talk about how NASA ’missed’ the ozone hole, but it isn’t quite true." (http:
//www.theozonehole.com/ozoneholehistory.htm). These very low
ozone concentrations were also not predicted by any chemical transport model
at that time (e.g. Solomon et al. (1986), Solomon (1988), and Solomon
(1999)).

During the ozone hole conditions, destruction of ozone is favored at the
winter poles through formation of a vortex by descending cold air, which is en-
closed by a strong westerly circulation that virtually seals polar air from lower
latitudinal ozone-rich air. Additionally, temperatures below -80◦C favor the
formation of polar stratospheric clouds which alter the balance between active
and reservoir chlorine such that in the absence of sunlight a pre-conditioning
takes place where molecular chlorine is build up. Finally, when the sun rises in
local spring a rapid catalytic ozone destruction takes place, where the chlorine
and bromine of the CFCs and respectively the BFCs additionally contribute to
the ozone destruction. This period of the ozone hole condition eventually ends
with the break-up of the polar vortex.

1.1.3 Tropospheric and near-surface ozone

Although only∼10% of the total amount of ozone is located in the troposphere,
knowledge of its abundance is important for the understanding of tropospheric
processes. It is the main source of the hydroxyl radical (OH) and therefore
has a major impact on the oxidizing capacity of the troposphere. Next to that,
ozone is also considered a greenhouse gas with a positive radiative forcing
in the troposphere (e.g. Tang et al. (1998)). Near the Earth’s surface – in the
boundary layer –, ozone is considered a pollutant and a cause of photochemical
smog. Due to its high reactive nature it can cause irritation of the respiratory
system even for healthy people if the concentrations are high enough.

In the troposphere, ozone can not be produced by dissociation of O2, as de-
scribed in reaction 1.1, because of the lack of short wave UV radiation needed
for this process, and only a small amount of ozone is transported from the
stratosphere into the troposphere. Most of the tropospheric ozone is formed in
the troposphere through photolysis of NO2:

NO2 + hν −→ O + NO (1.6)

O + O2 + M −→ O3 + M . (1.7)

http://www.theozonehole.com/ozoneholehistory.htm
http://www.theozonehole.com/ozoneholehistory.htm
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Here, M can be either O2 or N2. Additionally, the presence of CO, CH4, and
other hydrocarbons complete reactions 1.6 and 1.7 to a catalytic cycle regard-
ing NO2 (e.g. Crutzen (1979)), which is not shown here. In NOx-rich air, the
oxidation of methane forms a source for ozone, while in NOx-depleted air the
same methane oxidation acts as a sink for ozone.

Model results suggest that globally averaged tropospheric sources and sinks
of ozone are in balance, but as discussed above next to NOx the production of
ozone depends on the presence of CO, CH4, and other hydrocarbons (e.g.
Wayne (1991)). So a change in their concentration (for example due to antro-
pogenic climate change) impacts the ozone concentration in the troposphere
and consequently tropospheric chemistry.

Air pollution

Ozone is an important air pollutant during photochemical smog and it is there-
fore important to monitor ozone in the lower troposphere. Photochemical
smog occurs in temperature inversion situations in the boundary layer which
traps pollutants. During the night and morning rush hours the NO concen-
tration increases and in a subsequent reaction with (the organic parts in) the
exhaust fumes is converted to NO2. In turn, this produces ozone after dawn
on sunny days following reactions 1.6 and 1.7. Studies showed that exposure
to 0.08 ppm ozone for 6.6 hours is already sufficient to initiate inflammatory
reactions in the lungs of non-smoking males (Devlin et al., 1991) and likely
to cause serious threats to persons with a diseased respiratory system (e.g.
asthma). Consequently, the World Meteorological Organization (WMO) de-
fined an air quality index, which rates ozone concentrations between 0.085
and 0.104 ppm ’unhealthy for sensitive groups’ (WMO, 2004).

Futhermore, high ozone concentrations are phytotoxic, i.e. harmful to
plants, causing an increase of plant cell membrane permeability, while even
higher doses lead to cellular and biochemical changes with visible leaf injury,
leaf drop, reduced vigour and growth and eventually even death (e.g. Wayne
(1991)).

Therefore, it is of interest to reduce primary emissions that can lead to pho-
tochemical smog situations. Adjusting life-style and a decrease in legal speed
limits to save both fuel and reduce NOx emission are possible precautions to
reduce the occurance of photochemical smog situations. Alternative fuels (hy-
drogen or methanol) or electrified transport can be considered as well, as long
as these energy sources are produced in an environmental (and economical)
sustainable way.

Summarizing, in the stratosphere ozone shields from harmful UV radiation
and determines the temperature and thus is responsible for the statically sta-
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Figure 1.5 – Satellite-recorded clear-sky spectra measured over De Bilt, Netherlands (52.1◦N,
5.18◦E) on 8 May 2008. (a) Backscattered radiance (blue) originating from the Earth’s surface
and atmosphere covering the UV-VIS as recorded by GOME-2. (b) TIR spectrum measured by
IASI (red) and two Planck curves (black, dotted) for temperatures of 273 K and 300 K. Telluric
absorption lines of O3, NO2, H2O, and O2 are indicated in the GOME-2 UV-VIS spectrum, and O3

and CO2 absorption lines in the IASI TIR spectrum are indicated as well.

ble nature. In the troposphere, ozone plays a crucial role in determining the
oxidation capacity and acts as a greenhouse gas, while near the Earth’s surface
in the boundary layer ozone is considered a pollutant causing photochemical
smog and in high concentrations provokes irritation of the respiratory system
even in healthy people. Because of the different roles of ozone in different
parts of the atmosphere, it is important to monitor both the vertical and the
horizontal distribution of ozone.

1.2 Satellite remote sensing of ozone

Information about the total ozone column or its vertical distribution can be in-
ferred from spectrally resolved measurements. Absorption of electromagnetic
radiation by the ozone molecule leaves a distinct mark at certain wavelengths
in the UV, visible (VIS), thermal infrared (TIR), or microwave (MW) spectral
region (e.g. Stephens (1994) and Kidder and Vonder Haar (1995)), which
in turn can be exploited for the retrieval of ozone. This makes spectral mea-
surements well suited to determine the amount and distribution of ozone in
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Figure 1.6 – (a) Illustration of the limb viewing geometry with a tangent height t for a UV/VIS line-
of-sight (yellow) and TIR/MW line-of-sight (red). (b) Illustration of the nadir viewing geometry
for a UV/VIS line-of-sight (yellow) and a TIR line-of-sight (red).

the atmosphere. A satellite measurement of backscattered radiation from the
Earth’s surface and its atmosphere covering the UV and VIS spectral region
between 0.2 µm and 0.8 µm is shown in Fig. 1.5 a). Figure 1.5 b) shows a
corresponding satellite measured TIR spectrum between 650 cm−1 (15.4 µm)
and 2500 cm−1 (4 µm).

The history of deriving ozone from spectral measurements dates back into
the end of the 19th century when Hartley (1881) showed that ozone is more
abundant in the ’higher’ atmosphere rather than near the ground using ground-
based spectral measurements in the UV and VIS. In the mid-20th century the
advent of satellite technology then marked the beginning of ozone remote sens-
ing from space-based instruments. These bear the advantage over ground-
based instruments of being able to provide global coverage in a matter of days
with good accuracy. Furthermore, space-based measurements recorded by the
same instrument provide a globally consistent data set, while ground-based in-
struments of the same type need to be inter-calibrated to provide comparable
data.

For satellite remote sensing, two different viewing geometries are used to
probe the Earth’s atmosphere, limb viewing geometry and nadir viewing geom-
etry, which are illustrated in Fig. 1.6 a) and Fig. 1.6 b), respectively. In limb
viewing geometry, the instrument line-of-sight points to space looking through
the Earth’s atmosphere, whereas in nadir viewing geometry the instrument
line-of-sight points to the Earth’s surface. Limb observations measure the at-
mospheric signal against a background, which can be either the space, the
moon, the sun or another star. The last three cases represent a specific limb ob-
servation called occultation. Furthermore in the UV and VIS, also limb scatter
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observations are distinguished, in which solar light is scattered into the line-of-
sight. In contrast, limb measurements in the TIR and MW spectral range collect
the emission of the atmosphere along the line-of-sight. In all spectral regions,
the UV, VIS, TIR, and MW, limb observations are used to infer information on
the vertical distribution of ozone.

1.2.1 Spectral bands

In the following, important cutting-edge satellite instruments are discussed per
spectral band, from which total ozone columns or ozone profiles have been
retrieved.

Ultraviolet

In the UV spectral region, the strong absorption in the Hartley band (200 –
300 nm) and the weaker absorption in the longer wavelength Huggins band
(320 – 360 nm) have been exploited extensively for the retrieval of ozone pro-
files and total ozone columns from spectral measurements. In 1957, Singer
and Wentworth (1957) were the first to propose the retrieval of ozone from
backscattered UV measurements in nadir viewing geometry from space-based
instruments. However, it took until 1970 before the first instrument dedicated
to retrieve both ozone profiles and total columns was launched. It was the
Backscatter Ultraviolet Spectrometer (BUV) onboard the National Aeronau-
tics and Space Administration’s (NASA’s) Nimbus 4 satellite, which was later
succeeded by the SBUV and SBUV/2 instruments and TOMS (e.g. Bhartia et
al. (1984), Bhartia et al. (1996), and Bhartia and Wellemayer (2004)). The
measurements from the SBUV and TOMS instruments form a long and invalu-
able record of the global ozone distribution for ozone trend monitoring (e.g.
McPeters et al. (1996) and Ziemke et al. (2005)). The latest instrument ded-
icated to measuring ozone from UV wavelengths is the Ozone Monitoring In-
strument (OMI, e.g. Levelt (2006)) onboard NASA’s EOS-Aura satellite, which
was launched in 2004. Also the European Space Agency (ESA) and the Eu-
ropean Organization for the Exploitation of Meteorological Satellites (EUMET-
SAT), launched several instruments decicated to retrieve ozone from the UV
spectral region. The Global Ozone Monitoring Experiment (GOME) onboard
the European Research Satellite 2 (ERS-2) (e.g. Burrows et al. (1999)) was
launched in 1995, followed by the Scanning Imaging Absorption Spectrometer
for Atmospheric Chartography (SCIAMACHY) on Envisat (e.g. Bovensman et
al. (1999)) in 2002, and finally in 2006 by GOME-2 (Callies et al., 2000) on-
board the series of MetOp satellites. The third and last satellite of the MetOp
series is planned to be launched in 2018 ensuring a long time series of ozone
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measurements.
Concurrently with the development of nadir-viewing instruments, instru-

ments were developed to retrieve ozone profiles from limb viewing geometry.
The limb-scatter method, already discussed in the 1970s by Cunnold et al.
(1973), was applied by Rusch et al. (1984) to retrieve ozone profiles in the
mesosphere between 50 – 70 km from measurements made by the Ultraviolet
Spectrometer (UVS) onboard the Solar Mesosphere Explorer (SME). More re-
cent instruments with limb viewing geometry probing the UV spectral region
were SCIAMACHY and GOMOS both onboard Envisat and retrieval algorithms
were developed to derive ozone profiles between 15 and 60 km (e.g. Eichmann
et al. (2004), Brinksma et al. (2006), and Tukiainen et al. (2011)).

For this wavelength range, nadir and limb scatter retrievals require the
sun as source of radiation and are thus only possible during daytime. Stel-
lar occultation retrievals as performed by GOMOS (e.g. Bertaux et al. (2004))
preferably utilize light of the brightest stars to give good results. Due to the
longer line-of-sight, limb retrievals can be performed in spectral bands where
the absorption by the targeted molecule is weak. Furthermore because of the
scanning, limb retrievals are used to infer ozone profiles with a high vertical
resolution at the tangent point t (Fig. 1.6 a)), which is regulated by the eleva-
tion scanning angle. However, the limb geometry cannot be used to resolve the
tropospheric or near-surface ozone distribution because there the atmosphere
gets too opaque. Additionally, limb retrieval exhibit a coarser horizontal res-
olution. In contrast, nadir retrievals are well sensitive to lower atmospheric
ozone with a higher horizontal resolution, however at a lower vertical resolu-
tion.

Visible

Also the Chappuis band between 450 nm and 750 nm comprises spectral infor-
mation about ozone (e.g. Stephens (1994)), but is much weaker compared to
the UV bands. Nonetheless, this spectral region is used to retrieve ozone pro-
files from measurements recorded by space-based instruments. For instance, it
is common practice for limb scatter retrievals to complement the UV spectral
region to resolve the lower stratosphere (e.g. Flittner et al. (2000)). The rea-
son for this is the weak absorption in the VIS. For the long line-of-sight most
of the light is received at the tangent point, which is not necessarily the case
for the stronger absorption by ozone in the UV where light scattered into the
line-of-sight at the tangent point might not reach the instrument.

Launched in 1979, the Stratospheric Aerosol and Gas Experiment (SAGE)
onboard the Application Explorer Mission 2 (AEM-2) was the first instrument
dedicated to retrieve ozone from wavelengths in the VIS during sunrises and
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sunsets using solar occultation (e.g. McCormick et al. (1979)). The latest
generation, SAGE III, flew on the Russian Meteor-3M satellite from 2001 to
2006, and currently a version of the SAGE III instrument is prepared to be
installed on the International Space Station (ISS) in August 2016. After the
loss of Envisat in 2012 with SCIAMACHY and GOMOS, which both measured
the Chappuis band, the latest active instrument is the Optical Spectrograph
and InfraRed Imager System (OSIRIS) onboard the ODIN satellite (Llewellyn
et al., 2004), which was launched in 2001. Its limb scatter measurements are
used to retrieve ozone profiles between 15 and 40 km (e.g. von Savigny et al.
(2003)).

Thermal infrared

Alternatively, the strong absorption band around 9.6µm can be utilized to re-
trieve height resolved information about ozone. This band is independent of
the sun as the thermal emission of the Earth’s surface and the atmosphere
form the source of radiation. The first total ozone columns from satellite mea-
surements in the TIR were deduced from spectra which were recorded by the
nadir-viewing Infra-Red Interferometer Spectrometer B (IRIS-B) onboard the
Nimbus 3 satellite (Hanel et al., 1970) followed later by the nadir-viewing
High-resolution Infra-Red Sounder (HIRS) and its successors (e.g. Planet et al.
(1984), Susskind et al. (1984), and Reuter and Susskind (1986)). The first
ozone profiles, however, were retrieved from measurements in limb geometry
acquired by the Limb Radiance Inversion Radiometer (LRIR) onboard the Nim-
bus 6 satellite (e.g. Gille et al. (1980)), which was succeeded by the the Cryo-
genic Limb Array Etalon Spectrometer (CLAES) onboard the Upper Atmosphere
Research Satellite (UARS) (e.g. Bailey et al. (1996)). The launch of the Inter-
ferometric Monitor of Greenhouse Gases (IMG) onboard the Japanese ADEOS
satellite in August 1997 marked the beginning of ozone profile retrievals from
TIR measurements in nadir viewing geometry (e.g. Turquety et al. (2002)).
It is continued by NASA’s Thermal Emission Spectrometer (TES, e.g. Beer et
al. (2001)) onboard the EOS-Aura satellite and EUMETSAT’s Infrared Atmo-
spheric Sounding Interferometer (IASI, e.g. Clerbaux et al. (2007)) onboard
the MetOp satellite series.

In the TIR, the limb viewing geometry utilizes the thermal emission of the
Earth’s atmosphere in front of the cold background of the space (see Fig. 1.6 a)
red line) and in this way avoids dealing with the variable emissivity and tem-
perature of the Earth’s surface, however at the cost of not resolving the tro-
posphere. In limb viewing geometry the troposphere becomes too opaque at
these wavelengths.
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Microwave

The microwave part of the electromagnetic spectrum contains spectral informa-
tion about ozone in single emission lines between 190 GHz and 2.5 THz (e.g.
Hughes (1956), Randegger (1980), and Parrish et al. (1992)). Microwave
limb sounding was first performed by the Microwave Limb Sounder (MLS)
onboard UARS launched in 1991 (e.g. Waters et al. (1993) and Froidevaux
et al. (1996)) to retrieve ozone profiles from this spectral region. In its latest
version MLS is flown on on the EOS-Aura satellite (e.g. Waters et al. (2006)
and Froidevaux et al. (2008)). But as for the visible, these lines are weak and
additionally the spectral region is dominated by water vapor absorption, which
makes the troposphere opaque for remote sensing of ozone in nadir viewing
geometry.

Summarizing, ozone can be retrieved from either nadir or limb viewing
geometry. Nadir retrievals bear the advantage of being sensitive to the tropo-
sphere down to the surface with higher horizontal resolution, while limb re-
trievals utilize a longer path through the atmosphere and are thus more sensi-
tive to lower ozone concentrations but are restricted at the same time to resolve
the atmosphere above the troposphere because of clouds, Rayleigh scattering
or water vapor. In order to produce high-accuracy ozone retrievals down to the
Earth’s surface, nadir viewing geometry and the strong absorption bands in the
UV and the TIR spectral region are most suited.

1.2.2 Retrieval algorithms

With the development of new generation space-borne spectrometers to mea-
sure the absorption of atmospheric ozone, also the retrieval algorithms evolved.
To infer ozone profiles from GOME measurements, several retrieval algorithms
were proposed employing regularization methods like optimal estimation or
Tikhonov regularization (e.g. Hoogen et al. (1999), Hasekamp and Landgraf
(2001), Spurr et al. (2001), Liu et al. (2005), and Meijer et al. (2006)). Op-
timal estimation uses an ozone profile, usually from a climatology, as a priori
information and the corresponding covariance matrix to constrain the retrieved
profile (e.g. Rodgers (1976)). This means that ozone structures to which
the retrieval is not sensitive are filled-in by a priori information. In contrast,
Tikhonov regularization (e.g. Phillips (1962), Tikhonov (1963), and Twomey
(1963)), retrieves only those parts of the ozone profile to which the retrieval
is sensitive, while other structures to which it is insensitive are filtered out.
In this way, Tikhonov regularization assures that all the retrieved information
originates from the measurement and is not added by the a priori knowledge.



16 Chapter 1

Continuing the heritage of GOME-like spectrometers, more recently similar al-
gorithms have been proposed to derive ozone profiles from GOME-2 measure-
ments (e.g. Cai et al. (2012) and Miles et al. (2015)). Here, processing long
time series of GOME-2 measurements is hampered by the degradation of the
UV spectrometer, which mostly affects measurements at shorter wavelengths
(e.g. Cai et al. (2012)). Degradation of an instrument can have several origins,
for instance build-up of a contaminating layer on the scan mirror, e.g. ice, or
due to the prolongued exposure to shortwave UV radiation (e.g. Snel (2000)).
Although mitigation strategies have been proposed for radiometric correction
(e.g. Krijger et al. (2005), Liu et al. (2007), and Cai et al. (2012)), this the-
sis focuses on the exploitation of UV measurements in the longer wavelength
range between 325 – 335 nm to minimize degradation effects on the retrieved
ozone product. Assuming that the mean signal does not change, the degra-
dation in this spectral region is mitigated by a radiometric correction based on
cloud-free measurements during the entire period studied. Moreover, measure-
ments in the 325 – 335 nm UV window have a similar sensitivity to the surface
reflection and therefore allow for a partial mitigation of degradation through
an adjustment of an effective albedo in the retrieval process, because the entire
spectral region is sensitive to the total column of ozone and not in parts opaque
for the subjacent atmosphere as the shortwave UV region certainly is.

There are two fundamentally different retrieval methods to infer total ozone
columns from 325 – 335 nm UV measurements. Operationally, total ozone
columns from GOME-2 measurements are retrieved using the differential opti-
cal absorption spectroscopy (DOAS) (Hao et al., 2014). In the DOAS method,
high-frequency structures of absorbers are separated from broad band features,
introduced for example through Rayleigh and Mie scattering or instrument fea-
tures. In a first step, the method yields the absorber concentration along the
light path – the so-called slant column. Subsequently, the path through the at-
mosphere is determined using radiative transfer models and the slant column
is corrected to provide vertical ozone column. However, DOAS retrievals are
less accurate in optically thick atmospheres and at large solar zenith angles
(e.g. Lambert et al. (2012)). Here, the direct fitting of the total ozone column
(e.g. Lerot et al. (2010) and Borsdorff et al. (2014)) offers a good alternative,
and is therefore also used in this thesis. It is based on the scaling of a refer-
ence profile and employs online radiative transfer calculations as part of the
iterative least-squares fitting approach.

For the TIR spectral region Worden et al. (2004) and Bowman et al. (2006)
proposed ozone profile retrieval algorithms for TES measurements. Their in-
version method is based on optimal estimation similar to optimal estimation
approaches used in the UV for ozone profile retrievals, with different addi-
tional band specific fit parameters, e.g. the surface temperature in the TIR
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and the surface albedo in the UV. Moreover, Keim et al. (2009) and Dufour
et al. (2012) compared several algorithms for IASI measurements (e.g. Ere-
menko et al. (2008), Boynard et al. (2009), and Barret et al. (2011)) with
the pre-operational EUMETSAT product (Turquety et al., 2004) and concluded
on a better accuracy for the non-operational algorithms. Before investigating
the synergistic exploitation of the UV and TIR spectral range, this thesis pro-
vides a re-evaluation of the individual retrievals to select the most appropriate
approach.

Synergistic retrievals

With OMI and TES onboard EOS-Aura and GOME-2 and IASI onboard MetOp
recording temporally and spatially collocated spectra in the UV and TIR spec-
tral region, it is obvious to use the different sensitivites of the measurements in
these spectral regions in a complementary way. This has been first proposed by
Landgraf and Hasekamp (2007) and Worden et al. (2007) who showed for sim-
ulated measurements between 270 – 335 nm in the UV and 980 – 1300 cm−1

in the TIR that the vertical resolution of the retrieved ozone profile as well as
the sensitivity with respect to lower tropospheric ozone can be increased. But
also combinations of UV, VIS, and TIR wavelengths have been tested for ozone
profile retrievals from simulated measurements for NASA’s future Geostation-
ary Coastal and Air Pollution Events (Geo-CAPE) mission (Natraj et al., 2011).
Fu et al. (2013) and Cuesta et al. (2013) confirmed the findings of Worden
et al. (2007) and Landgraf and Hasekamp (2007) for combined retrievals from
UV and TIR measurements recorded by OMI and TES and GOME-2 and IASI,
respectively. The advantage of using GOME-2 and IASI measurements is that
the MetOp mission, which consists of three consecutive satellites, provides a
series of nearly two decades of consistent measurements in the UV and TIR.
Moreover, in the beginning of the 2020s the MetOp heritage will be continued
by the MetOp Second Generation (MetOp-SG) series, which will carry the suc-
cessors of GOME-2 and IASI, the Sentinel-5/UVNS and IASI-NG instruments,
respectively. The MetOp-SG mission is intended to ensure continuous observa-
tions until the mid-2040’s. Overall, this will result in more than three decades
of continuous and consistent measurements in the UV and TIR.

Because of this unique data set and since GOME-2 is suffering from severe
degradation in the shortwave UV spectral region (e.g. Cai et al. (2012) and
Munro et al. (2016)), the combination of the longer UV wavelength region
(325 – 335 nm) of GOME-2 measurements with the TIR spectral region be-
tween 1000 – 1065 cm−1 of IASI measurements is studied in this thesis.
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1.2.3 Modeling satellite measurements

In order to retrieve information about the vertical distribution of ozone or its
total column amount, the satellite measurement ymeas has to be simulated us-
ing a radiative transfer model F

ymeas = F(x,b) + ey , (1.8)

where the atmospheric state as input to the model is adjusted to fit the mea-
surement. Here, the vector x is the state vector representing the ozone profile
to be retrieved amongst other fit parameters and b is a parameter vector of
additional quantities describing the model atmosphere but which is not altered
during the retrieval, e.g. the temperature profile of the atmosphere, and ey is
the measurement error. To find the most appropriate state vector x̂, Eq. 1.8 is
solved iteratively linearizing the forward model around an initial state vector
x = x0 which yields

y = Kx , (1.9)

with y = S
−1/2
e (ymeas − F(x0,b)) + Kx0 and K = S

−1/2
e ∂F/∂x(x0). Here, Se

the measurement error covariance matrix and the error-weighted Jacobian or
kernel matrix K describes the sensitivity of a measurement at a certain wave-
length with respect to the ozone profile. Subsequently, Eq. 1.9 can be solved
iteratively by minimizing a least-squares cost function of the type

x̂ = min
x
{‖ (Kx− y) ‖2} . (1.10)

In the cost function, K plays the central role of adjusting the state vector x such
that it fits the measurement y. Furthermore, the solution x̂ can be used as lin-
earization point in the subsequent iteration step to solve Eq. 1.8 for moderately
non-linear problems.

1.2.4 Sensitivity of a measurement with respect to the vertical distribu-
tion of ozone

In this section, the benefit of combining UV measurements in the Huggins band,
which are generally used to retrieve total ozone columns, with TIR measure-
ments, which are used to retrieve ozone profiles, is illustrated by means of
a two-layer toy model. In this setup, the upper layer (layer 1) represents
the stratosphere and the lower layer (layer 2) the troposphere, respectively.
In general, the sensitivity is negative for absorption spectroscopy because en-
hanced absorption reduces the amount of measured light. For the UV mea-
surements, the sensitivity is nearly constant with altitude with a drop at the
lowest altitudes due to Rayleigh scattering, and it is set constant in both layers
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Figure 1.7 – Illustration of the toy model retrieval sensitivity of two independent measurements
y1 in blue and y2 in red in the layers 1 and 2. For y2 the sensitivity for layer 1 and layer 2 differs
by the value a, which is varied in the toy model.

for simplicity, which is shown as blue line in Fig. 1.7. The sensitivity of the
TIR measurements peaks in the upper troposphere lower stratosphere, which
is caused by the temperature difference between atmospheric layers. In the
toy model the sensitivity of the TIR measurement consequently differs in both
layers shown by the red line in the figure. The objective of this demonstration
is to show the added value of the combination of measurements with different
sensitivities as a function of the difference in sensitivity between the UV and
the TIR in the lower model layer, which is represented by the parameter a in
Fig. 1.7. For this example, Eq. 1.9 is given as a set of two equations, in which
y1 represents the UV measurements and y2 the TIR measurements:

y1 =− x1 − x2 (1.11)

y2 =− x1 − (1− a)x2 (1.12)

In the following, the measurement y = (y1, y2) is simulated for the true state
vector x = (9 , 1), which roughly reflects the vertical distribution of ozone in
the atmosphere with 90% residing in the stratosphere and 10% in the tropo-
sphere, consequently mounting up to a value for the total column xtot = 10.
First, the case a = 0.005 is considered for which the sensitivity of the measure-
ments y1 and y2 with respect to the different elements of the state vector is
almost the same. Obviously, this results in very similar components of the mea-
surement vector y = (−10 , −9.995). Second, the case a = 0.9 is examined.
Here, the sensitivities of y1 and y2 with respect to the state vector elements x1
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Table 1.1 – Eigenvalues λ1,2 and the corresponding eigenvectors v1,2 for two realizations of a.

a λ1 v1 λ2 v2

0.005 -1.9975 (0.7080 , 0.7062) 0.0025 (0.7062 , -0.7080)
0.900 -1.6466 (0.8398 , 0.5430) 0.5466 (0.5430 , -0.8398)

and x2 clearly differ and yield y = (−10 , −9.1) .
Additionally to account for measurement errors, an arbitrary error e1 = 0.4

and e2 = −0.1 is added to y. Consequently, this affects the retrieved state
vector x̂ in the inversion of Eqs. (1.11, 1.12), resulting in x̂ = (108.6 , −99)
with x̂tot = 9.6 for a = 0.005 and x̂ = (9.156 , 0.444) with x̂tot = 9.6 for a = 0.9
as well. For the latter choice of a, the resulting x̂ is comparable with the true
state vector which is not the case for a = 0.005 with similar sensitivities for y1

and y2. For both cases however, the integrated value x̂tot = 9.6 is comparable
to the integrated value of x with xtot = 10.

These two examples show that for very similar sensitivities of the measure-
ments y1 and y2 solutions x̂ become unstable with respect to the state vector
elements in layers 1 and 2 due to the measurement error, but are still capa-
ble of reproducing the total amount reasonably well. With increasing relative
difference of the measurement, height information can be inferred from both
measurements.

The fact of the unstable solutions for a = 0.005 can be explained in more
depth by calculating the error propagation in the inversion. For this purpose,
the eigenvalue problem,

Kv = λv , (1.13)

is considered, where v is called eigenvector and the scalar multiple λ is the
eigenvalue associated with it. In fact, this analysis represents a diagonaliza-
tion of the described retrieval problem, where the eigenvalue represents the
measurement sensitivity with respect to variations in the state vector x de-
scribed by the corresponding eigenvector. For the inversion, this means that
for smaller eigenvalues the propagation of measurement error to the state vec-
tor is increased. For the two realizations of a that were discussed above, the
eigenvalues λ1,2 and the eigenvectors v1,2 are calculated and shown in Table
1.1. The eigenvalues and eigenvectors can be interpreted as follows. The first
eigenvalue and eigenvector (λ1 , v1) represent basically a scaling of a constant
profile by the total amount of an absorber, while the second pair (λ2 , v2) de-
scribes the relative distribution of an absorber in the two layers. Clearly, with
increasing a the eigenvalue λ2 increases, while λ1 decreases, however, to a
lesser extent.
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For the toy model, the error propagation ẽi = vTi ∆x, with ∆x being the
noise introduced error on the retrieved state vector, can be calculated for ẽi
along the direction of the eigenvector vi. This results in the components
ẽ1 = 0.106 and ẽ2 = −141.139 for a = 0.005. Accordingly, ẽ1 = 0.171 and
ẽ2 = −0.551 are obtained for a = 0.9. Thus, for a = 0.005 the solution is
overwhelmed by noise on the component along the second eigenvector and
the two layers cannot be distinguished, while for a = 0.9 the corresponding
error propagation is much smaller and therefore the two layers can be distin-
guished.

The toy model has been used to demonstrate that a measurement with
sensitivity to the total column needs to be complemented with a measurement
with reduced sensitivity to one of the two model layers in order to provide extra
information to disentangle height distribution. This is explained by means of
an eigenvalue analysis of the inversion. In context of this thesis, y1 represents
a measurement in the UV spectral range and y2 is a measurement in the TIR
for a = 0.9 and that a shortcoming of the TIR with reduced sensistivity in the
lower troposphere may turn into an advantage when considering the combined
UV-TIR retrieval.

1.3 Objective and structure of the thesis

The objective of this thesis is to improve ozone profile retrievals with the goal
to discriminate stratospheric ozone from tropospheric and near-surface ozone,
since ozone plays different key roles in each of these parts of the atmosphere.
For this purpose, measurements between 325 – 335 nm in the UV and 1000 –
1065 cm−1 in the TIR spectral region are used, which are routinely recorded
by GOME-2 and IASI onboard the MetOp satellites. Three research questions
are formulated and each is addressed in a separate chapter.

As discussed, the TIR has the maximum sensitivity in the upper troposphere
and lower stratosphere. This is also the altitude range in which cirrus clouds
occur with a frequency of about 17% on a global scale (Sassen et al., 2008). In
chapter 2 the following research question is addressed:

Research question 1. How can the TIR ozone profile retrieval
algorithm be improved such that the accuracy is sufficient to be
used in a synergistic retrieval approach?

Generally, IASI retrievals apply cloud filtering to exclude cloudy scenes from
the retrieval process. However, thin cirrus are difficult to detect by any cloud
filter and therefore, their impact on the accuracy of ozone profile retrievals
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is of key interest in this chapter. To mitigate the effect, a two-step retrieval
approach is developed in which a spectrally independent optical depth at a
fixed altitude is retrieved first from the 15 µm CO2 absorption band. Subse-
quently, the retrieved optical depth is input to the ozone profile retrieval from
the 9.6 µm spectral band. The impact of thin cirrus clouds on retrieved ozone
profiles is then studied for simulated measurements and the two-step approach
is verified. In the second part, the two-step retrieval is applied to IASI mea-
surements after initial cloud screening and validated with ozonesondes from
various ground stations.

In the next step towards the combined retrieval approach, a profile scaling
retrieval algorithm to retrieve total ozone columns from 325 – 335 nm UV
measurements is presented in chapter 3. Similar to the research question posed
in chapter 2, the research question here addresses the accuracy of the presented
retrieval approach in the UV:

Research question 2. How can the UV total ozone column re-
trieval algorithm be improved such that the accuracy is sufficient to
be used in a synergistic retrieval approach?

As a first step, the observed degradation in the 325 – 335 nm spectral win-
dow is corrected assuming that the cloud-free mean signal over a certain re-
gion and a certain viewing geometry does not change with time in the period
studied. Next, various forward model errors such as the representation of the
Earth’s sphericity and the need of polarization in radiative transfer modeling
are studied to determine how to best deal with them in the retrieval. Moreover,
the use of the profile scaling approach allows for two different interpretations
of the retrieved total ozone columns: as direct estimate of the true ozone col-
umn, or as an effective column. In in this way the influence of the ozone profile
used in the scaling on the retrieved total ozone column is studied. An extensive
validation with total ozone columns provided by ground based spectrometers
and ozonesonde measurements at various sites concludes the study.

Finally after addressing the research questions in chapters 2 and 3, chapter
4 presents a synergistic retrieval approach combining the 325 – 335 nm UV and
1000 – 1065 cm−1 TIR spectral regions to retrieve ozone profiles. The research
question that derives from the combination of the spectral regions is:

Research question 3. Can the synergistic use of the proposed UV
and TIR spectral regions improve the retrieval of ozone profiles in
general and more specifically near the Earth’s surface?
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First, a detailed description of the retrieval theory is given to provide an
insight how the chosen spectral regions contribute to the synergistic retrieval.
The following detailed analysis of the retrieval capability employs a set of di-
agnostic tools consisting of the averaging kernel, the retrieval error and the
correlation between the state vector elements and their corresponding spectral
contributions. These diagnostic tools are then first applied to simulated GOME-
2 and IASI measurements to study the benefit of the synergistic use over their
single band equivalents for different solar zenith angles and thermal contrasts.
Furthermore, the extension of the UV window to shorter wavelengths down to
310 nm and its potential within the synergistic retrieval is discussed. Finally, a
validation case study for synergistic GOME-2/IASI retrievals is performed for a
set of collocated ozonesondes employing the set of diagnostic tools.
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2Ozone profiles from IASI
measurements
Abstract. In this work we discuss the retrieval of ozone profiles from Infrared
Atmospheric Sounding Interferometer (IASI) thermal infrared measurements
in the presence of thin cirrus. An algorithm is presented which accounts for
optically thin cirrus, described by an absorption layer at fixed altitude, where
an effective cirrus optical depth is determined from IASI measurements at the
15 mm CO2 absorption band. Subsequently, the cirrus characteristics are used
for the ozone profile retrievals at the 9.6 µm O3 absorption band. To retrieve
ozone we employ a Tikhonov regularization scheme in combination with the
L curve approach. A sensitivity study shows that neglecting thin cirrus in the
ozone profile retrieval leads to errors of >20% in the troposphere for an in-
frared optical depth of <0.1 (τ550nm < 0.05), while errors are around 5%
when accounting for thin cirrus in the proposed manner. Uncertainties on
cirrus height are mostly compensated by the retrieval of the effective cloud
parameter. The findings are confirmed when we apply the retrieval scheme to
IASI measurements which are filtered according to water clouds and optically
thick cirrus. The ozone profiles are validated with 193 collocated ozonesonde
profiles from nine stations and show good improvement at all altitudes. For
the different stations the differences in the mean profiles between IASI ozone
profiles and sonde profiles at 5 km altitude improve from (-10)% – (+80)%
when cirrus is not accounted for in the retrieval to (-10)% – (+35)% when
employing the new retrieval scheme. At the same time the root-mean-square
differences between IASI ozone profiles and sonde profiles improve from 30%
– 100% to 20% – 50%.

This chapter has been published as Wassmann, A. et al., Ozone profiles from clear sky thermal
infrared measurements of the Infrared Atmospheric Sounding Interferometer: A retrieval approach
accounting for thin cirrus, Journal of Geophysical Research (2011)
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2.1 Introduction

Ozone is one of the most abundant trace gases in the Earths atmosphere and
monitoring its global distribution is crucial for our understanding of tropo-
spheric chemistry, air quality, and climate change. Its height resolved distribu-
tion can be measured in different ways. For example, vertical highly resolved
ozone profiles are obtained by radiosondes, which are available through the
World Ozone and Ultraviolet Radiation Data Center (WOUDC) and Southern
Hemisphere Additional Ozonesondes network. Here the limited spatial cover-
age forms a major drawback for compiling global data sets. Employing satellite
measurements leads to a significant gain in horizontal global coverage, how-
ever, with a loss in vertical resolution.

From space, ozone profiles can be retrieved from nadir measurements in
the ultraviolet (UV) part of the solar spectrum using the Hartley and Huggins
absorption band at 240 – 320 nm and in the thermal infrared (TIR) absorp-
tion around 9.6 µm. The MetOp series of three polar orbiting satellites carries
the grating spectrometer GOME2 (Callies et al., 2000), dedicated to measure
Earth reflectance spectra in the UV, visible, and near infrared, and the Fourier
transform spectrometer Infrared Atmospheric Sounding Interferometer (IASI)
(Clerbaux et al., 2007) covering the thermal infrared spectral region from
3.62 µm to 15.5 µm (645 – 2760 cm−1) continuously with a spectral resolution
of 0.5 cm−1 after apodization. The mission is a joint undertaking between the
European Space Agency and the European Organization for the Exploitation of
Meteorological Satellites to provide longterm meteorological and climatologi-
cal observations. The first satellite MetOpA was launched in October 2006 and
the second satellite MetOpB is due to be launched mid2012.

For the UV spectrometers different ozone profile retrieval approaches are
reported in the literature (e.g Hoogen et al. (1999), Hasekamp and Landgraf
(2001), Müller et al. (2003), and Meijer et al. (2006)). Also, the retrieval
of ozone profiles from TIR measurements has been investigated extensively in
the past (e.g. Susskind et al. (2003), Worden et al. (2004), Turquety et al.
(2004), Coheur et al. (2005), Bowman et al. (2006), and Eremenko et al.
(2008)), which includes several inversion techniques like optimal estimation
(Rodgers, 1976), maximum a posteriori estimates, and feed forward neural
networks. For the TIR all IASI retrieval schemes rely on cloudfree filtering of
IASI measurements and as such do not account for any cloud contamination
of the measurement. This includes the occurrence of thin cirrus clouds which
are very difficult to detect by any cloud filtering. However, cirrus occurs on a
global scale and Sassen et al. (2008) derived a total cirrus occurrence frequency
of ∼16.7% from CloudSat/CALIPSO data, in terms of a 1 year global average.
Consequently, even after cloud filtering of the measurements the probability of
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processing a cirrusaffected spectrum is considerable.
The retrieval of cirrus properties from TIR measurements is considered in

several studies. Yue et al. (2007), Kahn et al. (2007), and Susskind et al.
(2011) presented different retrieval approaches of cirrus properties from At-
mospheric Infrared Sounder (AIRS) measurements at 800 – 1130 cm−1 and
700 – 760 cm−1. Moreover, Kulawik et al. (2006b) employed measurements
of the Tropospheric Emission Spectrometer instrument at 650 – 2260 cm−1

to retrieve spectrally dependent effective optical depth and cloud top height
and subsequently investigated errors on trace gas retrievals. The retrieved
cloud parameters were validated using cloud data from the Moderate Reso-
lution Imaging Spectroradiometer (MODIS) and AIRS (Eldering et al., 2008).
In this study we follow a similar approach for the retrieval of ozone profiles
from IASI measurements. Using a twostep retrieval approach, we first retrieve
an effective cirrus optical depth from IASI measurements at the 15 µm CO2

absorption region. This cirrus information is used in a subsequent step to re-
trieve ozone profiles from the 9.6 µm ozone absorption band. We compare the
corresponding retrieval results with those of a retrieval scheme which assumes
clear sky atmospheres. The paper is structured as follows: After introducing
the TIR measurements and their sensitivity to ozone in section 2.2, we describe
the new retrieval concept that we employ for determining ozone profiles. In
section 2.3 we describe our algorithm in more detail, followed by a validation
with ozonesondes in section 2.4. Conclusions are given in section 2.5.

2.2 TIR measurements and the sensitivity to ozone

The IASI instrument measures the radiation emittedby the Earth in the spectral
range 645 – 2760 cm−1. Assuming thermal equilibrium, the thermal infrared
spectrum is a result of Planck radiation of the Earths surface with temperature
Ts and the Planck radiation of the atmosphere. Because of atmospheric ab-
sorption this radiation is partly absorbed on its way through the atmosphere.
In turn, this results in absorption features in the spectrum.

Figure 2.1 shows an IASI measurement with pronounced absorption bands
of O3 at 9.6 µm and of CO2 at 15 µm. The sensitivity of the IASI measure-
ment with respect to atmospheric absorption depends critically on the vertical
temperature structure of the atmosphere. Here the sensitivity with respect to
a trace gas abundance x in a model layer of optical depth ∆τ for a single
wavenumber is given by (e.g. Landgraf and Hasekamp (2007))

∂I

∂x
= [B(T )− I0]e−τs

∂∆τ

∂x
, (2.1)

where B(T ) is the Planck radiation emitted in the layer with the temperature
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Figure 2.1 – Infrared Atmospheric Sounding Interferometer (IASI) spectrum in the (left) 15 µm
CO2 and (right) 9.6 µm O3 absorption region as recorded on 3 April 2008 over De Bilt, Nether-
lands.

T , I0 is the radiation that enters at the lower layer boundary, and τs is the
slant optical depth along the satellite line of sight from the top of the model
atmosphere to the lower boundary of the model layer. From equation (2.1) it
is obvious that the ozone sensitivity of TIR measurements is largely sensitive
to the temperature profile because it determines the difference between the
Planck radiation B(T ) and the incoming radiation I0. For example, for ground
surfaces which emit radiation of a temperature equal to the atmospheric tem-
perature above the surface, the difference in equation (2.1) vanishes and so
does the sensitivity to ozone. In contrast, if there is a temperature difference
between the surface and the lowest model layer the measurement becomes sen-
sitive to ozone close to the surface (e.g. Landgraf and Hasekamp (2007)). By
virtue of decreasing temperatures with height the differenceB(T )−I0 becomes
larger and thus the sensitivity increases with its maximum near the tropopause.
At altitudes where the temperature gradient is almost zero the sensitivity de-
creases.

2.3 Algorithm description

In this section we describe the three main modules of the two-step retrieval
approach. After an appropriate cloud filtering of the measurements the first
module retrieves an effective cirrus optical depth from the 15 µm CO2 ab-
sorption band. The second module uses the obtained cirrus optical depth as
input to the ozone profile retrieval from the 9.6 µm O3 absorption band. In
both fitting windows the surface temperature has to be fitted simultaneously
with cirrus cloud optical depth and the vertical ozone distribution. Finally, the



Ozone profiles from IASI measurements 29

third module comprises the forward model which is common to both retrieval
steps.

2.3.1 Forward model

For the retrieval of ozone profiles from IASI measurements a forward model F
is needed, which simulates the IASI measurement ymeas, namely,

ymeas = F(x,b) + ey. (2.2)

Here F is a function of both the atmospheric state vector x to be retrieved and a
model parameter vector b, which represents additional model parameters that
influence the radiance spectrum. The error vector ey combines measurement
and forward model errors.

For the simulation of IASI measurements we assume thermal equilibrium
and the top-of-atmosphere radiance I(ν) at a wave number n is simulated by a
line of sight integration of the Planck function, namely,

I(ν) = εsB(Ts, ν)e−
τtot(ν)
µ

+

∫ z

0

B(T (z′), ν)e−
τ(z′,ν)
µ dz′

+ (1− εs) · 2 ·
∫ 1

0

∫ 0

z

B(T (z′), ν)e
− τ(z

′,ν)
µ′ dz′µ′ dµ′e−

τtot(ν)
µ .(2.3)

The first term describes the attenuation by the atmosphere of the surface emit-
ted radiation, the second term simulates the emission of the Earth atmosphere
along the instrument line of sight, and the third term takes into account the re-
flection at the ground surface of the downwelling radiance, which is assumed
to be Lambertian. In equation (2.3) τtot denotes the total vertical optical depth,
while τ is the layer optical depth. Here µ represents the cosine of the viewing
angle, and in the third term of equation (2.3) µ′ indicates the angles of the
streams used for the solid angle flux integration, whereas z′ stands for the in-
tegration over height. Along with the radiance the forward model calculates
analytical derivatives with respect to the ozone profile, the temperature pro-
file, and the surface temperature. For all simulations we assume in this study
a plane parallel atmosphere gridded in 60 homogeneous layers with a geomet-
rical thickness of 1 km. Moreover, the downwelling radiance is estimated by
four discrete Gaussian streams for the zenith angle µ′. This allows an analytical
evaluation of the integrals in equation (2.3).

In the 9.6 µm O3 absorption band and the 15 µm CO2 absorption band the
overall atmospheric optical depth τ is composed of three different atmospheric
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absorbers, O3, H2O, and CO2. Temperature, water vapor, and carbon diox-
ide profiles are assumed to be known and taken from the European Center for
Medium-Range Weather Forecasts (ECMWF) ERA interim data (Berrisford et
al., 2009) and CarbonTracker model fields (Peters et al., 2007). The associated
spectroscopic parameters are extracted from the HITRAN 2004 database (Roth-
man et al., 2005). Guinet et al. (2010) reported inconsistencies between the
infrared and UV cross sections in both, HITRAN 2004 and HITRAN 2008 (Roth-
man et al., 2009) without stating which of the two data sets is more reliable.
Hence, we decided to rely our measurement simulation on HITRAN 2004. Fur-
thermore, we include the updated line-mixing parameters for the CO2 absorp-
tion band (Lamouroux et al., 2010) of the former line-mixing model by Niro et
al. (2004). To account for the water vapor continuum absorption, we employ
the continuum model by Clough et al. (2005). The surface emissivity for each
IASI ground pixel coordinate is taken from the monthly mean MODIS surface
emissivity database (Seemann et al., 2008) at 12.1 µm for the CO2 spectral
window and at 9.3 µm for the O3 spectral window. The radiance spectra are
calculated with a spectral sampling of ∆ν = 5 × 10−3 cm−1 and eventually
convolved with the IASI instrumental response function (Camy-Peyret et al.,
2001) to match the spectral resolution of the IASI measurements. Simulations
of top-of-atmosphere radiances using our line-by-line model are compared with
corresponding LBLRTM simulations (Clough et al., 2005) and 4A/OP simula-
tions (Scott and Chédin, 1981; Chaumat et al., 2009) and show differences
<1% between the models. These model discrepancies can mainly be assigned
to the use of different spectroscopic databases, e.g., GEISA in 4A/OP and HI-
TRAN 2000 in LBLRTM, and the different vertical discretizations of the model
atmosphere. For example, the HITRAN 2000 and HITRAN 2004 ozone line
intensities in the 9.6 µm absorption band differ by ∼4% (Flaud et al., 2003).
Deviations in the corresponding radiance spectra are found to be <2%. Con-
sequences for the retrieval of ozone from this spectral range are minor and
the spectroscopic differences affect the retrieved ozone by <2% above 5 km
altitude and <6% below 5 km.

2.3.2 Cloud filtering and retrieval of effective cirrus optical depth

A proper treatment of the cloud contamination of IASI measurements is essen-
tial for the retrieval of ozone profiles. As a first step in this process we apply a
cloud filtering to the IASI data to exclude cases of low-level clouds with warm
cloud top temperatures and to exclude spectra that are obviously affected by
cirrus. We assume the presence of low-level clouds, in case no profile infor-
mation, i.e., temperature and water vapor, is provided on pressure levels with
plev > 938 hPa for the corresponding IASI spectra. Consequently, these cases
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Figure 2.2 – Derivative of the radiance I with respect to the (a) cloud optical thickness and (c)
surface temperature in the 15 µm fitting window. Derivative of the radiance I with respect to (b)
ozone at 6 km and (d) the surface temperature in the 9.6 µm fitting window.

are rejected. The remaining IASI data are checked for the presence of opti-
cally thick cirrus clouds adapting the approach of Clerbaux et al. (2009). For
this purpose we simulate a clear sky spectrum in the atmospheric window be-
tween 1070 cm−1 and 1120 cm−1 using the forward model of section 2.3.1 and
the ECMWF temperature profile and skin temperature. Subsequently we take
the ratio between the simulated and the measured spectrum, Isim and Imeas,
respectively, and average those over the spectrum. An IASI measurement is
declared to be free of optically thick cirrus when the corresponding mean ratio
r satisfies the relation

0.83 ≤ r ≤ 1.13 . (2.4)

The threshold values for the ratio are determined from measurement simula-
tions with cirrus clouds of different optical depths. Here the tolerance range in
equation (2.4) corresponds to a filtering in cirrus optical depths with τcir < 0.1,
which corresponds to an optical depth of τ550nm < 0.05 at 550 nm.
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After cloud filtering the remaining cirrus contamination of IASI measure-
ments, which passed the discussed filter, is still significant. Here high cirrus
clouds attenuate the emission signal from the troposphere in the IASI spec-
trum and thus reduces the sensitivity of the measurement with respect to the
ozone abundance below the cloud. Multiple scattering of light within the cir-
rus enhances the light path through the cloud and thus the attenuation of the
tropospheric signal. On the other hand, scattering of light into the line of sight
can also shorten the light path through the cloud. To avoid numerical demand-
ing calculations of multiple scattering in the model atmosphere we describe
cirrus clouds in the retrieval by an absorption layer in terms of an effective
optical depth including emission at the local temperature (see, e.g., Kulawik et
al. (2006b)). This simplification causes a forward model error to the retrieval
which will be discussed later in this study. Using prior knowledge on the at-
mospheric CO2 abundance, the temperature profile, and the surface emissivity,
we perform a least squares fit to determine an effective infrared optical depth
at the 15 µm band,

x̂ = min
x
‖(Kx− y)‖2 . (2.5)

Here the retrieved state vector x̂ is composed of the effective cirrus cloud op-
tical depth and the surface temperature. Figure 2.2 shows the surface tem-
perature Jacobian and the Jacobian with respect cirrus optical depth. Both
Jacobians interfere in the entire displayed spectral range and thus the corre-
sponding parameters can be retrieved only simultaneously. In this context it
is important to note that the retrieved surface temperature is an effective re-
trieval parameter, which, e.g., depends on prior assumption on surface emissiv-
ity. Consequently, the surface temperature retrieved in a spectral region, where
atmospheric absorption is low, cannot be used in the CO2 fitting window. Here,
the retrieved effective surface temperature depends on the accuracy of the a
priori knowledge of the surface emissivity and thus on the spectral range. The
measurement vector y consists of IASI measurements at wave numbers from
the wing of the 15 µm CO2 absorption band between 725 – 767 cm−1. This
fitting window is chosen such that absorption is mainly due to CO2 and the
depth of the absorption lines can be assigned to the effect of thin cirrus. From
simulated measurements it can be expected to retrieve an optical depth and
a cloud height. However, when applying the retrieval scheme to actual IASI
measurements it turned out that only one cloud parameter can be retrieved
because forward model errors and measurement errors induce pseudonoise to
the retrieval and thus limit the information that can be extracted from the
measurement. Consequently, we decided to fix the cirrus cloud top height to
ztop = 10 km. In addition, we choose a geometrical thickness of ∆z = 1 km.
The retrieved infrared cirrus optical depth at around 15 µm, the a priori cloud
top height, and the a priori geometrical thickness form the set of input param-
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eters for the ozone profile retrieval using IASI measurements at 9.6 µm. This
approach ignores any spectral dependence of the cirrus optical depth between
the two spectral windows.

The presented approach does not consider atmospheric aerosols. Generally,
moderate and small sized aerosol particles affect measurements in the thermal
infrared spectrum only to a small degree. In contrary, the effect of elevated
aerosol layers of large particle sizes can be significant. Thus, one may suggest
to treat the latter cases also in terms of an absorption layer as it is suggested for
the cirrus clouds. However, elevated aerosol layers with optical depths, which
pass the filter criterion in equation (2.4), are less frequent than the occurrence
of optically thin cirrus clouds. Due to that the focus of the presented study is
on a proper treatment of cirrus clouds for the retrieval of tropospheric ozone
profiles.

2.3.3 Retrieval of ozone profiles: inversion model

For the retrieval of ozone we exploit the 9.6 µm absorption band in a range
of 1000 – 1065 cm−1. Here the radiance at wave numbers with high absorp-
tion originates from higher altitudes whereas the signal from lower altitudes
is shielded. Toward the wings of the strong ozone absorption the atmosphere
becomes more transparent and the contribution of the lower atmosphere and
the surface to the measured spectrum increases. Therefore, TIR measurements
contain information on the vertical distribution of ozone. To retrieve this in-
formation the forward model F, which is described in section 2.3.1, has to
be inverted. For this purpose a Taylor expansion around an initial guess x0 is
applied, and equation (2.2) is approximated by

y = Kx + ey. (2.6)

where K = ∂F/∂x is the Jacobian or kernel matrix of the forward model
and y = ymeas − F(x0,b) + Kx0. For this retrieval module the state vector
comprises the ozone profile, which is discretized in 30 homogeneous layers of 2
km thickness, and the surface temperature. Using equation (2.6), we can invert
equation (2.2) with respect to x in an iterative manner. The simultaneous
retrieval of both, the ozone profile and the surface temperature, is needed
because the measurement sensitivity with respect to both components of the
state vector interfere, analogous to the sensitivity interference shown in Figure
2.2.

The inversion of vertical ozone profiles from spaceborne measurements in
the TIR spectral range represents an ill-posed problem which means that the
standard least squares solution is overwhelmed by noise. To cope with the
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ill-posedness we use Tikhonov regularization (Phillips, 1962; Tikhonov, 1963;
Twomey, 1963):

x̂ = min
x
{‖S−

1
2

y (Kx− y)‖2 + γ2‖Dx‖2}, (2.7)

where D is the discrete representation of the first derivative and γ is the reg-
ularization parameter which balances the contribution of the two terms in the
cost function in equation (2.7). Furthermore, Sy represents the measurement
error covariance matrix. In our study we assume uncorrelated errors that leads
to contributions on the diagonal of Sy only. The solution of equation (2.7) can
be written in matrix form,

x̂ = Gy, (2.8)

where G is the gain or contribution matrix,

G = [KTS−1
y K + γ2D]−1KTS−1

y , (2.9)

and T denotes the transpose of a matrix. The reason of introducing the side
constraint γ2‖Dx‖2 in equation (2.7) is to reduce the influence of noise on the
solution. Thus, a good choice of γ is crucial. If γ is chosen too large, the noise
contribution to the solution of the measurement is low, but the least squares
residual norm deviates significantly from its minimum. On the other hand, if
γ is chosen too small, the measurement is fitted well but the solution norm
is high, and so, the solution is overwhelmed by noise. The part of the profile
which is dominated by noise defines the effective null space of the problem.
Thus, γ should be chosen such that the two minimizations are well balanced.
This can be achieved by using the L curve method (Hansen, 1992; Hansen
and O’Leary, 1993). Tikhonov regularization in combination with the L curve
method has been applied successfully for the retrieval of ozone profiles from
backscattered sunlight in the UV by Hasekamp and Landgraf (2001).

Because of the regularization, the retrieved state vector x̂ does not repre-
sent an estimate of the true state vector xtrue but a weighted average of xtrue.
Both are related through the averaging kernel A (Rodgers, 1990):

x̂ = Axtrue + ex, (2.10)

where ex represents the error in the profile caused by the error in the measure-
ment, ex = Gey. The averaging kernel is given as

A =
∂x̂

∂xtrue
= GK. (2.11)

The trace of the averaging kernel gives information about the number of inde-
pendent components that can be retrieved, better known as degree of freedom
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for signal (DFS),
DFS = trace(A). (2.12)

The averaging kernel describes the degree of smoothing of the retrieved
profile at a certain height regarding its rows. Thus, for the performance analy-
sis of the retrieval it is crucial to compare the retrieved ozone profiles with an
estimate of the true profile which is smoothed to the vertical resolution of the
retrieval. For this purpose radiosonde measurements of the vertical ozone dis-
tribution which are collocated in space and time with IASI retrievals are very
well suited. In this case the retrieval errors

δxret = xret −Axtrue (2.13)

represent an important diagnostic tool for the validation of the algorithm. In
case of simulated measurements, where the particular measurement noise is
known, in the linear domain of the forward model, one can disentangle the
retrieval noise and the retrieval bias δxbias, namely,

δxbias = δxret − ex (2.14)

where ex is the retrieval noise for a given measurement noise in the simula-
tion.

The described regularization scheme is iterated until convergence is achieved
with a χ2-difference < 0.01 between consecutive iteration steps i and i + 1.
Cases where the number of iteration steps exceeds 21 are regarded to be
nonconvergent.

2.4 Retrieval performance

2.4.1 Performance analysis for simulated measurements

To test the assumptions made, we simulate IASI measurements in the 15 µm
CO2 band and in the 9.6 µm O3 band assuming a layer of thin cirrus be-
tween 9 and 10 km with infrared optical depths ranging from τcir =0.01 –
0.3. For the measurement simulation the discrete ordinates radiative transfer
model (Stamnes et al., 1988) is employed which fully accounts for the scatter-
ing properties of cirrus. The required scattering and absorption cross sections
as well as the scattering phase function are simulated for a lognormal particle
size distribution with an effective radius of 5 µm and a variance of 2 µm and
the refractive index for ice crystals, which is taken from Warren and Brandt
(2008). In the context of the overall uncertainty in our retrieval, the value of
the effective radius is of minor relevance for the retrieval per- formance. To
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Figure 2.3 – Retrieval error δxbias of ozone profiles for a US standard atmosphere (NOAA, 1976)
when retrieved effective cirrus optical depths are disregarded (standard approach). Thin cirrus
optical depths as included in the model atmosphere are displayed along the x axis. The cloud top
height is 10 km, and the geometrical thickness, ∆z, is 1 km.

demonstrate the need to retrieve optical properties of thin cirrus clouds, Figure
2.3 shows the error on the retrieved ozone from simulated measurements when
cirrus clouds are not considered in the retrieval. Cirrus clouds with infrared op-
tical depths of τ < 0.1 (τ550nm < 0.05) and a cloud top height of 10 km cause
an overestimation up to δxbias = 25% on tropospheric ozone, which represents
a significant error source. Furthermore, a cirrus loaded atmosphere also af-
fects the retrieval quality in the lower stratosphere although to a lesser extend
(δxbias < 9% between 10 and 20 km). For measurement simulations with a
cirrus optical depth >0.2 the retrieval did not converge. An overestimation of
ozone is expected since a layer of high cirrus clouds attenuates the signal orig-
inating from the Earth surface and the atmosphere below the cirrus. Hence,
the skin temperature which is mainly retrieved from the spectral continuum, is
low biased. In the absorption band, the measurement is also sensitive to atmo-
spheric emission from the lower troposphere. Assuming the true temperature
and ozone profile, this contribution is overestimated for the clear sky simula-
tions because of neglecting the signal attenuation by the cirrus cloud. To get
measurement and forward model into agreement, the inversion overestimates
tropospheric ozone to reduce the contribution of tropospheric emission.

Next we use the cloud retrieval scheme of section 2.3.2 to retrieve a spec-
trally independent infrared effective cirrus optical depth for a cloud top height
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Figure 2.4 – (top) Retrieval error δxbias of ozone profiles for different thin cirrus optical depths
when the effective optical depth is included and the cloud top height is fixed to 10 km in the ozone
profile retrieval. Different cloud top heights, ztop, in the model atmosphere from 8 km to 12 km
are shown from the left to the right. (bottom) The evolution of χ2 values for the retrieval of the
effective cloud optical depth in the CO2 window.

of 10 km along with surface temperature from the 15 µm band measurements.
Together with the a priori cloud top height and geometrical thickness the re-
trieved effective optical depth is input to the ozone profile retrieval. In this
case we achieved convergence of the algorithm for cirrus optical depth ≤0.5.
Furthermore, Figure 2.4 indicates that the retrieval error δxbias is below 5%
in absolute value in the troposphere (above 2 km) and below 1% in absolute
value between 10 and 20 km if the cirrus cloud top height in the simulated
model atmosphere and the fixed cloud top height in the retrieval scheme coin-
cide. For an underestimation of the cloud top height by 2 km in the retrieval
the total error on the tropospheric ozone profile is about 3% and a correspond-
ing overestimation by 2 km results in a total error up to 15% for infrared cirrus
optical depths τ < 0.1 (τ550nm < 0.05). Between 10 and 20 km the error on the
ozone profile shows no or very little sensitivity to a wrongly estimated cloud
top height. An error analysis assuming a tropical cirrus case with a cloud top
height of 16 km has not been conducted, because of the lack of collocated
ozone radiosonde and IASI measurements in the tropics. Despite the fact that
a spectral dependency of the effective cirrus optical depth is omitted and the
cirrus cloud height is assumed to be known a priori, we expect from comparing
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Table 2.1 – List of validation stations and the amount of data available.

Station Lat Lon Nstandard
a Nnew

a

Broadmeadows, Australia S37.69◦ E144.95◦ 11 16
De Bilt, The Netherlands N52.12◦ E005.18◦ 19 21
Goose Bay, Canada N53.30◦ W060.36◦ 9 13
Hohenpeissenberg, Germany N47.80◦ E011.02◦ 44 53
Lerwick, Great Britain N60.13◦ W001.18◦ 15 15
Lindenberg, Germany N52.21◦ E014.12◦ 24 30
Payerne, Switzerland N46.49◦ E006.57◦ 22 31
Sapporo/Tatenob, Japan N43.06◦ E141.33◦

N36.06◦ E140.10◦ 10 14

154 193
aBoth, the standard retrieval approach and the new approach
have been applied to the same data set.
bData from both stations have been summarized to
make the statistic more meaningful.

Figures 2.3 and 2.4 to achieve a significant improvement in the retrieval accu-
racy of tropospheric ozone from IASI measurements. Additionally, Figure 2.4
(bottom) shows the corresponding χ2 values of the spectral fit of the effective
cloud optical depths in the 15 µm CO2 spectral region. The increasing values
for χ2 for optically thicker cirrus reflect the increasing significance of scatter-
ing, which is only described in an effective manner by an absorption cirrus
layer, and the implicitly forced emission at a potentially wrong local tempera-
ture. Overall, the errors introduced by the simplified cloud model are clearly
below the uncertainty threshold of future missions. For example for the future
Sentinel 5 and its precursor, it is required to retrieve the tropospheric ozone
column with an uncertainty of better than 20% – 25% (Langen et al., 2009).
This justifies the use of the proposed approach.

2.4.2 Application to IASI measurements

Finally, we analyze the retrieval performance for IASI measurements by check-
ing the retrieval results with collocated ozonesonde measurements. Here we
compare the retrieval of ozone profiles when no cirrus contamination is as-
sumed in the retrieval (hereafter referred to as the standard approach) with the
new retrieval approach, when cirrus properties are retrieved from the 15 µm
CO2 fit window. For this purpose we consider nine different stations with ra-
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Figure 2.5 – (top) Least squares fit of (left) surface temperature assuming clear sky and (right)
surface temperature and effective cirrus optical depth for De Bilt, Netherlands on 8 May 2008.
(bottom) Spectral residuals.

diosonde measurements extracted from the WOUDC database. Information on
the stations is given in Table 2.1. Note that, due to lack of data no collocations
with tropical stations have been found. The collocation criterion in space and
time between IASI and radiosonde measurements is defined by a 1.0◦ × 1.0◦

latitude and longitude box around the balloon launch site and a time difference
between both measurements of <12 h. Within these constraints only IASI mea-
surements are used which passed the cloud filter as described in section 2.3.2.
If more than one collocation is found, only the IASI measurement closest to the
launch site is used.

First we consider one particular IASI retrieval which is collocated with an
ozonesonde measurement over De Bilt in the Netherlands on 8 May 2008. Fig-
ures 2.5 and 2.6 show the spectral fit for the 15 µm CO2 and the 9.6 µm O3 fit
window, respectively. When we assume that the observed scene is free of cirrus
significant residuals can be seen in both fitting windows (see Figure 2.5 (left)
and Figure 2.6 (middle)) indicating the deficiency of this retrieval approach.
Applying the new retrieval approach in order to derive the effective attenua-
tion by the thin cirrus, an infrared effective optical depth of 0.13 is determined.
In this case the spectral residuals are improved considerably, which is also re-
flected by the substantial improvement in the χ2 values from 67.3 to 5.22 for
the CO2 window and from 2.69 to 1.56 for the ozone fitting window.

The corresponding ozone profiles including the averaging kernel are de-
picted in Figure 2.7. Figure 2.7a shows the averaging kernel of the standard
retrieval. In Figure 2.7b the corresponding diagonal of the averaging kernel
is shown together with the averaging kernel diagonal of the new retrieval. It
can be seen that not only the sensitivity has increased in general, but espe-
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Figure 2.6 – (top) IASI measurement (black) with fitted spectrum (green) for De Bilt, Netherlands
on 8 May 2008. (middle and bottom) The residuals for the standard approach in green and the
new retrieval approach in red, considering the retrieved effective optical depth.

cially the sensitivity in the troposphere increases when we account for cirrus
clouds in the ozone retrieval. This is also reflected in the values for the DFS
which change from DFS0−40km = 2.11 to 2.79 and from DFS0−12km = 0.79 to
0.99 which is a result of the improvement in the fitting residuals. In addition,
the agreement between the retrieved profile and the smoothed sonde profile is
improved by the new retrieval approach, as can be seen in Figure 2.7d.

Figure 2.8 displays the time series of ozone number densities applying the
new retrieval approach for Hohenpeissenberg in Germany at 6, 10, 16, and
20 km altitude. The smoothed ozonesonde and retrieved ozone number den-
sity profiles are overall in good agreement. However, some outliers are appar-
ent, e.g., in December 2007, end of May 2009, and beginning of March 2010.
Despite that, Figure 2.8 emphasizes the capability of IASI to detect height-
resolved ozone density profiles. This is illustrated in the zoom in of the time
series (Figure 2.8, right) which highlights a minimum ozone event in the up-
per troposphere at 10 km beginning of March 2008 while stratospheric ozone is
still at maximum values. The tropospheric ozone minimum is also observed in
the original ozonesonde data (not shown). This minimum event is representa-
tive of the high variability of ozone in the upper troposphere which is also well
captured by the retrieval. The fact that the high variability can also be seen
at 6 km can be assigned to the vertical resolution. The deviations between re-
trieval and smoothed sonde of the adjacent data points of the minimum event
are within the overall uncertainty of the time series. Furthermore, the seasonal
cycle of stratospheric ozone can be identified at 20 km with a maximum in the
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Figure 2.7 – Retrieval results for one collocation between IASI and a radiosonde profile at De Bilt,
Netherlands, on 8 May 2008. (a) The averaging kernel for the standard approach (b) its diagonal
elements (green) together with the diagonal elements for the corrected averaging kernel (red).
The difference is shown in black. The ozone profiles for (c) the standard approach and (d) the
new algorithm with the retrieved profile, xret (red), the smoothed sonde profile, Axtrue (green),
and the original sonde profile, xtrue (black).
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Figure 2.8 – (left) Time series of ozone number densities at 6, 10, 16, and 20 km from smoothed
radiosonde measurements (dotted) and the new retrieval approach (solid) for Hohenpeissenberg,
Germany. (right) A zoom in for the end of February to beginning of March 2008.

Figure 2.9 – Difference between retrieved ozone concentration and radiosonde profiles smoothed
with the averaging kernel at four altitudes 6, 10, 16, and 20 km. The new retrieval approach (black
plus) from Figure 2.8 is compared to the standard algorithm (red diamond) for Hohenpeissenberg,
Germany. The corresponding values of the root mean square (RMS) difference and difference in
the mean are given in Table 2.2.
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Table 2.2 – Root mean square (RMS) difference and difference in the mean (DM) between retrieval
and smoothed sonde in % for Hohenpeissenberg as displayed in Figure 2.9. Here both the standard
and the new retrieval approach are considered.

6 km 10 km 16 km 20 km
RMS DM RMS DM RMS DM RMS DM

standard ret 51.3 30.5 32.9 20.4 19.9 10.8 19.0 9.9
new ret 30.8 11.5 25.4 11.7 18.1 5.2 15.5 2.5

end of each winter (February, March) every year.
In Figure 2.9 we compare the performance of both the standard and the

new retrieval for a set of ozonesonde profiles measured at Hohenpeissenberg
between December 2007 and April 2010. The errors are presented relatively
to the smoothed ozonesonde values at the same heights as in Figure 2.8. It is
evident that the new retrieval approach allows to determine ozone more ac-
curately. To further evaluate the difference between the IASI retrieval and the
smoothed sonde profiles, we consider the difference in the mean profile and
the root mean square (RMS) difference between the data sets. The difference
in the mean profile is mainly sensitive to an overall bias of the retrieved ozone
profile with respect to the smoothed ozonesonde profile while the RMS differ-
ence is also sensitive to the spread in the difference of the two data sets. The
values for the RMS difference and the difference in the mean profiles for both
retrieval approaches for the time series for Hohenpeissenberg, shown in Figure
2.8, are summarized in Table 2.2 and correspond to the four heights of 6, 10,
16, and 20 km. Furthermore, applying the new retrieval approach 53 converg-
ing cases are found compared to 44 for the standard approach. The difference
in the numbers can be explained by not converging cases applying the standard
retrieval to the IASI measurements.

Altogether we considered collocated IASI ozone retrievals at nine stations,
listed in Table 2.1, in the period from December 2007 to April 2010. Figure
2.10 shows the RMS difference and the difference in the mean for the standard
retrieval. Below 10 km we obtain differences in the mean between 10% and
80%. Here, sign and magnitude of the error agrees with the expected error of
the standard retrieval, shown in Figure 2.3. The corresponding values for the
RMS difference range from 30% to ∼100% in this altitude range. Accounting
for thin cirrus in the ozone profile retrievals reduces both, the differences in
the mean and the RMS difference, to a great extent. In general, for all stations
the difference in the mean has been improved to values between 10% and 35%
while the values for the RMS difference are found to be between 20% and
<50%. Also, above 10 km improvements result from the inclusion of thin cir-
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Figure 2.10 – (right) Difference in the mean and (left) RMS difference for (top) the standard re-
trieval algorithm and (bottom) the new approach for the stations from Table 2.1: Broadmeadows,
De Bilt, Goose Bay, Hohenpeissenberg, Lerwick, Lindenberg, Payerne, Sapporo, and Tateno.



Ozone profiles from IASI measurements 45

rus in the new retrieval approach. The improvements, however, are somewhat
smaller as we expect from the sensitivity study shown in Figure 2.3. Over-
all the comparison demonstrates that the agreement between IASI retrieval
and radiosonde measurements of ozone is significantly improved when one ac-
counts for cirrus contamination of the IASI measurements for the investigated
stations. No collocations with tropical stations have been found due to lack of
data and the retrieval of effective optical depth has been tested for midlatitude
cirrus cloud top heights around 10 km. For the retrieval over tropical latitudes
the cloud top height should be increased because at these latitudes cirrus can
be observed to up to 16 km altitude (Sassen et al., 2008).

2.5 Conclusions

In this paper we present a new retrieval algorithm for ozone profiles which
is capable of dealing with thin cirrus clouds. Filtering IASI spectra for cloud
contamination is essential in order to perform ozone profile retrievals. How-
ever, thin cirrus are hard to detect by cloud filters and thus not considered in
any IASI ozone profile retrieval algorithms from the thermal infrared spectral
range so far. Nevertheless, the effect of cirrus on the retrieval of tropospheric
ozone is considerable. In this study we have demonstrated that a cirrus cloud
of infrared optical depth of τ < 0.1 (τ550nm < 0.05) with a cloud top at 10 km
altitude causes an error on tropospheric ozone of up to 25% and of up to 9%
between 10 and 20 km. To overcome this error source, we retrieve a spectrally
independent effective cirrus optical depth performing a least squares fit in the
15 µm CO2 region under the assumption of prior knowledge of the vertical CO2

distribution and the temperature profile. For that purpose, we described the
cirrus layer in terms of an absorption layer, and the effect of scattering is con-
sidered by an effective cirrus optical depth in the retrieval. To determine ozone
profiles from the 9.6 µm O3 absorption band, we incorporate the retrieved
effective cirrus optical depth together with the a priori cloud top height and
geometrical thickness in the forward model and employ Philips-Tikhonov reg-
ularization in connection with the L curve method as described by Hasekamp
and Landgraf (2001) to solve the inverse problem.

A sensitivity study on simulated IASI measurements showed that the light
path in thin cirrus can be approximated by an effective optical depth and that
the retrieval errors are below 5% in absolute value in the troposphere and be-
low 1% between 10 and 20 km. Even in the case of an erroneously estimated
height of the cirrus layer by ±2 km the error on the ozone profile in the lowest
few km stays around 15%, which significantly reduces the retrieval error com-
pared to when cirrus is not included in the retrieval, and shows no or only little
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sensitivity between 10 and 20 km. Subsequently we applied our ozone profile
retrieval scheme to IASI measurements to analyze the differences between the
retrieved ozone profiles and collocated radiosonde measurements of the verti-
cal distribution of ozone. A data set of more than 190 ozone profiles at nine
different geolocations have been considered. Accounting for cirrus clouds in
the retrieval improves significantly the comparison between our IASI retrieval
and ozonesonde measurements as shown in the difference in the mean profiles
and the RMS difference profiles. The remaining bias and data spread may be
partly due to the omitted spectral dependency of the effective cirrus optical
depth, the simplified description of cirrus clouds by an absorption layer, and
the a priori choice of the cirrus height. Furthermore, a temporally variable
surface emissivity which is not accounted for in the retrieval schemes might
contribute to the error as well. The retrieval of a surface emissivity along with
the ozone profiles and the treatment of the spectral-dependent cirrus optical
depth are subjects to future work. The vertical resolution poses another aspect
which can be improved by combining measurements from the UV and TIR as
has been shown for simulated measurements (Landgraf and Hasekamp, 2007;
Worden et al., 2007).

Another possible application of our algorithm could be to retrieve ozone
profiles during polar night in the presence of polar stratospheric clouds (PSCs),
since optically thin PSCs can be treated in the same manner as thin cirrus with
the difference that PSCs occur at higher altitudes. This would provide a set of
unique satellite observations under these conditions.

In conclusion, we demonstrated in a sensitivity study that the influence of
thin cirrus on the retrieval of ozone profiles from the TIR is not negligible. We
presented an algorithm, which is capable of accounting for this effect. Actual
application to IASI measurements fully confirmed the findings of the sensitivity
study with good agreement between IASI retrievals and collocated ozonesonde
measurements.



3Sensitivity study on GOME-2
total column ozone
retrievals
Abstract. We present a sensitivity study of the direct fitting approach to
retrieve total ozone columns from the clear sky Global Ozone Monitoring Ex-
periment 2/MetOp-A (GOME-2/MetOp-A) measurements between 325 and
335 nm in the period 2007–2010. The direct fitting of the measurement is
based on adjusting the scaling of a reference ozone profile and requires accu-
rate simulation of GOME-2 radiances. In this context, we study the effect of
three aspects that introduce forward model errors if not addressed appropri-
ately: (1) the use of a clear sky model atmosphere in the radiative transfer
demanding cloud filtering, (2) different approximations of Earth’s sphericity
to address the influence of the solar zenith angle, and (3) the need of polar-
ization in radiative transfer modeling. We conclude that cloud filtering using
the operational GOME-2 FRESCO (Fast Retrieval Scheme for Clouds from the
Oxygen A band) cloud product, which is part of level 1B data, and the use
of pseudo-spherical scalar radiative transfer is fully sufficient for the purpose
of this retrieval. A validation with ground-based measurements at 36 stations
confirms this showing a global mean bias of −0.1% with a standard deviation
(SD) of 2.7%. The regularization effect inherent to the profile scaling approach
is thoroughly characterized by the total column averaging kernel for each indi-
vidual retrieval. It characterizes the effect of the particular choice of the ozone
profile to be scaled by the inversion and is part of the retrieval product. Two
different interpretations of the data product are possible: first, regarding the
retrieval product as an estimate of the true column, a direct comparison of
the retrieved column with total ozone columns from ground-based measure-
ments can be done. This requires accurate a priori knowledge of the reference

This chapter has been published as Wassmann, A. et al., The direct fitting approach for total
ozone column retrievals: a sensitivity study on GOME-2/MetOp-A measurements, Atmospheric Mea-
surement Techniques (2015)
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ozone profile and the column averaging kernel is not needed. Alternatively,
the retrieval product can be interpreted as an effective column defined by the
total column averaging kernel. This interpretation relies much less on the a
priori knowledge of the reference ozone profile; however, for its validation,
measurements of the vertical ozone distribution are needed. The different
manners of data interpretation are demonstrated for simulated and real mea-
surements using on-ground ozone column and ozonesonde measurements for
validation.

3.1 Introduction

Ozone is an important constituent of Earth’s atmosphere, and monitoring its
atmospheric abundance is essential to improve our understanding on tropo-
spheric chemistry, air quality and climate change (e.g., Guicherit and Roemer,
2000; WHO, 2003; WMO, 2014; Fuhrer, 2009; Fleming et al., 2011). For
this purpose, satellite measurements in the ultraviolet (UV) part of the solar
spectrum between 310 and 340 nm form a valuable tool in measuring the ver-
tically integrated amount of ozone with global coverage. The Global Ozone
Monitoring Experiment 2 (GOME-2) (Munro et al., 2015) aboard the three Eu-
ropean sun-synchronous, polar-orbiting MetOp satellites, with two currently in
operation and the third one due for launch in 2017, measures earth radiance
and solar irradiance spectra in the UV, visible, and near-infrared spectral range
from 240 to 790 nm with a spectral resolution of 0.24–0.53 nm and a spectral
sampling of 0.11–0.22 nm. It continues a long history starting with the Solar
Backscatter Ultraviolet instruments (SBUV and SBUV/2) (Bhartia et al., 1996)
and the Total Ozone Mapping Spectrometer (TOMS) (Bhartia and Wellemayer,
2004) on Nimbus 7 launched in 1978, followed in Europe by GOME (Burrows
et al., 1999) on ERS-2 in 1995, the Scanning Imaging Absorption Spectrom-
eter for Atmospheric CHartographY (SCIAMACHY) (Bovensman et al., 1999)
on Envisat in 2002, and the Ozone Monitoring Instrument (OMI) (Levelt et al.,
2006) on Aura in 2004.

To retrieve total ozone columns from these instruments, different algo-
rithms have been developed. Most of the algorithms employ the Differential
Optical Absorption Spectroscopy (DOAS) technique (e.g., Coldewey-Egbers et
al., 2005; Weber et al., 2005; Eskes et al., 2005; Van Roozendael et al., 2006;
Veefkind et al., 2004; Loyola et al., 2011), which is beneficial with respect to its
computational cost. For GOME-2, the operational O3MSAF/EUMETSAT (Euro-
pean Organisation for the Exploitation of Meteorological Satellites) ozone col-
umn product is based on the DOAS method implemented in the GOME Data
Processor version GDP v4.7 (Hao et al., 2014) and is extensively validated
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with ground-based measurements. Antón et al. (2009) performed a valida-
tion for total ozone columns retrieved with GDP v4.2 over the Iberian Penin-
sula using Brewer spectrometer measurements and found a bias of −3.05%,
while Loyola et al. (2011) report a global mean bias and standard deviation
(SD) of −0.28± 0.7% with respect to Dobson spectrometer measurements and
−1.22 ± 0.67% with respect to Brewer spectrometer measurements for total
ozone columns retrieved with GDP v4.4. A comparison with the total ozone
columns from GOME (processor version GDP v4.1), SCIAMACHY (processor
version SGP v5.0), and OMI (processor versions TOMSv8.5 and DOAO3v1.0.1
and level 1b data version collection 3) showed biases of −0.8, −0.37, −1.28%,
respectively, when compared with GOME-2 (processor version GDP v4.4 and
level 1b data version 4), ensuring a consistent data set (Koukouli et al., 2012).
Furthermore, degradation of satellite instruments in the UV is often observed
(e.g., GOME, Snel (2000), Tanzi et al. (2000), and van der A et al. (2002),
and SCIAMACHY, Noël et al. (2007) and Bramstedt et al. (2009)). Several
methods have been published to correct measured reflectances with modeled
reflectances (e.g., van der A et al., 2002; Krijger et al., 2005; van Soest et al.,
2005) or by comparing measured reflectances to those at the beginning of the
mission after removing both solar zenith angle and seasonal dependencies (Liu
et al., 2007; Tilstra et al., 2012b). Cai et al. (2012) provide an extensive anal-
ysis of both the spectral and the cross-track degradation of GOME-2 measure-
ments with time compared with model simulations and derived an empirical
radiometric correction.

As an alternative to the DOAS retrieval approach, Lerot et al. (2010) and
van Roozendael et al. (2012) proposed the direct fitting approach for the re-
trieval of total ozone columns. In this approach GOME UV radiance measure-
ments are fitted using a non-linear least squares fitting algorithm to adjust a
scaling of a reference ozone profile. During the iteration the vertical profile
is adjusted on the basis of the total-ozone-column-classified TOMS climatol-
ogy (e.g., Bhartia and Wellemayer, 2002; McPeters et al., 2007). An impor-
tant aspect of the direct fitting approach is the simulation of the GOME mea-
surement during the iteration using a physical model based on atmospheric
radiative transport. Lerot et al. (2014) adapted the tropospheric part of the
climatology from the climatology of Ziemke et al. (2011) and implemented the
calculation of total column averaging kernels. The direct fitting of satellite ra-
diance measurements to determine atmospheric trace gas columns is also suc-
cessfully applied in the retrieval CO columns from SCIAMACHY measurements
(e.g., Gloudemans et al., 2008), CH4 and CO2 columns from the Greenhouse
Gases Observing Satellite (GOSAT) (e.g., Butz et al., 2011) or in CO column
retrievals from simulated Sentinel-5 and Sentinel-5P measurements (Vidot et
al., 2012).
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In this study, we investigate aspects of the direct fitting approach by using
an implementation similar to the algorithm of Lerot et al. (2014). In partic-
ular we focus on two aspects: first, the relevance of forward model errors of
the measurement simulations and, second, the role of the regularization due
to the scaling of the reference profile. For this purpose, we present an algo-
rithm which adapts the total column amount of the reference ozone profile,
whose relative shape is kept fixed during the iteration. This modification of
the approach of Lerot et al. (2014) is chosen to better analyze the effect of the
regularization. As part of a least squares profile scaling approach, we simulate
clear sky earth radiances using solar spectra, which are retrieved beforehand
from GOME-2 solar irradiance measurements. The algorithm performance is
evaluated by means of a validation with ground-based Brewer, Dobson and
Système d’Analyse par Observation Zénithale (SAOZ) spectrometer data and
collocated ozonesonde measurements considering a correction for the altitude
of the validation site and the degradation of the satellite instrument. The ef-
fects of satellite instrument degradation on the earth radiance measurements
are partly mitigated by a radiometric correction that we derived for the first 4
years of the mission from global cloud-free measurements referenced to 2007,
which is the first year of the mission. Moreover, we address forward model er-
rors such as an error introduced by residual cloud contamination in a clear sky
retrieval due to poor cloud filtering, the representation of Earth’s sphericity and
the appropriate choice of the radiative transfer solver, considering vector and
scalar radiative transfer solvers. Finally, we highlight the aspect of regulariza-
tion using the total column averaging kernel to interpret the error introduced
by the choice of the reference ozone profile.

The paper is structured as follows: in Sect. 3.2 we briefly describe the for-
ward model and the inversion scheme. Section 3.3 describes the radiometric
correction of the GOME-2 measurements to mitigate the instrument degrada-
tion. In Sect. 3.4 we present the performance analysis followed by a forward
model error study. Finally, we address the aspect of regularization in Sect. 3.5
and conclude the paper in Sect. 3.6.

3.2 Algorithm description and retrieval setup

3.2.1 Forward model

To retrieve total ozone columns from GOME-2 measurements, a forward model
Fearth is needed in order to simulate GOME-2 earth radiance measurements
yearth as

yearth = Fearth(x,b) + eearth. (3.1)
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Fearth is a function of the state vector x to be retrieved and the model parame-
ter vector b, which contains additional parameters that influence the spectrum
but are not altered by the inversion. The error vector eearth combines both
errors in the measurement and forward model errors.

The forward model Fearth requires a solar spectrum S0 sampled on an in-
ternal, fine spectral grid. To infer S0 from the daily GOME-2 solar irradiance
measurements ysun, we set up a forward model equation analogous to Eq. (3.1)
but for the solar measurement, where we assume that the solar measurement
ysun can be simulated by spectral convolution of the solar spectrum S0 with the
instrument spectral response function. This yields the forward model equation
for the solar spectrum

ysun = KISRFS0 + esun. (3.2)

The matrix KISRF represents the convolution of the solar spectrum with the
instrument spectral response function and esun is the corresponding error vec-
tor. In Eq. (3.2), the length of the observation vector ysun is smaller than the
length of S0, so its inversion has no unique solution. Van Deelen et al. (2007)
showed that the least squares minimum length solution Ŝ0, which minimizes
the length of the solution vector Ŝ0 as a side constraint, is of sufficient accuracy
to simulate earth radiance measurements of the GOME mission. Following this
approach using GOME-2 solar measurements as disseminated by EUMETSAT,
we calculate the earth radiance measurements by

Fearth(Ŝ0) = KISRF(r · Ŝ0), (3.3)

where we explicitly show the dependence of Fearth on the solar spectrum and
omit any other dependence. Furthermore, r is the spectral reflectance of Earth’s
atmosphere. Equation (3.3) assumes the same instrument spectral response
function for solar irradiance and earth radiance measurements, so the noise
contribution on the inferred solar spectrum Ŝ0 is attenuated by the convolu-
tion in Eq. (3.3). In the present study we use a Gaussian instrument spectral
response function with a full width at half maximum of 0.3 nm.

The transfer of light through Earth’s atmosphere is described by the re-
flectance r as part of the convolution

(r · Ŝ0)(λ) =

∫
dλ̃ r(λ, λ̃)Ŝ0(λ̃). (3.4)

It includes the description of inelastic Raman scattering and elastic Rayleigh
scattering of solar light, where the integral kernel r(λ, λ̃) represents the re-
flection of sunlight at the incoming wavelength λ̃ to the outgoing wavelength
λ. Numerical calculations of r are very time-consuming (e.g., Landgraf et al.,
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2004; van Deelen et al., 2005) and thus require an approximation to keep the
numerical effort of the algorithm reasonable. Based on the concept of pre-
calculated ring spectra (e.g., Hoogen et al., 1999; Hasekamp and Landgraf,
2001; Lerot et al., 2014), we approximate Eq. (3.4) by

(r · Ŝ0) ≈ rRay · Ŝ0

(
1 + a

rLUT
Ram · Ŝ0

rLUT
Ray · Ŝ0

)
, (3.5)

where rRay is the monochromatic earth reflectance due to atmospheric Rayleigh
scattering. It is calculated online employing the LINTRAN radiative transfer
model (Landgraf et al., 2001; Walter et al., 2004; Hasekamp and Landgraf,
2005; Schepers et al., 2014). For all simulations, we use ozone cross sections
by Brion et al. (1993), which are calculated for the given temperature profile,
as well as scattering cross sections and phase matrices for Rayleigh scatter-
ing described by Bucholtz (1995). LINTRAN comprises a scalar and vector
radiative transfer solver in plane parallel geometry and its pseudo-spherical
extension. In this study, we employ the scalar solver with the pseudo-spherical
approximation if not mentioned differently. Additionally, rLUT

Ray and rLUT
Ram are

pre-calculated reflectances stored in a lookup table, which includes Rayleigh
scattering and inelastic Raman scattering, respectively. The lookup table is
calculated with the model by Landgraf et al. (2004) for the US standard atmo-
sphere (NOAA, 1976) assuming a nadir viewing geometry, solar zenith angles
between 10 and 80◦ in 10◦ steps, a Lambertian surface albedo As = 0.1, and
total ozone columns between 280 and 400 DU in steps of 20 DU. Here, the so-
lar zenith angle dependence of the lookup table is chosen because atmospheric
Ring spectra depend significantly on this parameter (see e.g., Joiner et al.,
1995). The lookup table also includes the dependence on the total amount of
ozone to avoid interference of the filling-in of ozone absorption features in the
Huggins band due to atmospheric Raman scattering with the retrieved total
column of ozone. Factor a in Eq. (3.5) is a free model parameter to adjust the
effect of Raman scattering in the retrieval.

The use of the reflectance lookup tables rLUT
Ram and rLUT

Ray in Eq. (3.5) in-
stead of pre-calculated Ring spectra bears the advantage that the simulation
is based on one solar spectrum, which eases the spectral calibration of the
forward model. Assuming the molecular spectroscopy of ozone as spectral ref-
erence, the forward model can be spectrally adjusted by shifting the solar spec-
trum in Eq. (3.5), Ŝ0(λ) → Ŝ0(λ + ∆λS), to account for the Doppler shift and
furthermore to serve as a means of spectral calibration of the solar spectrum.
A corresponding spectral adjustment of the instrument spectral response func-
tion s(λ, λ̃)→ s(λ+∆λISRF, λ̃) accounts for a spectral shift between absorption
features of the earth radiance simulation and the GOME-2 measurement. Both
spectral shift parameters ∆λS and ∆λISRF are independent elements of the
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state vector and are determined by the inversion module, which is discussed in
the next section.

To simulate the sensitivity of the modeled spectrum to the parameters of the
state vector, we use the linearization capability of LINTRAN, which provides the
derivatives of rRay with respect to absorption and scattering parameters of the
model atmosphere. We approximate the derivatives ∂Fearth/∂τj with respect
to the absorption optical thickness τj in model layer j by

∂Fearth

∂τj
≈ KISRF

(
∂rRay

∂τj
· Ŝ0

(
1 + a

rLUT
Ram · Ŝ0

rLUT
Ray · Ŝ0

))
, (3.6)

and a corresponding expression ∂Fearth/∂As holds for the derivative with re-
spect to the spectral Lambertian surface albedoAs. The derivatives with respect
to the amplitude a in Eq. (3.5) can be calculated analytically in a straight-
forward manner. Moreover, for the Gaussian instrument spectral response
function, the derivative ∂Fearth/∂∆λISRF can be derived analytically, whereas
the derivatives ∂Fearth/∂∆λS are determined numerically using finite differ-
ences.

3.2.2 Inversion module

For the inversion, we need to linearize the forward model around an initial
guess of the state vector x0,

y = Kx + eearth, (3.7)

where K = ∂Fearth/∂x is the Jacobian matrix and y = yearth −Fearth(x0,b) +
Kx0. To retrieve the total ozone column, we follow the profile scaling approach
used by Lerot et al. (2010). The state vector consists of the total ozone column
c, the surface albedo A0 at a reference wavelength λ0 and its spectrally linear
dependence δA, with As(λ) = A0 + δA(λ − λ0), the amplitude a in Eq. (3.5),
a spectral shift of the solar spectrum ∆λS, and a spectral shift of the instrument
spectral response function ∆λISRF in Eq. (3.3). Here, the column density c is
defined by vertical profile integration,

c = CT ρ, (3.8)

where C = (1, . . . , 1) represents the corresponding geometric integration
assuming an ozone profile ρ given in partial column densities per model
layer.

We apply Eq. (3.7) to invert Eq. (3.1) in an iterative way with respect to
the state vector x using Gauss–Newton iteration, for which the minimization
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problem

x̂ = min
x

{∥∥∥S−1/2
e (Kx− y)

∥∥∥2

2

}
(3.9)

is solved in each iteration step. Here ‖ · ‖2 represents the L2 norm and Se is
the measurement error covariance. For this purpose, the Jacobian with respect
to a scaling of a reference profile is calculated from corresponding derivatives
with respect to an altitude-resolved ozone profile ρ,

Kcol
i =

∂Fearth,i

∂c
=
∑
j

Kprof
ij

ρref
j

cref
. (3.10)

Here, Kprof
ij = ∂Fearth,i/∂ρj = σi∂Fearth,i/∂τj describes the profile Jaco-

bian at a wavelength i, where ρj is the ozone subcolumn in model layer j
and σi the corresponding ozone absorption cross section. Furthermore, ρref is
the reference profile used for the scaling approach. From Eq. (3.10) it is clear
that the profile scaling approach relies on an altitude-resolved profile Jacobian.
A direct analytical calculation of the derivative ∂Fj/∂c is not possible due to
scattering and the temperature dependence of the ozone absorption. Kcol to-
gether with the derivatives of the measurement with respect to the other ele-
ments of the state vector defines the column of the least squares Jacobian Klsq

and the solution of Eq. (3.9) is given by

x̂ = Glsqy (3.11)

with the gain matrix

Glsq =
(
KT

lsqS
−1
e Klsq

)−1
KT

lsqS
−1
e . (3.12)

The least squares scaling approach can be interpreted as a regularized re-
trieval of the vertical ozone distribution (Borsdorff et al., 2014). Hence, the
retrieved column ĉ represents an estimate of an altitude-weighted integration
of the true ozone profile, namely

ĉ = Acolρtrue + ecol, (3.13)

where Acol is the total column averaging kernel, ρtrue is the true ozone profile
and ecol is the error on the retrieved column due to the measurement error ey.
This means that generally the retrieved column ĉ should be interpreted as an
estimate of the effective column

ceff = Acolρtrue. (3.14)
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Figure 3.1 – Left panel: total column averaging kernel using the ozone profile of the US stan-
dard atmosphere (dashed), from the climatology by Fortuin and Kelder (1998) (dotted), and the
ozonesonde profile from 15 January 2009 over De Bilt, the Netherlands (solid). The right panel
shows the corresponding ozone profiles. The measurements are simulated for a cloud-free scene,
the ozonesonde profile and a solar zenith angle of 70◦, a viewing zenith angle of 30◦, and a surface
albedo of 0.1.

The part of the true column that cannot be inferred from the measurement,
namely

en = (C−Acol)ρtrue , (3.15)

belongs to the effective null space of the inversion and is also known as smooth-
ing error of the retrieval (Rodgers, 2000). Borsdorff et al. (2014) discussed the
meaning of en in terms of the profile scaling approach. Interpreting the ef-
fective column ceff as an estimate of the true column, en represents the error
made by the choice of the reference profile ρref to be scaled in the inversion.
Obviously, when the reference profile represents the correct relative vertical
trace gas distribution, en vanishes. Therefore, en does not reflect an erroneous
interpretation of the measurement but originates from a wrong a priori knowl-
edge of the vertical ozone profile. For data interpretation and validation it is
desirable to disentangle both error sources.

Consequently, two different conclusions with respect to the interpretation
of the profile scaling approach can be drawn: (1) aiming for an estimate of
the true column, it has to be stressed that accurate a priori knowledge on the
relative vertical distribution of ρref has to be provided. In that case, the column
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averaging kernel is not needed for a proper data interpretation. This interpre-
tation is adapted by Lerot et al. (2010) and further elaborated by Lerot et al.
(2014), where the reference profile is updated during the iteration using the
empirical correlation between the total amount of ozone and its vertical dis-
tribution (Ziemke et al., 2011). (2) Alternatively, one can focus on the infor-
mation provided by the measurement and consider Eq. (3.14) as the definition
of the retrieval product, where the total column averaging kernel describes a
weighted altitude integration of the vertical ozone profile. Here, the effective
null space error is not part of the error budget of the product and the retrieval
depends much less on a priori profile information. However, the proper data
use requires detailed knowledge and application of the column averaging ker-
nel.

The comparison of both views on the data product in the context of the
product validation is one aspect of this study. For validation purposes, follow-
ing the first interpretation the retrieved column can be directly compared to
total ozone columns inferred from ground-based spectrometer measurements,
which are recorded routinely as part of a global measurement network, while
for the second interpretation the vertical distribution of ozone needs to be
known. For the latter, ozonesonde measurements can be used. However, due
to fewer observation sites and less frequent measurements, a corresponding
validation is limited in its spatiotemporal coverage. On the other hand, the
advantage of this approach is the minor dependence of the data product on the
a priori knowledge of the vertical ozone distribution. Important applications,
like the assimilation of the total ozone column in global and regional models,
preferably deal with information purely coming from the measurements and
thus try to minimize the effect of ozone knowledge originating from a priori
data. For such applications, the effective column together with its total column
averaging kernel forms a well-suited data product.

To infer the total column averaging kernel in our algorithm, we follow the
approach by Borsdorff et al. (2014). Interpreting the profile scaling approach
as a particular case of a regularized profile retrieval using Tikhonov regular-
ization of the first order (i.e., using the first derivative of the vertical profile
with respect to altitude in the regularization matrix) with an “infinitely strong”
regularization, Borsdorff et al. (2014) showed that the gain matrix reduces to
a gain vector gcol representing the fitted ozone column. Moreover, we can ex-
tract gcol from the gain matrix of the least-squares fit Glsq and calculate the
total column averaging kernel

Acol =

(
dc

dρi

)
= gcolKprof . (3.16)

For the proof of Eq. (3.16), the reader is referred to Borsdorff et al. (2014).
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Figure 3.1 shows the total column averaging kernels for retrievals from
simulated measurements. Here, the measurements are simulated for a cloud-
free scene and an ozonesonde profile on 15 January 2009 over De Bilt, the
Netherlands, representing the true ozone profile. Retrievals are performed for
three different reference ozone profiles: the US standard ozone profile (NOAA,
1976); the corresponding profile extracted from the climatology by Fortuin and
Kelder (1998), which provides monthly averaged climatological ozone profiles
in 10◦ latitude bands; and the true ozone profile itself. All are depicted in the
right panel of Fig. 3.1 as a dashed line, dotted line, and solid line, respectively.
Although the US standard and the climatological reference profile of Fortuin
and Kelder (1998) peak at different altitudes with different magnitudes, one
can see in the left panel that the general shape of the total column averaging
kernel is largely similar. The null space contribution of the sonde profile clearly
differs for the given model atmosphere and is en = 0.12% for the US standard
ozone profile and en = −0.95% for the climatological profile, respectively. It
vanishes when the ozonesonde profile itself is used as reference profile as ex-
pected. Depending on the reference profiles, we thus can expect errors on the
order of 1% for moderate solar zenith angles when we interpret the retrieved
column as an estimate of the true column. For low solar elevation at high lati-
tude stations in winter the error can even amount to 5%. This error source can
be avoided when we interpret the retrieved column as an effective column and
subsequently apply the total column averaging kernel concept for validation.
In Sect. 3.5 we demonstrate this aspect by applying both concepts to GOME-2
measurements.

3.3 Instrument degradation

To validate the presented algorithm, we apply it to spectra recorded by GOME-
2/MetOp-A between January 2007 and July 2011, disseminated by EUMET-
SAT. Due to the choice of the retrieval window between 325 and 335 nm, we
only use data from channel 2B with the advantage of the small 80 × 40 km
ground pixels. Because of the optical degradation of the GOME-2 scan mirror,
the reflectance measurements are subject to a spectral radiometric error. To
mitigate this error, two major approaches are reported in the literature, one
based on the predictability of the measurement using radiative transfer simula-
tions and a priori knowledge about the atmospheric state and the other based
on actual measurements, assuming that the averaged radiometric signal over
certain regions is constant for the same period of the year, i.e., surface albedo
and observation geometry. For example, Cai et al. (2012) calculate the degra-
dation as the relative difference between measured data and modeled data in
the wavelength region between 270 and 350 nm for the tropical belt (25◦ S–
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Figure 3.2 – Degradation of globally averaged reflectances with respect to reference year 2007
per small ground pixel at 330 nm in the ozone fitting window (325–335 nm). Ground pixel 1 is
the easternmost pixel of a scan and pixel 24 is the westernmost pixel.

5◦ N), where ozone varies only little, for the period between February 2007
and December 2009 in 15-day intervals. For GOME, Liu et al. (2007) presented
a different approach comparing measured reflectances with respect to those of
a reference date. Assuming a constant mean reflectance value, they considered
the mean reflectance measured between 60◦ N and 60◦ S as a function of time
for the first and 15th day of each month. Subsequently, the mean reflectance
is referenced to the value determined for 1 July 1995. To remove solar zenith
angle dependency and other seasonality, two third-order polynomials in time
are fitted to the data. The approach assumes a constant state of the atmosphere
and does not account for long-term trends in the total amount of ozone. Paw-
son et al. (2014) determined an average trend of 0.08±0.13% per year for the
period 2000–2013. This introduces a small uncertainty in the derived radio-
metric degradation. There are also several advantages of using observations
only over a comparison with simulated measurements. First, no collocations of
the radiative transfer input parameters with the measurements are needed and,
second, more importantly, uncertainties in ozone profiles, temperature profiles,
and cloud data which lead to forward model errors are avoided. In that way
only the effect of the instrument degradation and of atmospheric variations re-
main. However, averaging daily data over a large enough region reduces the
impact of the latter.
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In this paper, we follow a similar approach to Liu et al. (2007), monitoring
degradation at three wavelengths in our total ozone fitting window, namely
325, 330, and 335 nm. For each of the wavelengths, we consider GOME-2 re-
flectances for the forward viewing geometry of the descending node between
60◦ N and 60◦ S with minor cloud contamination of cloud fraction fcld ≤ 10%,
which is calculated by the FRESCO cloud algorithm (Wang et al., 2008) and
disseminated as part of the GOME-2 level 1B product. We arrange the data
in 5◦ latitude bins, 2◦ solar zenith angle bins, and 24 ground pixel bins rep-
resenting the cross-track scan. To define the degradation δIdeg for the period
2008–2011, the reflectance is referenced to the corresponding reflectance of
the year 2007, which is also the first year of the mission, on the same day
of the year for the same solar zenith angle bin, latitude bin and ground pixel
bin. We observe a clear scan angle dependence, shown for 330 nm in Fig. 3.2.
Here, ground pixel 1 represents the easternmost pixel and ground pixel 24 rep-
resents the westernmost pixel. One can clearly identify different rates at which
the across-track degradation takes place as indicated by the color gradients.
The westward pixels are subject to the most severe degradation with about
9.5% at the end of the period under investigation, while the eastward pixels
are least affected (3–4%), which is comparable to the findings of Tilstra et al.
(2012a). Cai et al. (2012) report a cross-track-dependent degradation ranging
from 0.6% to less than 2.2% from east to west pixels at 325 nm after 3 years.
Based on these findings, we correct the relative radiometric degradation of
GOME-2 radiances with respect to solar measurements assuming a multiplica-
tive error contribution (R. Snel, personal communication, 2014, SRON, the
Netherlands). Since the degradation showed only little spectral dependency
across our fitting window, we consider it spectrally constant. From the data
of Fig. 3.2, we derived a corresponding degradation correction for the period
2008–2011 per scan mirror position by linear regression. It is assumed that the
GOME-2 data are not affected by the degradation in 2007 and hence are not
corrected.
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Table 3.1 – Number of measurements N , biases b and error SD (σ) of the validation for each
station. Data set 1 comprises the results of the direct column comparison described in Sect. 3.4
using profiles from the climatology by Fortuin and Kelder (1998) as reference profiles and the filter
criteria δt < 30 DU, δr < 300 km, χ2 ≤ 2, and ηcld < 0.1 are applied. Data set 2 comprises the
results of the effective column comparison using ozonesonde profiles as reference and the more
stringent filter criterion δt < 15 DU, while the other remain as for data set 1.

Station name Lat. Long. Instrument Data set 1 Data set 2
N b [%] σ [%] N b [%] σ [%]

Alert 82.5◦ N 62.3◦ W B-MKII.019 121 0.9 3.0 7 0.2 3.0
Eureka 80.1◦ N 86.2◦ W B-MKV.069 130 −0.7 2.4 13 −1.1 1.1
Resolute 74.7◦ N 95.0◦ W B-MKII.031 166 −0.4 3.3 7 0.4 1.4
Scoresbysund 70.5◦ N 22.0◦ W SAOZa 164 3.2 3.5 13 4.2 2.8
Lerwick 60.1◦ N 1.2◦ W D-Beck.032 85 0.1 2.6 8 −0.3 2.2
Churchill 58.8◦ N 94.0◦ W B-MKII.026 155 0.5 3.5 18 0.6 4.8

B-MKIV.032 17 2.2 4.8 137 1.3 3.7
Edmonton 53.6◦ N 114.1◦ W B-MKII.055 290 −0.1 2.5 24 −0.9 2.0

B-MKIV.022 236 −0.1 2.9 25 −0.5 3.0
Goose Bay 53.3◦ N 60.4◦ W B-MKII.018 209 0.7 2.5 15 0.7 2.7
Lindenberg 52.2◦ N 14.1◦ E B-MKII.030 96 −0.9 2.3 10 −0.1 2.7
De Bilt 52.1◦ N 5.2◦ E B-MKIII.189 202 −1.3 1.8 17 −1.0 1.8
Valentia Obs. 51.9◦ N 10.3◦ W B-MKIV.088 150 −0.5 2.2 10 −0.6 2.9
Uccle 50.8◦ N 4.4◦ E B-MKII.016 172 0.3 2.1 33 0.5 2.5

B-MKIII.178 177 0.2 2.0 40 0.5 1.8
Praha 50.0◦ N 14.5◦ E D-Beck.070 79 −0.7 2.3 5 1.4 2.7

B-MKIII.184 207 −1.0 2.2 6 0.0 2.0
B-MKIV.098 222 −0.9 2.4 7 0.4 2.1

Hohenpeißenberg 47.8◦ N 11.0◦ E B-MKII.010 215 −0.3 1.8 49 −0.6 1.9
Egbert 44.2◦ N 79.8◦ W B-MKII.015 274 0.2 3.5 26 0.2 2.8
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OHP 43.9◦ N 5.7◦ E D-Beck.085 38 0.5 2.3 9 −0.1 2.2
SAOZa 327 −0.0 2.5 29 0.1 2.5

Sapporo 43.1◦ N 141.3◦ E D-Beck.126 177 0.6 3.0 15 −1.0 1.9
Madrid 40.5◦ N 3.6◦ W B-MKIV.070 184 −1.1 2.2 16 −0.8 2.9
Boulder 40.1◦ N 105.3◦ W D-Beck.082 161 0.8 2.9 22 1.1 2.5
Ankara 40.0◦ N 32.9◦ E B-MKIII.188 280 0.2 2.3 11 −0.2 1.6
Tateno 36.1◦ N 140.1◦ E D-Beck.125 145 1.0 3.1 14 1.9 2.7
Izaña 28.3◦ N 16.5◦ W B-MKIII.157a 342 0.2 1.7 36 −0.6 1.4
Naha 26.2◦ N 127.7◦ E D-Beck.127 409 −0.6 2.1 47 0.1 1.7
Hong Kong Obs. 22.3◦ N 114.2◦ E B-MKIV.115 376 −1.2 1.8 36 1.0 2.0
Mauna Loab 19.6◦ N 155.1◦ W D-Beck.076 205 1.1 1.6 28 1.2 1.7
Paramaribo 5.8◦ N 55.2◦ W B-MKIII.159 482 −0.3 1.2 48 −0.3 1.1
Sepang Airport 2.7◦ N 101.7◦ E B-MKII.090 338 0.0 2.2 22 0.5 2.5
Samoa 14.3◦ S 170.6◦ W D-Beck.042 33 0.9 1.7 – – –
Reunion Island 21.0◦ S 55.5◦ E SAOZa 620 0.0 1.5 58 0.4 1.7
Broadmeadows 37.7◦ S 145.0◦ E D-Beck.115 305 −1.1 4.0 26 −0.1 2.5
Lauder 45.0◦ S 169.7◦ E D-Beck.072 108 −1.1 4.2 – – –
Macquarie Island 54.5◦ S 159.0◦ E D-Beck.006 71 −2.3 4.2 5 0.5 2.8
Ushuaia 54.9◦ S 68.3◦ W D-Beck.131 71 1.2 3.4 – – –
Marambio 64.2◦ S 56.7◦ W D-Beck.099 99 3.3 2.9 6 0.7 1.7
Dumont d’Urville 66.7◦ S 140.0◦ E SAOZa 216 1.6 4.2 9 0.3 3.8
Syowa 69.0◦ S 39.6◦ E D-Beck.119 56 −0.6 2.7 5 −1.0 2.8

Global 6861 −0.1 2.7 647 0.1 2.5
a No observation mode was given, so all available data that meet the collocation criteria were used.
b In data set 2, collocated ozonesondes from the station Hilo are used.
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3.4 Performance analysis

In this section, we carry out a performance analysis of our direct fitting ap-
proach. Different aspects of the forward model that impact the quality of the
retrieval product such as residual cloud contamination in clear sky radiative
transfer modeling, the representation of Earth’s sphericity and thus the depen-
dency on solar zenith angles, and the need of polarization in radiative transfer
modeling are discussed. For this evaluation, we directly compare the retrieved
column with ground-based measurements using reference ozone profiles ex-
tracted from the climatology by Fortuin and Kelder (1998). Furthermore, we
use temperature and pressure profiles from the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA-Interim data (Berrisford et al., 2009)
as auxiliary input and define a filter to reject retrievals in cloudy atmospheres.
This cloud filter is based on FRESCO cloud parameters (Wang et al., 2008),
which are part of the disseminated GOME-2 level 1B product, and is discussed
in detail in Sect. 3.4.1. For a proper comparison, ground-based data have to
be recorded on the same day and be spatially co-aligned. Additionally, we cor-
rected the total column from ground-based measurements for the difference in
surface elevation between the measurement site and the mean GOME-2 pixel
elevation, which is derived from Shuttle Radar Topography Mission (SRTM)
high-resolution digital topographic database (Farr et al., 2007) and the near-
surface ozone mixing ratio approximated by the ozone reference profile.

In total, we consider ozone measurements at 36 stations and extracted the
corresponding data from the World Ozone and Ultraviolet Radiation Data Cen-
tre (WOUDC; see www.woudc.org) and the Southern Hemisphere ADditional
OZonesondes (SHADOZ; Thompson et al., 2007) networks. The stations are
listed in Table 3.1 together with their location and the type of the ground-based
instrumentation. For some stations, more than one ground-based instrument
was operational for the examined period, which allows us to intercompare dif-
ferent instrumentations. Furthermore, Table 3.1 indicates a good coverage of
validation sites in the Northern Hemisphere with an even higher density of
stations in Europe.

In this section, we compare ground-based ozone column measurements
with collocated GOME-2 ozone columns directly. To reduce the effect of reg-
ularization in this comparison, we use the ozone climatology by Fortuin and
Kelder (1998) to extract appropriate reference profiles. The algorithm vali-
dation depends also on the accuracy of the ground-based total column mea-
surements of ozone. Fioletov et al. (2008) indicated less accuracy of zenith
sky measurements and so we exclude these measurements in our study. More-
over, Basher (1982), Komhyr et al. (1989), Basher (1994), Kerr et al. (1997),
and Fioletov et al. (2005) reported that a precision of 1% for well-calibrated

www.woudc.org
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Brewer and Dobson instruments can be reached. However, systematic differ-
ences of about ±0.6% between both are introduced through different tempera-
ture dependencies of the absorption cross sections at the different wavelengths
used by the instruments (Staehelin et al., 2003). Furthermore, Bernhard et
al. (2005) stated that a fixed stratospheric temperature and the parameter-
ization of the ozone layer in total ozone retrievals from Dobson spectrome-
ters cause both seasonal and solar zenith angle dependencies of the ground-
based measurements of up to 4%. For SAOZ instruments, Van Roozendael et
al. (1998) carried out a validation with Dobson and Brewer instruments and
found a bias of about 2% between the two types of measurements. Thus, dif-
ferences between GOME-2 retrieval and ground-based measurements have to
be considered in the view of this overall uncertainty of our validation measure-
ments.

3.4.1 Data filtering

For the performance analysis and the subsequent validation we define and ap-
ply four quality criteria for data selection. First, we define a cloud filter to select
GOME-2 measurements with minor cloud contamination based on an effective
cloudiness parameter:

ηcld = fcld
zcld

zref
, (3.17)

where fcld is the factional cloud coverage of the observed scene, zcld the cloud
top height and zref a reference height. The effective cloudiness parameter
yields largest values for high clouds and large cloud fraction and thus describes
a shielding of the subjacent atmosphere. For the numerical implementation of
the cloud screening, we employ the GOME-2 FRESCO cloud product (Wang et
al., 2008), which is part of the level 1B product, and assume a reference height
zref = 10 km. Second, assuming the spatiotemporal variation of ozone to be
ergodic, we use its temporal variation to filter spatial heterogeneity around the
validation sites. Therefore, we consider 3 days of consecutive ground-based
measurements, with the second day being spatiotemporally coregistered with
a GOME-2 measurement. The difference of that collocated ground-based mea-
surement with the ground-based measurements of the preceding day and suc-
ceeding day (δt) has to be less than a threshold value. Although the ergodic
assumption on the ozone variation may not hold in general and thus may lead
to too strict data filtering, it is used to identify spatial heterogeneity in ozone,
which is laterally transported over the observed scene. Third, measurements
are assumed to be spatially co-aligned when the distance between the site of
the ground-based measurements and the center of the GOME-2 pixel δr does
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not exceed a threshold. Finally, only GOME-2 products with χ2 ≤ χ2
max of the

spectral fitting are considered, where

χ2 =
1

N − 1

N∑
i=1

[(rmeas(i)− rmod(i))/
√

Se(i, i)]2 . (3.18)

Here, rmeas and rmod are the measured and simulated reflectance, respec-
tively, and N is the number of spectral measurements. For the evaluation of
our data product, we choose the following quality filtering:

δt < 30 DU, (3.19)

δr < 300 km, (3.20)

χ2
max = 2, (3.21)

ηcld < 0.1 . (3.22)

For this data filtering, we find 6861 collocations between all ground-based
measurements and GOME-2 observations.

3.4.2 Topography correction and instrument degradation correction

Before validating our data product with ground-based measurements, we intro-
duce two important corrections. First, we correct the ground-based measure-
ments of the total ozone column for topographic differences between the vali-
dation site and the satellite ground pixel, despite then excluding those stations,
which is commonly done (e.g., Fioletov et al., 2008). Figure 3.3 demonstrates
the relevance of this correction for the elevated sites Izaña (∼2300 m a.s.l.)
and Mauna Loa (∼3400 m a.s.l.). Here, we obtain mean biases of 0.2 and 1.1%
after correction, compared to −1.8 and −3.5%, respectively, without elevation
correction. For other stations, the elevation correction is of minor importance
due to smaller differences in elevation.

Second, we consider a radiometric correction for the GOME-2 instrument
degradation of the UV radiance measurements, which is known to be an im-
portant issue for data interpretation (e.g., Snel (2000), Tanzi et al. (2000), and
van der A et al. (2002) and SCIAMACHY Noël et al. (2007) and Bramstedt et
al. (2009)). We investigate the influence of the scan-angle-dependent degrada-
tion with time on the retrieved total ozone columns and omit the wavelength-
dependent degradation since it is small across the 325–335 nm fitting window.
For that purpose, we perform a validation of retrieved total ozone columns
calculated from GOME-2 measurements with and without the degradation cor-
rection, which is described in Sect. 3.3 for a subset of collocated ground sta-
tions. The subset comprises the stations Ankara, Churchill (Brewer MKII.026),
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Figure 3.3 – Time series of total ozone columns and the retrieval error. Upper panels: the re-
trieved ozone column (filled blue circles) and the ground-based measurements using the elevation
correction (open circles) for the sites Izaña and Mauna Loa. Lower panels: retrieval error of the
time series corrected and not corrected for elevation differences between satellite ground pixel and
measurement site (filled blue and open triangles, respectively).
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Figure 3.4 – Top panel: time series of the total ozone column retrieval error (∆ret) with (red)
and without (blue) degradation correction. Middle panel: degradation for the corresponding bin
referenced to 2007. Bottom panel: data abundance for each bin. The data are acquired from
collocations with Ankara, Churchill (Brewer MKII.026), De Bilt, Edmonton (Brewer MKII.055),
Hohenpeißenberg, Hong Kong Observatory, Izaña, Naha, and Paramaribo.

De Bilt, Edmonton (Brewer MKII.055), Hohenpeißenberg, Hong Kong Observa-
tory, Izaña, Naha, and Paramaribo, and is chosen such that it includes measure-
ments at different latitudes and provides good data coverage for every single
station in the investigated period.

Figure 3.4 (top panel) shows an improvement in the validation in the last
third of the time series, covering the period from September 2009 to Decem-
ber 2010, of ∼ 0.5% when the degradation correction is applied (red bars).
Attributed to our approach of determining the degradation, no difference be-
tween retrievals with and without degradation correction is seen in 2007, since
this year serves as reference as discussed earlier. Therefore, the relative degra-
dation of the GOME-2 reflectance measurements δIdeg is zero in 2007, seen
in the middle panel which shows the mean radiometric degradation averaged
over the corresponding 2-month bin in the time series. The biases seen in the
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Figure 3.5 – Influence of the scan-angle-dependent degradation on the total ozone column re-
trieval error (∆ret). Data are binned into 6-month intervals as well as east and west pixel bins,
which include pixel numbers 1–12 and 13–24 (Fig. 3.2). The lighter colors indicate the western
pixels and the darker colors the eastern pixels. Furthermore, blue colors represent the data not
corrected for degradation and the orange and brown colors the degradation-corrected data. The
underlying data set is the same as in Fig. 3.4.

top panel show more variation which might be related to the choice of the vali-
dation sites, their instrumentation and the data coverage over the period under
investigation, which is shown in the lower panel of the figure. However, in the
context of biases of 0.6% between Brewer and Dobson instruments (Staehelin
et al., 2003) and 2% between SAOZ and both Brewer and Dobson instruments
(Van Roozendael et al., 1998), the biases that we report are close to or within
the limits of the validation.

Next, we investigate the scan angle dependency of the degradation and its
influence on the retrieved product. We aggregate the data set into 6-month bins
of east and west pixels by dividing between eastwards (pixel index 1–12) and
westwards (pixel index 13–24) scans in order to obtain meaningful statistics.
Figure 3.5 shows that the retrieval error increases faster for the uncorrected
western pixels (light blue) than for the eastern pixels (dark blue). Comparing
the uncorrected retrievals with their corrected counterpart, western pixels in
orange and eastern pixels in brown, this becomes even more obvious. The
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Figure 3.6 – Mean retrieval error as function of the cloudiness parameter ηcld (Eq. 3.17) aggre-
gated into bins of ηcld = 0.05. Upper panel: the mean retrieval error in percent. Lower panel:
number of data points per bin of cloudiness. In total, the data set comprises 9600 data points.

spurious features seen here in the beginning of the time series are of the same
origin as in Fig. 3.4. Because these errors already occur in the beginning of
the time series, especially the difference between west and east pixels may
hint at a radiometric calibration bias of the eastward pixels. From Fig. 3.5 we
conclude that applying the degradation correction to the west pixels improves
the retrieval error in the validation with ground-based instruments from ∆ret =
−1.3% to ∆ret = −0.6% at the end of the investigated 4-year period, while the
correction of the east pixels has a smaller effect. A difference in total ozone
columns of about 1.5–2% between the west and east pixels is also reported
by (e.g., Antón et al., 2009; Loyola et al., 2011; Koukouli et al., 2012; Hao
et al., 2014). Hence, the application of the degradation correction improves
the validation in that interval and is expected to become even more important
for the ongoing mission beyond the period that we investigated.



Sensitivity study on GOME-2 total column ozone retrievals 69

3.4.3 Forward model errors

This section focuses on the relevance of forward model errors for our retrieval
product. First, we consider the effect of the remaining cloud contamination
after data filtering assuming a clear sky atmosphere in the forward simulation.
Subsequently, we study the effect of Earth’s sphericity and its approximation in
the radiative transfer model and, finally, we evaluate the effect of scalar radia-
tive transfer approximation for the retrieval of the total ozone column.

Cloudiness

Clouds significantly affect the light path through the atmosphere. Depending
on the cloud optical properties, cloud morphology and surface properties, the
light path can be shortened or enhanced compared to the clear sky situation
(e.g., Pfeilsticker et al., 1998). Using satellite measurements, clouds are typi-
cally characterized by effective cloud parameters, which describe the light path
for the considered spectral range. For GOME-2, cloud parameters are com-
monly retrieved from the O2 A band at around 760 nm (e.g., FRESCO cloud
parameters; Wang et al., 2008). The adaptation of these cloud parameters for
a correct light path simulation in the UV is not obvious (van Diedenhoven et
al., 2007). Because of this, we decided to rely on clear sky observations requir-
ing a cloud filtering of the GOME-2 observations in the current version of our
algorithm and proposed the cloud filtering of GOME-2 observations based on
the cloudiness parameter ηcld, defined in Eq. (3.17). To demonstrate the valid-
ity of this filtering, we consider the ozone column retrieval error as a function
of the cloudiness parameter ηcld and discard the cloudiness threshold set in
Eq. (3.22). In this way we obtain 9600 valid data points. Next, we determine a
bias from nearly cloud-free scenes (ηcld < 0.1) for each station and correct the
corresponding data set for it. The determined bias reflects other error sources
which may depend on the particular site and are in this way disentangled from
the error due to cloudiness. This correction varies between ±2% depending
on the validation site, which is also reflected in the station-to-station bias vari-
ation in the left column of Table 3.1. Applying this correction highlights the
dependence of the retrieval bias on cloudiness ηcld as shown in Fig. 3.6. For
ηcld ≤ 0.1 the relative dependence on cloudiness is weak but increases sig-
nificantly for ηcld > 0.1, showing already a retrieval error of about −1% for
ηcld = 0.15 and further increases to ∆ret = −3.2% for ηcld = 0.5. This justifies
the use of the clear sky radiative transfer simulation in conjunction with cloud
filtering as proposed in Eq. (3.22) in Sect. 3.4.1.
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Figure 3.7 – Mean ozone retrieval error as a function of solar zenith angle θ for different approx-
imations of Earth’s sphericity in the radiative transfer calculation. Upper panel: the mean ozone
retrieval error in percent for the plane parallel approximation (PP, light blue), air mass correc-
tion of Kasten and Young (1989) (KY, dark blue), and pseudo-spherical approximation (Walter
et al., 2004) (PSPH, red). Lower panel: number of data points per 2.5◦ bin of θ. The validation
set comprises cloud-free measurements at Resolute, Churchill B-MKII.026, Edmonton B-MKII.055,
Lindenberg, Macquarie Island, Dumont d’Urville, and Goose Bay (see Table 3.1 for more details
about the different sites). For each measurement site, the data are corrected for an overall bias for
solar zenith angles θ < 55.

Earth’s sphericity

For satellite observations at large solar zenith angles, the treatment of Earth’s
sphericity as part of the radiative transfer simulation becomes an important
aspect. To select a proper approach for our retrieval problem, we investigated
the retrieval performance as a function of solar zenith angle for three differ-
ent approximations: plane-parallel approximation, the air mass correction of
Kasten and Young (1989) and the pseudo-spherical approximation (Walter et
al., 2004). Here, we selected validation sites for which the GOME-2 measure-
ments cover at least the range of 50–80◦ solar zenith angles. Similarly to the
disentanglement of the cloudiness error in Sect. 3.4.3, we separate the error
due to the influence of the solar zenith angle from other error sources. To do
so, each station of the data set is corrected for its mean bias determined from
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Figure 3.8 – Retrieval error ∆ret as function of solar zenith angle θ for the Praha Dobson (D-
Beck.070) (left) and the Praha Brewer spectrometers (B-MKIV.098) (right). The blue lines are
trends determined by linear regression.

solar zenith angles θ < 55◦, which varies between −2 and 3%. In this way,
we consider the relative error at larger solar zenith angles. Figure 3.7 shows
a clear improvement when using the pseudo-spherical approximation instead
of the plane-parallel approximation with and without air mass correction. For
θ > 70◦, using the plane-parallel approximation underestimates the ozone col-
umn up to a mean error of 7.5% at θ = 85◦. Errors are reduced by more
than a factor 2 using the air mass correction and reduce to about −0.5% for
pseudo-spherical approximation. This is in agreement with the sphericity effect
studied for simulated measurements and suggests using the pseudo-spherical
approximation for our retrieval.

Nevertheless, the relative error shows some suspicious features, e.g., the
positive error of 2% for the pseudo-spherical simulations at θ = 77◦. This
may be caused by the fact that the underlying data set of this study consists
of Brewer, Dobson, and SAOZ measurements with different solar zenith angle
dependencies. Due to the sampling of different solar zenith angle ranges of the
measurements at different stations, features can be introduced. For a better
comprehension of the satellite solar zenith angle dependence of the retrieval,
Fig. 3.8 shows the retrieval error as function of the solar zenith angle for the
Praha Dobson spectrometer (left) and the Praha Brewer MKIV.098 spectrome-
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Table 3.2 – Linear dependence of the retrieval error ∆ret on solar zenith angle θ, characterized
by the slope m of a linear regression through the data point per 10◦ of solar zenith angle (see also
Fig. 3.8) and the SD (σ) around the linear regression.

Station name Lat. Long. Instrument m σ
[% (10◦)−1] [%]

Lerwick 60.1◦ N 1.2◦ W D-Beck.032 1.2 3.3
Churchill 58.8◦ N 94.0◦ W B-MKIV.032 0.98 4.3
Edmonton 53.6◦ N 114.1◦ W B-MKII.055 0.36 2.85
Goose Bay 53.3◦ N 60.4◦ W B-MKII.018 0.74 3.18
De Bilt 52.1◦ N 5.2◦ E B-MKIII.189 0.16 1.89
Uccle 50.8◦ N 4.4◦ E B-MKII.016 0.2 2.67
Uccle 50.8◦ N 4.4◦ E B-MKIII.178 0.19 2.44
Praha 50.0◦ N 14.5◦ E D-Beck.070 0.97 2.96
Praha 50.0◦ N 14.5◦ E B-MKIV.098 0.11 3.13
OHP 43.9◦ N 5.7◦ E D-Beck.085 −0.38 2.11
OHP 43.9◦ N 5.7◦ E SAOZ −0.19 2.73
Sapporo 43.1◦ N 141.3◦ E D-Beck.126 0.17 4.24
Boulder 40.1◦ N 105.3◦ W D-Beck.082 0.8 4.22
Tateno 36.1◦ N 140.1◦ E D-Beck.125 0.83 3.93
Izaña 28.3◦ N 16.5◦ W B-MKIII.157 0.5 1.72
Hong Kong Obs. 22.3◦ N 114.2◦ E B-MKIV.115 −0.18 3.06
Mauna Loa 19.6◦ N 155.1◦ W D-Beck.076 0.66 1.83
Sepang Airport 2.7◦ N 101.7◦ E B-MKII.090 −0.18 7.11
Reunion Island 21.0◦ S 55.5◦ E SAOZ 0.29 1.5
Ushuaia 54.9◦ S 68.3◦ W D-Beck.131 1.07 4.81

ter (right). For both data sets, we identify a potential trend by linear regression.
The SD of the data points with respect to the regression is used to character-
ize the overall quality of the regression. Although being situated at the same
validation site and hence GOME-2 covers the same range of solar zenith an-
gles, the data sets show different dependences. The Dobson instrument shows
a clear positive trend with increasing solar zenith angle of 1% per 10◦ solar
zenith angle, whereas for the Brewer instrument such a trend is not present in
the data (0.1%). Thus for Praha, we conclude that the error trend is probably
inflicted by the ground measurements and not by the GOME-2 data, so one
may suggest that the Praha Dobson spectrometer is more susceptible to solar
zenith angle dependencies than Brewer instruments, which is also shown by
Bernhard et al. (2005). Table 3.2 summarizes the slope of the regression and
the SD for all stations of Table 3.1 with sufficient data coverage. Significant
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slopes are observed for the stations Churchill (B-MKIV.032), Goose Bay, Praha
(Dobson), Boulder, Tateno, and Ushuaia, which is confirmed by the small vari-
ation of the SD of the data points around the linear regression within the data
set. The trends in Table 3.2 indicate a significant error dependence on solar
zenith angle for Dobson spectrometers, confirming the findings of Bernhard et
al. (2005).

The scalar radiative transfer approximation

Due to multiple scattering of solar light in the ultraviolet spectral range, correct
radiance simulations have to take the polarization of scattered light into ac-
count at the cost of numerically expensive simulations. Neglecting polarization
by scalar radiative transfer introduces errors in the modeled radiances, which
can be as large as 10% depending on the scattering geometry of the singly
scattered light (Mishchenko et al., 1994; Stammes, 1994; Lacis et al., 1998).
Consequently, one may argue that the use of the scalar radiative transfer solver
in our LINTRAN forward model potentially causes retrieval biases depending
on scattering geometry and subsequently on the solar zenith angles. In the left
panel of Fig. 3.9, the spectral error in the wavelength ranges between 303 and
336 nm and is shown for different solar geometries and comprises a strong
wavelength dependence for wavelengths smaller than 320 nm for almost all
investigated scattering geometries. Here, the polarization of light is governed
by singly scattered light, which for Rayleigh scattering has its highest degree of
linear polarization for a scattering angle of Θscat = 90◦. Thus, polarization af-
fects the intensity at higher scattering orders and consequently causes an error
on the simulated intensity if not accounted for. For the spectral window used in
this study (325–335 nm), this error comprises mainly a radiometric offset but
it also includes spectral features interfering with spectral absorption features of
ozone, which is shown in the right panel for the same scattering geometry. To
estimate the effect of the used scalar forward model on our retrieved ozone col-
umn product, we have generated synthetic measurements for the whole range
of satellite solar and viewing geometries of the validation data set for Lerwick
using the LINTRAN vector radiative transfer model. The retrieval errors in the
total ozone columns caused by the scalar radiative transfer approximation are
shown in Fig. 3.10 as function of the scattering angle in single scattering ge-
ometry. In case we fit a spectrally constant effective albedo, as shown in the
left panel, the error on the total ozone column is substantial with a maximum
of 4% at a scattering angle Θscat = 90◦, where the maximum error is expected
to be. Here, the error pattern clearly follows the radiometric offset in Fig. 3.9.
The retrieval error induced by using the scalar version of the forward model
can be further reduced by fitting a linear spectrally dependent surface albedo,
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Figure 3.9 – Relative error in the radiance simulation due to the use of scalar radiative transfer
modeling for different scattering geometries. Left panel: relative radiance error δI = (Iscal −
Ivec)/Ivec for different scattering angles Θscat and solar zenith angles θ. Right panel: same as
the left panel but zoomed in on the retrieval window. The mean error for the indicated spectral
window is subtracted and reported in the figure legend. The simulations have been performed
using satellite solar zenith angles and viewing angles adapted from the Lerwick validation data set
for a clear sky model atmosphere and a Lambertian surface albedo of 0.1. The ozone profile has
been taken from the US standard model atmosphere (NOAA, 1976).

which is depicted in the right panel of Fig. 3.10. For almost all scattering angles
the error diminishes and is below 0.7% in all cases.

Although the effect of these forward model errors is small, it is interest-
ing to see if the use of vector radiative transfer in the retrieval of total ozone
columns improves the validation with ground measurements. For this purpose,
we consider the validation error ∆ret using vector and scalar radiative transfer
in our forward model for a set of validation sites. To detect changes of less
than 0.7% in our retrieval product for different stations, we have to correct
again for individual biases per station to disentangle the error sources. For
this purpose, we consider validation points where the difference between us-
ing a scalar or a vector radiative transfer model ∆sca−∆vect is less than ±0.1%
and assume that for these cases the error is dominated by a bias which does
not depend on the particular radiative transfer solver. Subsequently, the mean
bias of this subset is used to correct the entire validation set for the particular
station. Finally, in Fig. 3.11, we consider the retrieval error ∆ret as a function
of ∆sca − ∆vect. The figure shows a clear correlation between the differences
∆sca−∆vect and the validation errors ∆ret. For scalar radiative transfer, the dif-
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Figure 3.10 – Ozone column error in the radiance simulation a function of single scattering angle.
The retrieval error is corrected for noise contributions. Left panel: all fit parameters of our model
are used next to a spectrally constant albedo. Right panel: same as the left panel but retrieving
a spectrally linear dependent albedo. The simulations have been performed using the same data
set as in Fig. 3.9.

ferences ∆sca−∆vect are mapped nearly one-to-one to corresponding errors of
the validation. The use of a vector radiative transfer model thus represents an
improvement of the validation data set. For ∆sca −∆vect > 0.4%, the statistics
become poor due to the fact that most validation sites are situated at latitudes
higher than 50◦ N. Because of the sun-synchronous orbit of MetOp, this causes
an asymmetric distribution of scattering angles in our data set, which might
explain the larger values of ∆ret for ∆sca − ∆vect > 0.4%. Concluding on
the need of vector radiative transfer to retrieve total ozone columns from the
325–335 nm UV spectral window, the induced error of less than 0.7%, using
scalar radiative transfer, has to be viewed in the context of uncertainty require-
ments for this data product. For example, for the future Sentinel-5 mission, an
uncertainty of less then 3–5% is required on the total ozone column product
(Ingmann et al., 2012). In this context, we conclude that the use of a scalar
radiative transfer solver is justified, although more accurate retrievals of the
total ozone columns can be achieved using vector radiative transfer to account
for the effect of polarization.



76 Chapter 3

Figure 3.11 – Effect of the radiative transfer solver on ∆ret. Upper panel: total ozone column
retrieval error as a function of difference between scalar and vector approach. Lower panel: num-
ber of validation points. The analysis is based on measurements at Lerwick, De Bilt, Churchill
B-MKIV.032, Goose Bay, Hong Kong Obs., and Izaña.

Overall, we conclude that the use of a clear sky scalar radiative transfer
model using the pseudo-spherical approximation of Earth’s sphericity in com-
bination with strict cloud filtering (ηcld < 0.1) is fully sufficient. For this setup,
Table 3.1 summarizes the validation using the direct comparison of ground-
based and GOME-2 total ozone columns for all stations (data set 1), reporting
the mean bias and the SD of the individual error as retrieval diagnostics for
each station. On a global average, the difference between the observation
modes of the ground-based spectrometer are small with a mean bias of −0.1%
and an error SD of 2.7%. Overall, we see similar biases for Dobson, Brewer and
SAOZ instruments with the largest biases for Scoresbysund (3.2%), Macquarie
Island (−2.3%), and Marambio (3.3%). In this analysis we do not account for
the effective null space, and thus from the results of Fig. 3.13, we expect that
the biases can be overestimated, as discussed in Sect. 3.2.2. Lerot et al. (2014)
report errors due to the shape of a priori ozone profiles in the order of 1%
for solar zenith angles < 80◦ that can mount up to 4% for solar zenith angles
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> 80◦.

3.5 The effect of regularization

Finally, we discuss the regularization aspect of the profile scaling approach. In-
terpreting the retrieved column as an estimate of the true column, we showed
that the direct comparison of the retrieved ozone column with ground-based
measurements is subject to null space errors due to an erroneous a priori refer-
ence profile. When the retrieval product is understood as an effective column
defined by Eq. (3.14), the null space error does not need to be considered, mak-
ing the validation less dependent on the a priori choice of the reference profile.
In this section, we will confirm these findings by comparing our retrieved col-
umn with ozonesondes and ground-based measurements for different choices
of the reference profile.

To validate the GOME-2 effective ozone column product with collocated
ozonesonde and ground-based measurements, we apply the quality criteria de-
fined in Sect. 3.4.1. Here, we adopt the filter criteria of Eqs. (3.19)–(3.22) with
the exception of a more stringent filtering δt < 15 DU. This reduces scattering
of the validation error at the cost of the number of validation points.

Moreover, for the effective column comparison, we employ Eq. (3.13) and,
hence, we rely on measurements of the vertical distribution of ozone, repre-
sented on the vertical grid of the model atmosphere (2 km thick model layers
between 0 and 60 km). For this purpose, we use ozonesonde measurements,
which are extended with the climatology of Fortuin and Kelder (1998) above
the sonde burst height and subsequently normalized to the total column of
ozone of a collocated ground-based measurement. This accounts for both, the
lack of data above the burst height and systematic errors resulting from differ-
ences in pre-flight preparation of the ozonesonde (Kerr et al., 1994; Beekmann
et al., 1994; Beekmann et al., 1995; Smit and Kley, 1998; Fioletov et al.,
2006). Here, both ozonesonde measurements and ground-based data have to
be recorded on the same day and to be spatially co-aligned to meet the qual-
ity criterion in Eq. (3.20). Additionally, we corrected the total column from
ground-based measurements for the difference in surface elevation between
the measurement site and the mean GOME-2 pixel elevation, and applied the
degradation correction to GOME-2 measurements as well, as discussed before.
In general, far fewer ozonesonde measurements than ground-based measure-
ments are available, which limits the number of validation measurements. In
total, 647 collocations have been found to evaluate the relevance of the total
column averaging kernel.

Figure 3.12 displays an example of a validation of our GOME-2 total ozone
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Figure 3.12 – Time series of GOME-2 retrievals validated with ground-based Dobson direct sun
measurements at Naha, Japan. Upper panel: retrieved GOME-2 total ozone column (filled circle)
and the Dobson ground-based ozone column (open circle). Middle panel: the null space contri-
bution en. Lower panel: the retrieval error for a direct comparison of the GOME-2 column with
the Dobson column (open triangles) and for the effective column comparison accounting for the
effective null space contribution en (Eq. 3.15) (filled triangles).

column product collocated with ozonesonde measurements and Dobson direct
sun measurements at Naha, Japan. The upper panel of Fig. 3.12 shows the time
series of the retrieved total ozone column (filled circle) and the ground-based
ozone column (open circle). Here, we choose the US standard reference profile
to be scaled by the retrieval. Overall, we see a good agreement between both
total ozone columns with the same seasonal dependence. However, a closer
look reveals that the direct comparison of the ozone columns results in a neg-
ative mean bias of −2.6% with a SD around the mean of 2.2%. The mean bias
is caused by the choice of the US standard profile as reference profile and is
due to null space error, which is shown in the middle panel. The latter is es-
timated from the ozonesonde measurements scaled to the Dobson total ozone
column and the total column averaging kernel of the individual retrievals (us-
ing Eq. 3.13). The null space error is −2.6%, on average, but varies between
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Figure 3.13 – Mean error of the retrieved ozone column using different reference ozone profiles
ρref : (upper panel) adapted from the US standard atmosphere, (middle panel) from the ozone cli-
matology of Fortuin and Kelder (1998), and (lower panel) collocated ozonesonde measurements.
The red bars indicate the validation concept of the total column estimate including the total column
averaging kernel and purple bars denote the direct comparison concept.

the different soundings because of the variability of the total column averaging
kernel and the ozonesonde measurements with respect to the standard atmo-
sphere. The lower panel of Fig. 3.12 shows the relative retrieval error for the
direct and effective column comparison. For this retrieval setting, it indicates
the importance of the total column averaging kernel, where for the effective
column approach the mean retrieval bias is reduced to−0.2% with a SD around
the mean bias of 1.9%. Thus, the difference in the validation of the direct and
effective column approach is due to the wrong a priori information and not due
to an inadequate interpretation of the satellite measurement.

For each station from Table 3.1 employed in the effective column compari-
son, we consider the mean bias as a diagnostic tool to evaluate the effect of the
choice of the reference profile. Results are depicted in Fig. 3.13 for a set of val-
idation stations that comprise at least a total of 15 collocations with GOME-2
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retrievals in the investigated period. We demonstrate the effect of three differ-
ent choices for the reference profile in the inversion: (1) the ozone profile of
the US standard atmosphere, (2) climatological profiles of Fortuin and Kelder
(1998), and (3) the collocated ozonesonde measurements.

Using the US standard reference profile, the mean retrieval bias varies from
station to station between −0.8 and −3% for the direct comparison. For all
sites, the bias is reduced significantly for the effective column comparison with
mean biases between 0.6 and −1.1%. For climatology profiles, the perfor-
mance of both approaches becomes similar with biases ranging from 0.7 to
−1%. However, the validation of GOME-2 retrievals improves significantly for
Naha, Hong Kong Observatory, and Broadmeadows for the effective column ap-
proach: from −0.8, −1.3, and 1 % (direct comparison) to 0.1, 0.4, and −0.2 %
(effective column comparison), respectively. This might be caused by a de-
ficiency in climatology by Fortuin and Kelder (1998) for these geolocations.
Finally, using the ozonesonde profile as reference profile provides identical re-
sults for direct and effective column comparison with biases from 1 to −0.9%,
because the null space contribution of the reference profile vanishes (see dis-
cussion in Sect. 3.2.2).

Moreover, the effective column comparison results in a very similar vali-
dation for the three choices of the reference profile. For example, for Naha
it varies between −0.2, 0.1, and 0.1 % for the three different reference ozone
profiles. The SD of the retrieval error varies only little for the different ap-
proaches. This confirms that a proper treatment of the regularization of the
profile scaling approach in the validation can reduce the dependence of the
validation on the particular shape of the reference profile. For all 36 stations,
we summarize the validation in Table 3.1 (data set 2) by giving the number
of collocations, the mean error, and the error SD. Here, collocated ozonesonde
measurements were used as reference profile ρref .

3.6 Conclusions

In this paper, we presented an extensive sensitivity study for the direct fitting
approach to retrieve total ozone columns from clear sky GOME-2 measure-
ments between 325 and 335 nm. Based on an iterative least squares method,
the GOME-2 reflectance measurement is fitted by adjusting the vertical ozone
profile through the scaling of a reference profile, which is input to a forward
model. In addition to the retrieved ozone column and its noise estimate,
we provide the column averaging kernel as a retrieval product following the
method of Borsdorff et al. (2014).

To account for the degradation of the GOME-2 spectrometer, we discussed
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a mitigation approach based on the assumption that the cloud-free mean re-
flectance over a certain region and a certain observation geometry and time
does not change. We determined a scan-angle-dependent degradation for the
period under investigation which is solely based on GOME-2 measurements
that are referenced to the corresponding day in 2007 (the first year of the mis-
sion). For the eastern pixels we found a degradation of about 3–4%, while for
the western pixels the degradation is up to 9.5% at the end of the 4.5-year
period. Based on these findings we corrected the GOME-2 measurements in
the period 2008–2011 and presented the improvement of our retrieval as a
function of time during the first 4 years of the mission. Furthermore, we found
hints to an initial calibration bias of the instrument, an aspect which has also
been reported by Loyola et al. (2011).

Inherent to the direct fitting approach is the accurate simulation of GOME-2
radiances. In this context, we investigated the effect of forward model errors
of the retrieval approach. We showed that the FRESCO effective cloud prod-
uct (Wang et al., 2008), which is part of the disseminated level 1B data, can
be used to filter GOME-2 measurements sufficiently accurately for cloud con-
tamination to justify the use of a clear sky model atmosphere for the radiative
transfer simulation. Another important aspect of the forward model simulation
is the representation of Earth’s sphericity, and connected to that the influence
of the solar zenith angle on the retrieval error. We investigated three approxi-
mations – (1) plane parallel assumption, (2) air mass correction by Kasten and
Young (1989), and (3) the pseudo-spherical approximation – and found the
smallest biases at large solar zenith angles (θ > 60◦) for the pseudo-spherical
approximation ranging from 2 to −1%. Finally, we investigated the need of
vector radiative transfer to simulate GOME-2 observations. Here, we showed
that the use of a scalar radiative transfer model in combination with the fitting
of a spectrally linear dependent Lambertian albedo can mitigate the effect of
neglecting polarization and yields errors on the retrieved total ozone column
< 0.7%. With the benefit of much lower computational cost and the required
uncertainties in the order of ≤ 3–5% on the total ozone column, it is sufficient
to use scalar radiative transfer together with the pseudo-spherical approxima-
tion to account for the sphericity of Earth’s atmosphere.

Finally, we discussed regularization aspects of the inversion of a profile
scaling approach. This allows for two different approaches interpreting the
retrieved total ozone columns. First, interpreting the retrieval product as an
estimate of the true column allows for a direct comparison of the retrieved
column with total ozone columns from ground-based measurements but re-
quires accurate a priori knowledge of the reference ozone profile to be scaled
in the inversion. Alternatively, the retrieval product can be interpreted as an
effective column defined by a vertical integration of the ozone profile using the
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column averaging kernel as an altitude weight. This approach accounts for the
effect of the particular choice of the reference profile and, hence, both data
use and validation depend less on the a priori knowledge of the relative verti-
cal distribution of ozone. Using the pseudo-spherical approximation together
with the scalar radiative transfer in our forward model to simulate clear sky
measurements, we validated our retrieved column using both approaches with
data from different instruments at 36 ground stations. For the direct compar-
ison, we obtained 6861 validation measurements and found an overall bias of
−0.1% with an error SD of 2.7%.

Furthermore, we investigated the effect of regularization of the profile scal-
ing approach. For this purpose, we considered a set of 647 validation measure-
ments of collocated ozonesondes, ground-based measurements and GOME-2
observations. We showed a significant dependence of the retrieval error on the
choice of the reference ozone profile for the direct comparison. For example,
for Naha the mean bias is −2.6, −0.8, and 0.1% when using the ozone profile
from the US standard atmosphere, the corresponding ozone profile extracted
from the climatology by Fortuin and Kelder (1998), and the ozonesonde itself,
respectively. This dependence is reduced significantly considering the effective
ozone column: −0.2, 0.1, and 0.1% for the different choices of the reference
profile. This finding is also confirmed for other stations. It means that errors
in the validation of the direct column are due to different a priori assumptions
but not due to an erroneous interpretation of the GOME-2 measurements. To
our knowledge, it is the first time that the role of the column averaging kernel
is presented in this manner for real measurements of the total ozone column
showing that the accuracy of the effective ozone column depends less on our
a priori knowledge of the relative vertical ozone distribution. Furthermore,
for the first time an error on the total ozone product assessed by validation is
provided that is hardly affected by any error due to the choice of the a pri-
ori reference profile information. Future studies should show if the use of the
column averaging kernel is useful for applications like the assimilation of the
retrieved ozone column in a global or a regional model as is the case for other
satellite trace gas column products (e.g., CO2 and CH4).

Concerning future developments of our algorithm, we envisage extending
the analysis including the degradation correction for the entire mission lifetime
including the application to GOME-2/METOP-B data. Moreover, we aim to
increase the exploitation of the GOME-2 data set by including cloudy pixels in
our data processing. For GOME measurements, van Diedenhoven et al. (2007)
have shown that the combination of the UV spectral range with measurements
in the O2 A band is suited to retrieve ozone profiles for cloud contaminated
measurements. We propose to investigate a similar spectral combination to
retrieve the total amount of ozone simultaneously with cloud properties from
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GOME-2 observations.
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4A case study on the
synergistic use of ultraviolet
and thermal infrared
wavelengths to retrieve
ozone profiles
Abstract. We present a case study for ozone profile retrievals from com-
bined 325 – 335 nm ultraviolet (UV) and 1000 – 1065 cm−1 thermal in-
frared (TIR) measurements recorded spatially and temporally coaligned by
the Global Ozone Monitoring Experiment 2/MetOp-A and the Infrared Atmo-
spheric Sounding Interferometer/MetOp-A. Both spectral ranges are commonly
used to infer information on the atmospheric ozone abundance from satellite
observations, where the UV window is employed to retrieve the ozone total
column density and the TIR spectral range provides information on the verti-
cal distribution of ozone with peak sensitivity in the upper troposphere. Based
on this, a synergistic exploitation of both spectral ranges comes naturally to
mind but requires a detailed analysis on simulated and real measurements to
demonstrate its feasibility. In this paper, we provide an extensive discussion of
a synergistic retrieval scheme, which is based on first order Tikhonov regular-
ization. It includes a set of diagnostic tools consisting of the averaging kernel,
the retrieval error and the correlation between the state vector elements and
their corresponding spectral contributions to thoroughly analyze the retrieval
capability. Subsequently, these tools are used to analyze first retrievals from
simulated measurements for the combined UV and TIR retrieval, referred to as
UV-TIR retrievals in this study, and the corresponding single band retrievals.
For the combined approach, we observe an enhanced retrieval sensitivity in
the stratosphere with respect to the single band TIR retrieval which allows us
to better distinguish stratospheric and tropospheric ozone. This comes along
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with a reduction of the retrieval error of about 50% and a reduced correlation
of the retrieved ozone concentrations at different altitudes. However, at the
same time the gain in total degrees of freedom (DFS) is marginal. Moreover,
the synergistic retrieval overcomes the loss of sensitivity of UV measurements
to ozone in the middle troposphere for low sun due to the shielding of the
altitude range by atmospheric Rayleigh scattering in this spectral range. Ap-
plication of the retrieval scheme and validation of the retrieval results with
collocated ozonesonde measurements fully confirm these findings. Moreover,
we report a reduction of the root mean square difference of up to 25% in the
stratosphere as well as a reduction of the difference in the mean mainly in the
stratosphere.

4.1 Introduction

To improve our understanding on air quality, tropospheric chemistry, and cli-
mate change, it is important to monitor both, the vertical and the horizon-
tal abundance of ozone, which can be done by exploiting satellite measure-
ments in the ultraviolet (UV, 240 nm – 340 nm) and the thermal infrared (TIR,
around 9.6µm) region of the electromagnetic spectrum. Different ozone pro-
file retrieval algorithms for UV spectrometers are reported in the literature (e.g
Hoogen et al. (1999), Hasekamp and Landgraf (2001), van der A et al. (2002),
Müller et al. (2003), Meijer et al. (2006), Liu et al. (2005), Liu et al. (2007),
Liu et al. (2010), Cai et al. (2012), and Miles et al. (2015)) and also, the
retrieval of ozone profiles from TIR measurements has been investigated ex-
tensively (e.g. Susskind et al. (2003), Worden et al. (2004), Turquety et al.
(2004), Coheur et al. (2005), Bowman et al. (2006), Eremenko et al. (2008),
Keim et al. (2009), Wassmann et al. (2011), and Dufour et al. (2012)). For
simulated measurements, it has been shown that the synergistic use of UV and
TIR measurements improves the vertical resolution and the degrees of freedom
for signal (DFS) (Landgraf and Hasekamp, 2007; Worden et al., 2007) due to
the combination of measurements with peak sensitivites at different heights.
Furthermore, Natraj et al. (2011) conducted a theoretical study to retrieve
tropospheric ozone with high sensitivity in the lowermost troposphere from
simulated multi-spectral geostationary satellite measurements.

For the National Aeronautics and Space Administration’s (NASA) Aura
satellite carrying the Ozone Monitoring Instrument (OMI) and the Thermal
Emission Spectrometer (TES) that record UV spectra and TIR spectra, respec-
tively, Fu et al. (2013) present an optimal estimation algorithm to retrieve
ozone profiles from combined OMI and TES measurements. For this purpose,
they employ measurements from both spectral regions in the 270 – 330 nm
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and 990 – 1318 cm−1 interval to retrieve ozone profiles including dedicated
cloud schemes for the different spectral ranges. For a variety of atmospheric
states, Fu et al. (2013) report an average DFS of 4.36 for the stratosphere, 2.03
for the troposphere, and 0.37 for the planetary boundary layer. Also the Euro-
pean MetOp satellite series carries two instruments covering the UV and TIR
spectral region, the Global Ozone Monitoring Experiment-2 (GOME-2) and the
Infrared Atmospheric Sounding Interferometer (IASI), which can be exploited
for synergistic retrievals. Cuesta et al. (2013) present an algorithm that uses
altitude-dependent regularization (e.g. Kulawik et al. (2006a) and Eremenko
et al. (2008)) to optimize the sensitivity to ozone in the lower troposphere
and at the same time keep the retrieval error comparable to their IASI only
retrievals. For two micro windows between 290 nm and 345 nm in the UV
and seven micro windows between 980 cm−1 and 1070 cm−1 in the TIR, re-
trievals are performed for collocated GOME-2 and IASI observations. For each
micro-window in the TIR, they use the approach of Eremenko et al. (2008) and
Dufour et al. (2010) to mitigate the effect of clouds on the retrieval accuracy
by fitting a radiometric offset, while the independent pixel approximation is
used to fit cloud fractions in the UV assuming a Lambertian surface with an
albedo of 0.8 and cloud heights from the FRESCO algorithm (Wang et al.,
2008). Moreover to account for degradation in the UV spectral region, Cuesta
et al. (2013) use the radiometric correction of Cai et al. (2012), which is de-
rived from the relative difference between measured and modeled reflectances.
The obtained results are then compared to IASI only retrievals and show an
increase in DFS of 0.1 in the lowermost troposphere (below 3 km). For the
validation with ozonesonde profiles, they averaged the retrieved ozone profiles
with the collocated ozonesonde profile which is subsequently smoothed with
the corresponding averaging kernels to account for the retrieval sensitivity. For
their combined retrieval, Cuesta et al. (2013) found a mean bias of about -5%
for the tropospheric column with a root mean square difference (RMSD) of
14%, wile for the lowermost tropospheric column they reported a mean bias
of about 1% and a RMSD of 17%.

In this study we investigate the combination of GOME-2 measurements
around 325 nm, with a sensitivity to the total column of ozone, with TIR mea-
surements between 1000 – 1065 cm−1 from IASI, which are commonly used
to retrieve ozone profiles. Here, we consider different band selections in the
UV spectral range between 310 – 335 nm. The choice of limiting the UV spec-
tral range to longer wavelengths is motivated by the fact that GOME-2 mea-
surements at the chosen wavelengths are less susceptible to degradation than
shorter wavelengths (Cai et al., 2012). We apply the methodology to correct
for degradation by Wassmann et al. (2015) and assume that for wavelengths
above 310 nm, radiometric degradation can be partly mitigated by an effective
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albedo. Furthermore, the present spectral setup for the UV allows us to use the
smaller ground-pixels (80 km × 40 km) throughout the period from December
2007 to June 2011, which is investigated in this study.

This setup is a trade-off made at the expense of the sensitivity to a vertically
resolved ozone distribution from UV wavelengths. To demonstrate the bene-
fit of the synergistic retrieval approach, we analyze the averaging kernel, the
retrieval error, and the correlation between the state vector elements of four
different UV spectral setups (310 – 335 nm, 315 – 335 nm, 320 – 335 nm, 325
– 335 nm) combined with the TIR 1000 – 1065 cm−1 window for simulated
measurements.

The paper is structured as follows: first we thoroughly describe the algo-
rithm in Sect. 4.2, followed by a performance study on simulated measure-
ments for varying solar zenith angles and thermal contrasts in Sect. 4.3 and
the different band selections in Sect. 4.4. Finally, we apply our algorithm
to collocated GOME-2 and IASI measurements and validate the results with a
limited set of collocated ozonesonde measurements in Sect. 4.5. Section 4.6
concludes the paper.

4.2 Algorithm description

4.2.1 Forward model

To retrieve ozone profiles from spectrally resolved satellite measurements
ymeas, a forward model F is needed to simulate the measured spectra

ymeas = F(x,b) + ey (4.1)

within a spectral error ey. The forward model F is a function of the state vector
x, to be retrieved, and the forward model parameter vector b that contains aux-
iliary input, which influences the simulated spectrum but remains unchanged
during the inversion. To simulate reflectance spectra in the UV, we use S-
LINTRAN, the scalar solver of the LINTRAN radiative transfer model software
package (e.g. Landgraf et al. (2001), Hasekamp and Landgraf (2002), and
Schepers et al. (2014)). In its particular implementation described by Wass-
mann et al. (2015), the model uses the temperature dependent ozone cross
sections by Brion et al. (1993) as well as cross sections and scattering phase
function to describe Rayleigh scattering by Bucholtz (1995). Subsequently, the
modeled high-resolution spectra are convolved with the instrument spectral
response function to match the GOME-2 spectral resolution. High-resolution
radiance spectra in the TIR are calculated using the TIR-LINTRAN module
(Landgraf and Hasekamp, 2007; Wassmann et al., 2011), which is based on the
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Figure 4.1 – Simulated reflectance spectrum between 310 – 335 nm (a) and radiance spectrum
between 1000 – 1065 cm−1 (b) for the U.S. standard atmosphere (NOAA, 1976) based on GOME-2
and IASI instrument characteristics, respectively.

line-of-sight integration of the Planck function, and ozone cross sections from
HITRAN 2004 (Rothman et al., 2005). Subsequently, the high-resolution radi-
ance spectra are convolved with the IASI instrument spectral response function
to match the spectral resolution of the measurement.

Next to the ozone profile, the n-dimensional state vector x contains effec-
tive fit parameters that are specific for the spectral windows of the retrieval
setup. In the TIR window, we fit the surface temperature from radiance mea-
surements, while the surface albedo, its spectrally linear dependence, the am-
plitude of the Ring spectrum, a spectral shift of the solar spectrum and a spec-
tral shift of the instrument spectral response function are adjusted in the UV
window. The forward model parameter vector b comprises temperature and
water vapor profiles, as well as surface pressures, which are collocated with
the GOME-2 and IASI measurements. They are extracted from the European
Centre for Medium-Range Weather Forecasts (ECMWF) ERA interim data set
(Berrisford et al., 2009). Moreover, b includes collocated CarbonTracker CO2

profiles (Peters et al., 2007), GTOPO30 surface elevations (Daac, 1996), and
surface emissivities from the Seemann et al. (2008) database. An example of
a simulated measurement in the UV and the TIR spectral window is shown in
Fig. 4.1. Panel a) shows a reflectance spectrum between 310 nm and 335 nm,
containing the 325 nm – 335 nm spectral range that is widely used in the lit-
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erature for the retrieval of total ozone columns, and panel b) shows a radiance
spectrum in the TIR between 1000 cm−1 and 1065 cm−1, which is the typi-
cal spectral range around the 9.6 µm ozone absorption band for ozone profile
retrievals from TIR measurements.

4.2.2 Inversion model

In order to invert Eq. (4.1), we linearize the forward model around an initial
guess of the state vector x0,

y = Kx + ey , (4.2)

with y = S
−1/2
e (ymeas − F(x0,b)) + Kx0 and the error-weighted Jacobian or

kernel matrix K = S
−1/2
e ∂F/∂x(x0). Both, the modeled spectrum and the

Jacobian are standard output of the LINTRAN radiative transfer model. Here,
Eq. (4.2) is already weighted by the covariance matrix of measurement noise
Se, which we assume to be uncorrelated. Accordingly, the spectral error vector
ey is normalized to the measurement noise standard deviation.

To retrieve the ozone abundance from spectral measurements, we employ
Tikhonov regularization (e.g. Phillips (1962), Tikhonov (1963), and Twomey
(1963)) and minimize the cost function,

x̂ = min
x
{‖ (Kx− y) ‖2 + γ‖Dx‖2} , (4.3)

where D is the regularization matrix and γ is the regularization parameter.
For the TIR and the UV-TIR retrievals, we use first order Tikhonov regulariza-
tion, for which the regularization matrix D is composed of the discrete repre-
sentation of the first derivative L1, in combination with the L-Curve method
(Hansen, 1992; Hansen and O’Leary, 1993) to determine the regularization
parameter. For the UV-only retrievals, we constrain the inversion to one DFS
(Wassmann et al., 2015). To solve the inversion problem in Eq. (4.3), we
transform the cost function to its standard form with the identity matrix I as
regularization matrix as described by Eldén (1977), i.e. D = I in the remainder
of this section.

The solution of Eq. (4.3) can be derived in a straight forward manner from
the normal equation

Nx = KTy , (4.4)

with the normal matrix
N = Nlsq + γ2I (4.5)

and the least squares normal matrix Nlsq = KTK. The transpose of a matrix is
denoted by T . Finally, the inversion of N in Eq. (4.4) yields the solution

x̂ = Gy , (4.6)



A case study on the synergistic use of ultraviolet and thermal infrared
wavelengths to retrieve ozone profiles 91

where x̂ is the retrieved state vector and G is the gain or contribution ma-
trix,

G = N−1KT . (4.7)

The normal matrix N can be inverted on the basis of its n eigenvectors vi with
eigenvalues λi, and so we can rewrite Eq. (4.6) as

x̂ =

n∑
i=1

vTi K
Ty

λi
vi . (4.8)

Hence, the component vTi K
Ty maps the measurement information into the

state space and is subsequently scaled by the inverse of the eigenvalue λi to
obtain the coordinate of x̂ in the direction of eigenvector vi.

Because of the regularization, the retrieved state vector x̂ represents a
weighted estimate of the true state vector xtrue, and both can be related
through the averaging kernel A (Rodgers, 1990):

x̂ = Axtrue . (4.9)

The averaging kernel is defined as the sensitivity of the retrieved state vector
to a change in the true state vector and is given as

A =
∂x̂

∂xtrue
= N−1Nlsq . (4.10)

Its trace is referred to as the degree of freedom for signal (DFS),

DFS = tr(A) , (4.11)

describing the amount of information that can be retrieved independently
(Rodgers, 2000).

Furthermore, the retrieval error covariance matrix is calculated from
the measurement noise covariance matrix Se and the gain matrix from Eq.
(4.7):

Sx = GSeG
T . (4.12)

The square root of its diagonal elements defines the retrieval error

σi =
√

(Sx)ii , (4.13)

of the i-th element and the correlation ρ between the i-th and the j-th element
of the retrieved state vector is given by

ρij =
(Sx)ij
σiσj

. (4.14)
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Here, only the correlations between the entries of the retrieved ozone profile in
the state vector are considered. To evaluate the retrieval capability of a certain
measurement concept, it is essential to analyze all diagnostic tools comprising
the state vector, potential biases, the profile averaging kernel and the retrieval
error including possible correlations.

For the combined retrieval approach, the m-dimensional measurement vec-
tor y in Eqs. (4.1) and (4.2) is composed of the spectral contributions yUV and
yTIR with spectral dimensions mUV and mTIR as,

y =

(
yTUV

yTTIR

)
, (4.15)

and m = mUV + mTIR. Consequently, we can write the Jacobian K in its
spectral components,

K =

(
KUV

KTIR

)
, (4.16)

with the UV and TIR Jacobians KUV and KTIR, respectively. The covariance
matrix of the measurement error Se decomposes into

Se =

(
Se,UV 0

0 Se,TIR

)
, (4.17)

for uncorrelated measurements yUV and yTIR with its spectral components
Se,UV and Se,TIR. Substituting Eqs. (4.16) and (4.17) into Eq. (4.2), the
(n × n) normal matrix for the combined retrieval NUV−TIR can be derived
from Eq. (4.5), namely

NUV−TIR =
(
Nlsq

UV + Nlsq
TIR + γ2I

)
. (4.18)

Moreover, we can divide the gain matrix G of the combined approach into its
spectral contributions, G = (Gc

UV,G
c
TIR) with

Gc
UV = N−1

UV−TIRK
T
UV (4.19a)

Gc
TIR = N−1

UV−TIRK
T
TIR . (4.19b)

Here, superscript c denotes the spectral contribution of the UV and TIR spectral
band.

After elaborating this decomposition, we can compare the band contribu-
tions of the synergistic retrieval with the stand-alone single band solution,
which provides us a deeper insight on how the combination of both spectral
bands may improve our retrieval. Obviously, the solution of the synergistic re-
trieval is not simply the sum of the stand-alone solutions due to the different
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normal matrices. Considering the case of a common eigenvector of the UV and
TIR normal matrix and therefore also of NUV−TIR, the solution in Eq. (4.8) dif-
fers in the scaling. For the synergistic retrieval, in Eq. (4.8) each contribution
is scaled by the factor 1

λUV,i+λTIR,i
instead of a scaling 1

λUV,i
and 1

λTIR,i
for the

corresponding single band retrievals. This means, these different weights en-
sure that information coming from the different spectral bands is combined in
the most optimal way. For example for a state vector component with strongest
sensitivity in the UV band (λUV,i � λTIR,i) the ozone information is inferred
from this spectral band, whereas for components of the retrieved state vector
with a different sensitivity proportion, the contribution of the different spec-
tral bands is adjusted accordingly. This optimizes retrieval errors, correlations
and biases for the syngergistic retrieval product. In case of different eigenvec-
tors for the different spectral regions, the inversion of the synergistic retrievals
separate the vertical structures of ozone due to complementary measurement
sensitivity. This may lead to an increase in the degree of freedom for signal for
the synergistic retrieval.

With Eqs. (4.18, 4.19 a,b), also the averaging kernel from Eq. (4.10) and
the retrieval covariance matrix from Eq. (4.12) decompose into contributions
of the individual UV and TIR spectral range: A = Ac

UV + Ac
TIR with

Ac
UV = N−1

UV−TIRN
lsq
UV (4.20a)

Ac
TIR = N−1

UV−TIRN
lsq
TIR (4.20b)

and Sx = Scx,UV + Scx,TIR with

Scx,UV = Gc
UVSe,UVG

c
UV

T (4.21a)

Scx,TIR = Gc
TIRSe,TIRG

c
TIR

T . (4.21b)

Moreover, the expression ρUV + ρTIR = ρUV−TIR holds for the correlation
matrix.

In the following sections, we will make use of these decompositions and
compare the band contributions with those of the single band retrieval to
gain insight into the synergistic exploitation of the UV and TIR measure-
ments.

4.3 Application to simulated measurements

We start our analysis by applying our algorithm to simulated GOME-2 and IASI
measurements between 325 – 335 nm and 1000 – 1065 cm−1, respectively,
which we consider as baseline for this study. The chosen spectral regions reflect
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Figure 4.2 – Averaging kernel A for a UV-only retrieval from simulated 325 – 335 nm UV mea-
surements (a) and a TIR-only retrieval from 1000 – 1065 cm−1 TIR measurements (b). Different
colors mark different altitudes and the asterisks display the diagonal elements of A. The simula-
tions are based on the same model atmosphere as in Fig. 4.1. Furthermore, the UV-only retrieval
has been constraint to DFS ∼ 1. Note that the averaging kernel for the UV-only retrieval has been
constructed from the profile scaling approach.

the standard fit window for the total ozone column in the UV and the standard
spectral region in the TIR to infer ozone profiles. All measurement simulations
are performed for a cloud-free scene and the U.S. standard atmosphere (NOAA,
1976) for a nadir viewing geometry.

Figure 4.2 a) shows the averaging kernel AUV for the 325 – 335 nm UV
single band retrieval with DFS= 1, where a row of the averaging kernel belongs
to the retrieved ozone at the indicated altitude and describes its sensitivity to
the vertical distribution of ozone in the atmosphere. In turn, the diagonal
diag(A) provides the retrieval sensitivity to ozone at the same altitude and
has its maximum in the stratosphere, where the light path is attenuated by
the ozone layer. The figure shows nearly constant averaging kernel rows above
10 km, which is typical for the retrieval sensitivity of the chosen spectral range,
and then collapse below 10 km due to the shielding of the troposphere by
atmospheric Rayleigh scattering. Generally, rows of the averaging kernel that
belong to the troposphere exhibit only very little sensitivity (<0.05), while
the rows belonging to altitudes between 12 km and 30 km at the region of
the ozone maximum comprise the largest sensitivity and the largest diagonal
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Figure 4.3 – Averaging kernel A for a combined UV-TIR retrieval from simulated measurements
using the 325 – 335 nm UV and the 1000 – 1065 nm−1 TIR spectral window (c) with its corre-
sponding contributions Ac

UV (a) and Ac
TIR (b) calculated from Eqs. (4.20 a, b). Different colors

mark different altitudes and the asterisks display the diagonal elements of A. The simulations are
performed for the same model atmosphere as in Fig. 4.1.

entries. Panel b) of Fig. 4.2 shows a typical averaging kernel for a single
band TIR retrieval from the 1000 – 1065 cm−1 window with a DFS= 4.35. In
the TIR, the sensitivity to ozone critically depends on the thermal structure of
the atmosphere and the thermal contrast between the surface and the lower
atmosphere, here represented by the lowermost model layer. This results in
an averaging kernel peak sensitivity in the upper troposphere with values of
about 0.2 between 6 km and 12 km. Above, the sensitivity decreases to values
of about 0.07 at 30 km. Due to the chosen surface temperature such that the
thermal contrast is -5 K, the sensitivity to ozone in the lowest two layers is 0 –
0.03 and increases to 0.05 – 0.15 for a thermal contrast of +5 K.

Figure 4.3 depicts an averaging kernel for the combined UV-TIR retrieval
and in addition its UV and TIR components, which are calculated from Eqs.
(4.20 a, b), respectively. The combined retrieval is performed for the same
spectral range as above and the same model atmosphere. Comparing the UV-
TIR averaging kernels with those of the TIR single band retrieval from Fig.
4.2 b), we obtain a significant but small gain in sensitivity at altitudes around
30 km, while the tropospheric and lower stratospheric rows peak at similar
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Figure 4.4 – Retrieval error σ for a UV-only retrieval (blue), a TIR-only retrieval (red), and a
combined UV-TIR retrieval (yellow) from simulated 325 – 335 nm UV and 1000 – 1065 nm−1 TIR
measurements. The contributions from the UV (yellow, open squares) and the TIR (yellow, filled
squares) to the combined retrieval are calculated from Eqs. (4.21 a, b, 4.13). The simulations
are performed for the same model atmosphere as in Fig. 4.1. Note that the retrieval error for the
UV-only retrieval has been constructed from the profile scaling approach.

values. This results in a rather small gain of total DFS of about 0.1 over the
single band TIR retrieval. In contrast to the single band TIR averaging kernel,
the TIR component Ac

TIR in Fig. 4.3 b) shows a largely reduced sensitivity
to stratospheric ozone at altitudes above 15 km with minimum values around
30 km, while the tropospheric rows are comparable. This results in a DFS of
3.46 of the TIR contribution to the combined approach, which is significantly
smaller than for the single band TIR retrieval. Regarding the UV contribution,
the DFS difference between the UV contribution Ac

UV and its single band re-
trieval is only 0.04. However, the peak altitude in Fig. 4.2 a) clearly changed
from∼20 km for the single band UV retrieval to∼30 km for Ac

UV shown in Fig.
4.3 a). These differences are founded in the composition of the normal matrix
in Eq. (4.18) for the band contributions and the corresponding single band
retrievals. Mainly because of the strong UV sensitivity in the stratosphere com-
bined with the corresponding strong TIR sensitivity in the middle troposphere,
the normal matrix NUV−TIR in Eq. (4.18) of the synergistic retrieval extracts
its information in the stratosphere from the UV and in the free troposphere
from the TIR measurements. This benefits the discrimination of stratospheric
and tropospheric ozone. The corresponding UV and TIR averaging kernels of
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Figure 4.5 – Error correlation ρ for the combined UV-TIR retrieval (c) and its UV (a) and TIR (b)
contribution for simulated 325 – 335 nm UV and 1000 – 1065 nm−1 TIR measurements. Different
colors mark different altitudes and the asterisks display the diagonal elements with ρii = 1. The
simulations are performed for the same model atmosphere as used in Fig. 4.1.

the single band retrieval show retrieval sensitivities spread over larger altitude
ranges. Moreover, in the UV retrieval sensitivity propagates to lower altitudes
whereas the TIR retrieval sensitivity is extended to higher altitudes.

To fully evaluate the synergistic retrieval from the combination of the 325
– 335 nm UV and the 1000 – 1065cm−1 TIR spectral window, we have to
consider the full set of diagnostic tools and not only the DFS. In Fig. 4.4,
we compare the retrieval errors σ of the UV-TIR retrieval and its UV and TIR
contributions with the corresponding retrieval error of the UV-only and TIR-
only retrieval. Clearly, a large error of the TIR-only retrieval can be seen in
the stratosphere exhibiting maximum values around 30 km. In the UV-TIR re-
trieval, σ reduces by up to 50% in the stratosphere and shows a more uniform
distribution throughout the atmosphere with tropospheric values being com-
parable to those of the TIR-only retrieval. The TIR error contribution of the
synergistic retrieval is much smaller than the error of the TIR-only retrieval,
confirming the more confined contribution of the TIR measurement in the com-
bined retrieval compared to a single-band retrieval. Here, the large values of σ
in the stratosphere of the single band TIR retrieval are caused by a loose regu-
larization at this altitude range. It implicates that the TIR single band retrieval
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Figure 4.6 – Error correlation ρ for the TIR-only retrieval for simulated 1000 – 1065 nm−1 TIR
measurements a). Different colors mark different altitudes and the asterisks display the diagonal
elements with ρii = 1. The simulations are performed for the same model atmosphere as used in
Fig. 4.1. (b) Error correlations at 32 km for the UV-TIR retrieval and its respective components
(yellow) as well as for the TIR-only approach (red). Blue and green lines depict the error correla-
tions at 6 km for the UV-TIR approach and its components and the TIR-only approach, respectively.

sensitivity, i.e. the diagonal values of ATIR in Fig. 4.2 ) is at least partly based
on an enhanced noise interpretation.

The third important tool to analyze retrievals is the correlation ρ introduced
in Eq. (4.14). Here, small correlations ρ for i 6= j are desired as it indicates
little interdependence of the statistical errors on the entries of the state vec-
tor. Moreover, confined peaks of the correlation matrix around its diagonal are
beneficial for separating the vertical structure of the ozone profile. The corre-
lation for the UV-TIR approach and its UV and TIR contributions are shown in
Fig. 4.5. Comparing ρ of the UV-TIR retrieval with ρ of the TIR-only retrieval,
which is illustrated in Fig. 4.6 a), shows more confined peaks throughout the
stratosphere. For example the correlation of the retrieval error at 32 km with
errors at other altitudes is less than 0.5 at altitudes below 26 km for the UV-TIR
retrieval, while for the TIR-only retrieval ρ < 0.5 is reached not until altitudes
below 21 km, which can be seen in Fig. 4.6 b) and indicates a stronger in-
terdependence of the errors of the state vector elements over a larger altitude
range. Moreover, it is interesting to see the sharpening peaks of ρ for the
TIR-only retrieval in Fig. 4.6 a) towards the upper troposphere, where its sen-
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Figure 4.7 – Averaging kernel diagonals for retrievals from simulated measurements for UV-only
(a), the TIR-only (b), and for the combined UV-TIR approach (c) as a function of varying solar
zenith angles θ = [30◦, 60◦, 75◦, 85◦] in colors from blue to red. The simulations are performed
for the 325 – 335 nm UV spectral window and the 1000 – 1065 cm−1 TIR spectral window and
the same model atmosphere as used in Fig. 4.1. Note that the averaging kernel diagonals for the
UV-only retrievals have been constructed from the profile scaling approach.

sitivity is maximum. Here, the rows of ρ are comparable in both approaches.
The correlation for the single band UV retrieval is not shown because ρ = 1
by definition for this retrieval. Considering the contributions ρc,UV and ρc,TIR

of the different bands to the overall correlations of the UV-TIR retrieval in Fig.
4.5, we clearly see that correlations below 15 km originate from the TIR spec-
tral range only (panels b) and c)). The corresponding UV contribution only
adds in the stratosphere (Fig. 4.5 a)), where the contribution to the sensitivity
in the combined approach is largest (see Fig. 4.3).

Next, we study the dependency of the UV-TIR retrieval on solar geometry.
The solar zenith angle θ of the GOME-2 observation varies with latitude and
with season. For increasing solar zenith angles, the solar light gets more atten-
uated mainly due to atmospheric Rayleigh scattering and therefore ozone in
the troposphere is shielded for low-sun conditions (Walter et al., 2004). Fig-
ure 4.7 shows the diagonal entries of the averaging kernels AUV, ATIR and
AUV−TIR for a set of solar zenith angles. A clear dependency of the sensitivity
on θ can be seen for the UV-only retrieval. Due to the shielding of the lower
atmosphere, the sensitivity drops at altitudes below 20 km for increasing solar
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Figure 4.8 – Retrieval error σ for retrievals from simulated measurements for UV-only (a), the
TIR-only (b), and for the combined UV-TIR approach (c) as functions of varying solar zenith angles
θ = [30◦, 60◦, 75◦, 85◦] in colors from blue to red. The simulations are performed for the 325 –
335 nm UV spectral window and the 1000 – 1065 cm−1 TIR spectral window and the same model
atmosphere as used in Fig. 4.1. Note that the retrieval errors for the UV-only retrievals have been
constructed from the profile scaling approach.

zenith angles and in turn increases at altitudes above 20 km because of the
longer light path. In the combined UV-TIR retrieval such a distinct dependency
on θ is not present, since the sensitivity in the troposphere is contributed to the
largest extent by the TIR. Only between 30 km and 37 km a slight enhance-
ment of the averaging kernel for low sun is found due to the enhanced UV
sensitivity. Moreover, in Fig. 4.8 we find a clear solar zenith angle dependency
of the UV retrieval error, which decreases for increasing solar zenith angles.
For the UV-TIR retrieval, however, this dependence is much less pronounced,
which underlines the robustness of the synergistic retrieval product.

Finally, we investigate the dependence of the retrieval on the thermal con-
trast between the lowest layer of the model atmosphere and the surface, which
results in emission of thermal radiation for a temperature difference and there-
fore causes a distinct sensitivity to atmospheric absorption at this low altitude
range. In contrast, for an isothermal condition, i.e. the temperature differ-
ence is zero, the sensitivity to atmospheric absorption at these lower altitudes
diminishes. Due to the little sensitivity of the UV measurements in the low-
est troposphere, we found no significant improvement of combined UV-TIR
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Figure 4.9 – Diagonal elements of the averaging kernel and its spectral contributions (a) and
retrieval error σ and its spectral contributions (b). The baseline retrieval (325 – 335 nm with 1000
– 1065 cm−1) is shown in red, solid lines and the extended setup (310 – 335 nm with 1000 –
1065 cm−1) in blue, solid lines. The respective UV and TIR contributions are displayed as dotted
lines with open and filled squares, respectively. The simulations are performed for the same model
atmosphere as used in Fig. 4.1.

retrieval over the TIR-only retrieval.

4.4 Selection of the UV spectral range

In the previous section, the choice of the UV spectral range is based on the
heritage of common total column retrievals from UV measurements that are
applied successfully to real measurements of several UV satellite spectrome-
ters. On the other hand, the 265-330 nm spectral range is also used for ozone
profile retrieval from GOME-2 measurements (Mijling et al., 2010) and so it is
apparent to consider an extension of the UV spectral range to the shortwave
UV. For the synergistic UV-TIR retrieval, we investigate also the 310 – 335 nm
extension of the UV spectral range, which is still within the motivated spectral
limits of the GOME-2 instrument. A further extension to shorter wavelength
requires the combination observations of different ground pixels sizes includ-
ing risks of conflicting spatial samplings and therefore, it is not considered in
this study.

Figure 4.9 depicts the averaging kernel diagonals of the combined UV-TIR
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retrieval for the baseline and the extended setup along with their respective
contributions Ac

UV and Ac
TIR. For the extended UV window, the averaging ker-

nel diagonal indicates a clear but small contribution of the UV measurements
to the ozone retrieval sensitivity at altitudes below 5 km, while for the baseline
settings this contribution is negligible. At higher altitudes, the UV contribution
remains comparable for both spectral ranges. This gain in retrieval sensitiv-
ity can be attributed to the fact that the UV measurement sensitivity to ozone
changes significantly in the extended UV spectral range due to the spectrally
dependent shielding of ozone by atmospheric Rayleigh scattering. As a result
extra sensitivity to tropospheric ozone is added to the synergistic retrieval. This
causes a shift of retrieval sensitivity from the TIR contribution Ac

TIR to the UV
contribution Ac

UV because of the more distinct ozone sensitivity in the UV spec-
tral range. However, the overall DFS of the synergistic retrieval is not affected
by the larger UV fit window. In addition, Fig. 4.9 b) shows that retrieval er-
rors of the UV-TIR retrieval reduce over the whole altitude range by about 25%
for the spectrally extended setup compared to the baseline retrieval, while the
correlation remains the same as for the baseline setup (not shown). In this
respect, the gain in retrieval performance by adding shortwave UV measure-
ments to the synergistic retrieval results mainly in a reduced error over the
whole altitude range.

Extending the UV window to even shorter wavelengths, more height infor-
mation can be gained from the UV and consequently it increases the total DFS
of the combination (e.g. Landgraf and Hasekamp (2007) and Worden et al.
(2007)). Despite the indicated advantages of using UV measurements down to
310 nm or even shorter wavelengths, we refrained from using the larger UV
window due to other complications in the retrieval. It requires the use of the
larger GOME-2 ground-pixels and therefore introduces spatial misalignment
between the GOME-2 and IASI measurements. Furthermore, the degree of po-
larization of the reflected sunlight introduces distinct spectral features at the
shortwave UV wavelengths, which are not accounted for by our scalar radiative
transfer solver. In the wavelength range between 325 – 335 nm polarization
introduces a rather linear wavelength-dependent offset, which can be treated
by an effective fit parameter (Wassmann et al., 2015). This is not possible
in the shortwave UV. Similarly, the spectral degradation of the GOME-2 spec-
trometer introduces specific spectral biases, for which mitigation, as proposed
here, becomes more difficult for larger spectral ranges. Overall, the complexity
of extending the UV window to shorter wavelengths is traded off against the
potential gain in the retrieved height information and retrieval noise from the
use of the shortwave UV measurements and we concluded to restrict the UV
retrieval window to 325 nm – 335 nm for the remainder of the study.
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Table 4.1 – Validation sites of the validation case study and mean values and standard deviations
of DFS for the TIR-only approach and the UV-TIR approach.

Station Name Lat, Lon N TIR-only UV+TIR

De Bilt 52.10◦, 5.18◦ 30 4.70 ± 0.98 4.90 ± 0.93
Goose Bay 53.30◦, -60.36◦ 14 4.08 ± 0.78 4.37 ± 0.73
Hohenpeissenberg 47.80◦, 11.02◦ 14 4.46 ± 0.98 5.00 ± 1.08
Lindenberg 52.21◦, 14.12◦ 55 4.60 ± 1.10 5.06 ± 1.03

Overall 113 4.57 ± 1.03 4.93 ± 0.99

4.5 Application to collocated GOME-2 and IASI measure-
ments

Finally, we apply the presented synergistic retrieval approach to collocated
GOME-2 reflectance and IASI radiance measurements between December 2007
and June 2011 and compare the results with those from the TIR-only approach
(Wassmann et al., 2011). For a set of geo-locations, which are listed in Table
4.1, we perform a validation using ozonesonde measurements following the
approach as described by Wassmann et al. (2015). Here, ozonesonde mea-
surements are corrected with corresponding ground-based daily mean Brewer
or Dobson spectrometer measurements to account for systematic errors result-
ing from differences in pre-flight preparation of the ozonesondes (Kerr et al.,
1994; Beekmann et al., 1994; Beekmann et al., 1995; Smit and Kley, 1998;
Fioletov et al., 2006). Additionally, the ozonesonde profiles are complemented
above burst height with corresponding profiles extracted from the climatology
by Fortuin and Kelder (1998).

GOME-2 and IASI measurements are collocated with ground-based vali-
dation measurements in a 2◦ × 2◦ latitude-longitude-box around the location
of the validation site and a temporal difference of ±12 hours between the
satellite overpass and the ground-based measurement. Subsequently, the col-
located measurements are filtered with respect to cloud contamination using
the GOME-2 filter by Wassmann et al. (2015) based on FRESCO cloud data.
Possible residual cloud contamination of the unfiltered observations has no
significant effect on the UV retrieval as discussed by Wassmann et al. (2015)
and so we assume a clear sky atmosphere for the UV spectral range. For the
TIR measurements however, we infer an effective cloud layer described by an
extinction atmospheric layer prior to the ozone retrieval as described by Wass-
mann et al. (2011). Retrievals are considered to be converged if the χ2 value
in each of the spectral windows differs by less than ∆χ2 ≤ 0.01 in two con-
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Figure 4.10 – Mean diagonal elements of A (a) and mean retrieval errors σ (b) for the TIR-only
approach (dotted lines) and the UV-TIR approach (solid lines) for the different validation stations
listed in table 4.1. Different validation stations are color coded.

secutive iteration steps within at most 50 iterations. In case there are several
retrievals for the same day, we consider those retrievals that are closest to the
validation site for the validation. Overall, we obtain a data set of 113 succesful
retrievals for the TIR-only approach and for the UV-TIR combination, which are
collocated with validation measurements at one of the four sites listed in Table
4.1.

Based on the conclusions for simulated measurements in Sect. 4.3 and
Sect. 4.4, we use the baseline setup (325 – 335 nm in combination with 1000
– 1065 cm−1) in this case study. For the set of validation stations, Fig. 4.10 a)
shows the mean averaging kernel diagonals for the TIR-only retrieval and the
UV-TIR retrieval. Regarding the diagonal elements of A, the added value of the
UV spectral window in the combined UV-TIR approach is clearly reflected in the
stratosphere, where the mean diagonal values increase by about 0.05 (∼50%).
In the troposphere, the diagonal values of A for the combined UV-TIR retrieval
are comparable to those of the TIR-only approach. Overall, this results in an
increase in DFS of about 0.4 for the UV-TIR retrieval, which is shown in Ta-
ble 4.1. This is a noteworthy increase in DFS compared to the retrievals from
simulated measurements. This increase may be explained by considering a too
optimistic measurement noise in the simulations in Sect. 4.3, while in fact the
real measurements are noisier and therefore require a stronger regularization
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Figure 4.11 – Mean correlation ρ for the TIR-only retrieval (a) and the combined UV-TIR re-
trieval (b) calculated exemplary for the retrievals collocated with the validation station De Bilt, the
Netherlands. Error correlations at 32 km and at 6 km are highlighted in orange.

at the expense of DFS in the TIR retrievals. Another important benefit of the
synergistic use of the 325 – 335 nm UV window and the 1000 – 1065 cm−1 TIR
window is the reduced retrieval error σ, which is shown as station averages in
Fig. 4.10 b) in solid lines, compared with the TIR-only approach (dotted lines).
Here, σ reduces by about 50% for the combined UV-TIR retrieval. Moreover,
the correlation ρ of the combined UV-TIR ozone product is more confined, com-
pared with the correlation for the single band TIR retrieval, both shown in Fig.
4.11. For example, the correlation of the retrieval error at 32 km with errors
at other altitudes is less than 0.5 below 25 km, whereas in the TIR-only these
correlations are only achieved below 18 km altitude. For the retrieval error at
6 km the correlation at other altitudes is nearly the same for both the UV-TIR
and the TIR-only retrieval. This is not surprising, since the troposphere in the
UV-TIR retrieval is dominated by the TIR contribution and confirms the findings
of the study with simulated measurements.

For the validation of both retrieval approaches, we calculate the difference
in the mean (DM) and the root mean square difference (RMSD) between the
validation measurement smoothed with the corresponding averaging kernel
and the retrieved ozone profile. For the ideal case of bias-free retrievals, DM
does not differ when information is added to a retrieval since it includes the
averaging kernel and hence regularization effects, resolution and noise propa-
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Figure 4.12 – RMSD (a) and DM (b) are shown for the different validation stations listed in
table 4.1 for the TIR-only approach (dotted lines) and the UV-TIR approach (solid lines). Different
validation stations are color coded.

gation are suppressed by the smoothing. On the other hand, RMSD is affected
by noise, and thus is expected to decrease when information is added. Figure
4.12 b) shows the DM for the different validation stations in different col-
ors, distinguishing the TIR-only retrievals and the UV-TIR retrievals as dotted
lines and solid lines, respectively. Tropospheric values of DM are found to
be comparable for both the TIR-only and the UV-TIR approach. Above 15 km
however, DM is generally smaller for the UV-TIR approach which means that
the UV measurement sensitivity to ozone at these altitudes reduces the overall
retrieval bias. Moreover, above 15 km the RMSD for the UV-TIR approach
is smaller than for the TIR-only approach with the largest reduction of up to
25% at altitudes around 30 km, while Fig. 4.12 a) does not indicate a clear
difference between TIR-only and UV-TIR retrievals in the tropopshere. These
differences in the RMSD for the UV-TIR and the TIR-only retrievals agree with
the estimated noise propagation. Overall the reduced DM , especially at alti-
tudes between 25 km and 35 km, and the improved RMSD support the benefit
of the combined UV-TIR approach.

Summarizing, the synergistic use of the 325 – 335 nm and the 1000 –
1065 cm−1 results in a better representation of the stratosphere in terms of
a significant reduction of the retrieval error as well as a reduced correlation
between the different entries of the state vector. Moreover, the sensitivity in
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terms of the diagonal elements of A increases in the stratosphere. And finally,
the validation with scaled ozonesondes shows a significant improvement for
the combined approach compared to the TIR-only setup regarding the RMSD
as well as a decrease of DM . Thus, using the three diagnostic tools A, σ, and
ρ and their spectral contributions, we showed that the combination of the 325
– 335 nm UV window with the 1000 – 1065 cm−1 TIR window improves the
retrieval of ozone profiles compared to the single band TIR retrieval.

4.6 Conclusions

In this paper, we presented an ozone profile retrieval from the synergistic use
of the 325 – 335 nm UV window with sensitivity to the total column of ozone
and the 1000 – 1065cm−1 TIR window commonly used to retrieve ozone pro-
files. The retrieval is applied to GOME-2/MetOp-A and IASI/MetOp-A mea-
surements in the period between December 2007 and June 2011. The choice
of the longer wavelengths in the UV window is motivated by a smaller sus-
ceptibility to degradation at these wavelengths, which in turn is corrected for
following the method described by Wassmann et al. (2015). Furthermore, this
choice allows for the use of the smaller GOME-2 ground pixels throughout the
whole mission, but however, compromizes the sensitivity to the vertical distri-
bution of ozone in the UV spectral range. The used inversion scheme is based
on Tikhonov regularization transformed to its standard form as described by
Eldén (1977), and the solution can be derived in a straight forward manner
from the normal equation. This notation allowed us to separate the contribu-
tions of the different spectral bands to the gain matrix and therefore to the
solution of the inversion problem, to the averaging kernel and to the retrieval
error and its covaraince matrix. This approach is essential to understand the
additive value of the UV spectral range to the ozone profile retrieval from the
TIR spectral range.

For simulated measurements, we demonstrated a significant decrease of
the retrieval error of up to 50% compared to the single band TIR retrieval
and a more confined correlation of the state vector elements. The total DFS
of the combined retrieval increased only marginally, while the representation
in the stratosphere improved noticeably, which benefits the discrimination of
stratospheric and tropospheric ozone which is seen in ρ.

Solar zenith angle and thermal contrast vary with both latitude and sea-
son and hence influence the retrieval. Consequently, the dependence of the
combined retrieval on the solar zenith angle and the thermal contrast has been
studied and compared with that of a single band UV and TIR retrieval. For
the synergistic UV-TIR retrieval, the dependence of the averaging kernel and
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the retrieval error on the solar zenith angles is reduced for solar zenith angles
larger than 60◦, while the dependence on the thermal contrast remains the
same compared to the TIR-only retrieval. This is attributed to the dominating
sensitivity of the TIR spectral range in the troposphere. Extending the UV spec-
tral range to shorter wavelengths (310 nm) led to a further reduction of the
retrieval error, but did not improve the retrieval sensitivity nor the correlation.
Therefore, we decided to use the 325 – 335 nm UV window in combination
with the 1000 – 1065 cm−1 TIR window in a validation case study.

Cloud filtering is applied in the UV using the approach by Wassmann et al.
(2015) and subsequently in the TIR an extinction layer is retrieved prior to the
ozone retrieval step to represent a thin cirrus layer following the two-step ap-
proach described by Wassmann et al. (2011). Application to GOME-2 and IASI
measurements to a small set of collocated geo-locations showed a significant
reduction of up to 50% in the retrieval error at altitudes above 15 km, where
the predominant sensitivity is contributed by the UV, compared to a single band
TIR retrieval. Furthermore, the correlation between the state vector elements
reduces, which is interpreted as a separation of vertical structures of ozone.
However, this is reflected only in a small increase in total DFS of about 0.4,
which results from an increase of the diagonal entries of the averaging kernel
of about 0.05 (50%) in the stratosphere at ∼30 km. These findings clearly
demonstrate that not only the averaging kernel has to be considered in the
analysis of the retrieval but also the retrieval error and the error correlation.
The validation with ozonesondes showed a noticeable reduction of the RMSD
of up to 25% in the stratosphere compared to the single band TIR retrieval as
a consequence of the reduced retrieval error in the combined UV-TIR retrieval.
Furthermore, a reduction has been found in the DM for the combined UV-TIR
approach indicating smaller retrieval biases due to the sensitivity of the UV
measurements with respect to stratospheric ozone.

To our knowledge, for the first time the 325 – 335 nm UV window, which
is commonly used in total ozone column retrievals, has been combined with
the 1000 – 1065cm−1 TIR spectral window to infer ozone profiles. Despite
the small improvement in total DFS, the significant reduction in retrieval error
and correlation of the state vector elements suggests that such a setup can be
used to improve remote sensing of atmospheric ozone by using space-borne
measurements in the UV and TIR spectral range synergistically.

In the future, we plan to extend the validation both locally and temporally
by using more ground-based stations.
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The research presented in this thesis comprises an effort to improve the re-
trieval of the vertical ozone distribution using GOME-2 UV measurements in
the Huggins band between 320 – 360 nm and IASI TIR measurements around
the 9.6 µm ozone absorption band synergistically exploiting the advantage that
both instruments are mounted on the same satellite – MetOp. Moreover, the
MetOp mission consists of three consecutively launched satellites ensuring al-
most two decades of continuous measurements, and will be followed by MetOp
Second Generation further extending the data set until 2040. Because of the
long heritage of total ozone column retrievals from the 325 – 335 nm UV win-
dow, the combination of this spectral range with the 1000 – 1065 cm−1 TIR
spectral region, which is commonly used to retrieve ozone profiles, has been
investigated. Furthermore, the strong degradation of the GOME-2 instrument
yielded a reflectance degradation at 290 nm of 15% in 2009 with respect to
the beginning of the mission in 2007, compared to a reflectance degradation of
2.2% at 325 nm. This further encouraged the decision to focus on the longer
wavelength UV measurements between 325 – 335 nm.

In the first part of the thesis, the retrieval of ozone profiles from 1000 –
1065 cm−1 TIR measurements as well as the retrieval of total ozone columns
from 325 – 335 nm UV measurements have been investigated with the focus on
their accuracy, which is a prerequisite for the synergistic exploitation of both
spectral bands. Therefore, the retrieval in each spectral band has been studied
individually. For the TIR retrieval, the following research question has been
addressed:

Research question 1. How can the TIR ozone profile retrieval
algorithm be improved such that the accuracy is sufficient to be
used in a synergistic retrieval approach?

In general clouds impede the retrieval of a vertical trace gas distribution and
hence, cloud filters are applied to exclude cloudy scenes from the retrieval pro-
cess. However, thin cirrus are difficult to detect by common cloud filters due



110 Chapter 5

to their semi-transparent nature. Therefore, this study first focussed on the im-
pact of thin cirrus on the ozone profile retrieval. A sensitivity analysis showed
that neglecting thin cirrus in the retrieval process introduces a substantial er-
ror greater than 20% on the retrieved ozone profile in the troposphere for an
infrared optical thickness τ < 0.1 (τ550 nm < 0.05). To mitigate this error, a
two-step retrieval approach has been set up in which a spectrally independent
optical thickness of an extinction layer is retrieved as an effective cloud param-
eter from the 15 µm CO2 absorption band at a fixed altitude. Subsequently,
this effective cloud parameter is input to the ozone profile retrieval. Account-
ing for thin cirrus in this way reduced the error to below 5% in the troposphere
and from about 9% to 1% in the stratosphere. Uncertainties introduced by the
fixed cirrus height were mostly compensated by the effective cloud parame-
ter. The application of the proposed two-step retrieval to cloud-filtered IASI
measurements and its validation with 193 collocated ozonesonde profiles from
nine locations showed a clear improvement over ozone profile retrievals not
accounting for thin cirrus. As a measure of improvement, the difference in
the mean profile, which describes a bias between the retrieved profile and the
validation ozonesonde profile, has been analyzed for each of the nine loca-
tions. Overall a reduction at all altitudes has been found and below 10 km
the range of the difference in the mean profiles decreased from -10% – 80%
to -10% – 35%. Moreover, the root mean square difference profile, which is a
measure of the spread between the retrieved ozone profile and the validation
ozonesonde profile, has been analyzed and found to reduce over the whole
altitude range at all validation stations. In particular below 10 km an improve-
ment of the root mean square difference from 30% – 100% to 20% – 50% has
been found. Concluding, accounting for thin cirrus in the proposed manner
showed a better agreement between IASI retrievals and collocated ozonesonde
measurements.

In the next step towards the combined retrieval, a profile scaling retrieval
has been set up to infer total ozone columns from GOME-2 measurements in
the commonly used 325 – 335 nm UV spectral window. This led to the follow-
ing research question:

Research question 2. How can the UV total ozone column re-
trieval algorithm be improved such that the accuracy is sufficient to
be used in a synergistic retrieval approach?

As a first step, the observed degradation in the chosen 325 – 335 nm spec-
tral window has been corrected. For that purpose, a mitigation approach has
been applied, which is derived from global cloud-free GOME-2 measurements
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in the studied period between 2007 and 2011 assuming that the mean sig-
nal over a certain region and certain viewing geometry does not change with
time. In this way a scan angle dependent degradation has been found with
values of 3 – 4% for the eastern ground pixels and up to 9.5% for western
ground pixels compared to the beginning of the mission in 2007. Moreover,
three aspects have been studied that introduce forward model errors if not ac-
counted for appropriately: the assumption of a clear sky model atmosphere in
the forward model, the representation of the Earth’s sphericity, and the need
to account for polarization in the exploited spectral range. Assuming a clear
sky atmosphere requires extensive cloud filtering of the GOME-2 observations.
For this study, the cloud filter has been composed of FRESCO cloud fractions
and cloud top pressures, which are routinely delivered as part of the GOME-2
data set. It has been found that for strict cloud filtering the assumption of a
clear sky atmosphere is justifiable. Another important aspect of the forward
model simulation is the representation of the Earth’s sphericity, which influ-
ences the dependence of the retrieved total column on the solar zenith angle.
Here, the pseudo-spherical representation yielded satisfying results with biases
ranging between -1% – 2% for large solar zenith angles. Finally, the need to
account for polarization in total ozone retrievals from the 325 – 335 nm spec-
tral region has been investigated. For this spectral window, it has been found
that polarization to the largest extent introduces a spectrally dependent offset
on the simulated radiance spectrum. Corresponding spectral features, how-
ever, are very small. This only holds for the 325 – 335 nm spectral region and
an extension to shorter wavelengths introduces broad-band spectral biases to
the measurement simulation when the polarization of light is ignored in the
radiative transfer simulation. Using a scalar radiative transfer model in the
retrievals in combination with the fit of a spectrally linear dependent effective
albedo, the effect of polarization could be mitigated and yielded errors on the
retrieved total ozone column less than 0.7%. Additionally, the use of a scalar
radiative transfer model also benefitted the computational cost.

As a second aspect of this study, different ways of interpreting the retrieved
total ozone column have been discussed. First, interpreting the retrieved total
ozone column as an estimate of the true column allows for direct comparison
with validation measurements. However, this requires accurate a priori knowl-
edge of the reference ozone profile used in the scaling approach, which other-
wise introduces errors. Alternatively, the retrieved ozone product can also be
regarded as an effective column defined by the vertical integration of the ozone
profile using the total column averaging kernel as an altitude weight. In that
way, the effect of the choice of the reference profile is accounted for.

Using the pseudo-spherical approximation and the scalar radiative transfer
model in the forward model in combination with the fit of a spectrally linear



112 Chapter 5

dependent effective albedo, total ozone columns inferred from cloud-filtered
GOME-2 measurements are validated for both interpretations of the retrieved
product. The direct comparison of the retrieved total ozone columns with 6861
collocated total ozone column measurements from ground-based spectrome-
ters at 36 ground stations yielded an overall bias of -0.1% with a standard
deviation of 2.7% using scaling ozone profiles extracted from a latitudinally
classified ozone profile climatology. For the validation of the effective column,
647 ozonesonde profiles have been used showing a largely reduced depen-
dence of the validation on the scaling profile. For example for Naha mean
biases of -2.6%, -0.8% and 0.1% have been found for three different scaling
ozone profiles when using the direct comparison. These biases reduced to -
0.2%, 0.1% and 0.1% respectively, when interpreting the retrieved total ozone
column as an effective column employing the total column averaging kernel
in the validation. This demonstrated clearly that the use of the total column
averaging kernel largely reduces the dependence of the quality of the retrieved
total ozone column on the a priori knowledge of the vertical ozone distribu-
tion.

The preceding studies on ozone profile retrievals from the 1000 – 1065 cm−1

TIR spectral region and total ozone columns from the 325 – 335 nm UV spec-
tral region showed good accuracy when the findings were implemented in the
respective retrieval approaches. Whether the accuracy of the single band re-
trievals is sufficient to be used in the synergistic retrieval, as asked in research
questions 1 and 2, has been investigated in the last part of the thesis. Here,
the synergistic retrieval of ozone profiles from both spectral ranges has been
investigated, also to answer the following research question:

Research question 3. Can the synergistic use of the proposed UV
and TIR spectral regions improve the retrieval of ozone profiles in
general and more specifically near the Earth’s surface?

To address this research question, a set of analytic tools has been introduced,
which comprises the averaging kernel, the retrieval error, and the correlation
between the state vector elements. This set has then been employed to ana-
lyze the retrieval performance of the single band and combined retrievals from
simulated GOME-2 and IASI measurements. Compared with the single band
TIR ozone profile retrieval, the retrieval error reduced by up to 50% in the
synergistic UV-TIR retrieval. Moreover, the correlation of the of the retrieved
ozone concentrations at different altitudes was more confined in the UV-TIR
retrieval. The simulations indicated a small but noticeable increase of the re-
trieval sensitivity in the stratosphere around 30 km. With respect to the single
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band TIR retrieval, no increase of the sensitivity in the troposphere has been
found, because in this altitude range the ozone sensitivity of the 325 – 335 nm
UV measurements is low due to atmospheric Rayleigh scattering. The solar
zenith angle varies both with latitude and season and therefore influences the
retrieval. The dependence of the UV-TIR retrieval on this parameter has been
investigated and compared with the single band TIR and UV retrievals. For the
synergistic UV-TIR retrieval, the dependence of the averaging kernel and the
retrieval error on the solar zenith angle is reduced for θ > 60◦ compared to the
single band UV retrieval. The application of the presented approach to cloud-
filtered GOME-2 and IASI measurements confirmed the findings of the simula-
tions. A validation case study with 113 retrievals and collocated ozonesonde
measurements at four geo-locations showed a clear improvement with smaller
retrieval biases of stratospheric ozone for the UV-TIR retrieval compared to the
single band TIR retrieval. Moreover, the root mean square difference in the
stratosphere around 30 km reduced up to 25% as a consequence of the largely
reduced retrieval error (up to 50%) compared to the TIR-only retrieval.

Overall, the good agreement between synthetic and actual retrievals from
combined 325 – 335 nm UV and 1000 – 1065 cm−1 TIR measurements results
from consistent single band retrievals. This thus answers the second part of
research questions 1 and 2. To improve the retrieval of ozone profiles with the
goal to discriminate tropospheric and near-surface ozone from stratospheric
ozone requires an increase in vertical resolution. Although, the combination of
the chosen spectral windows did not show a noticeable increase, it has been
shown that the accuracy largely improved in the stratosphere over that of a
single band TIR retrieval. In that sense, the presented synergistic retrieval
approach was not able to discriminate tropospheric and near-surface ozone due
to the low sensitivity of the UV window to ozone in the troposhere, but it helped
to better discriminate stratospheric ozone from tropospheric ozone.

5.1 Outlook

This thesis showed the benefit of combining GOME-2 UV measurements in the
spectral range 325 – 335 nm with 1000 – 1065 cm−1 IASI TIR measurements.
Here, the inferred ozone profile is clearly improved in the stratosphere com-
pared to that of a single band TIR retrieval, whereas the retrieved tropospheric
ozone does not change by adding UV measurements. The reason for that is
the low sensitivity of the UV measurements to tropospheric ozone due to the
shielding of the lower atmosphere by atmospheric Rayleigh scattering. Future
work may consider to include a spectral window in the visible spectral range
exploiting the ozone absorption in the Chappuis band between 450 – 750 nm
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where Rayleigh scattering is much weaker. Inferring ozone information from
this spectral range however is hampered by an about 20 times weaker ozone
absorption without any distinct spectral absorption features. Additionally, the
surface albedo in the visible is highly variable and thus using this spectral range
requires accurate a priori information on surface reflection to disentangle its
spectral information from that of atmospheric ozone.

Alternatively, one may consider extending the spectral fit window to the
shortwave UV down to 290 nm. Measurements in this spectral range are
particularly sensitive to stratospheric ozone whereas the troposphere is fully
shielded by the absorption of light by the strong Hartley ozone bands. A Com-
bination of these measurements with the 325 – 335 nm spectral range and the
measurements in the TIR spectral region around the 9.6 µm ozone absorption
band can be used to better constrain tropospheric ozone in the retrieval. Im-
plementing the extension to the shortwave UV requires a careful analysis of
the strong wavelength dependent degradation as well as considering the po-
larization of light by employing a computationally more costly vector radiative
transfer model.

Finally, the presented synergistic approach can be applied to retrieve other
trace gases from spectral measurements sensitive to the total column in one
spectral region and with sensitivity to the vertical distribution in another
spectral region. For example, it would be interesting to apply the presented
retrieval method to CH4 measurements in the shortwave infrared and ther-
mal infrared such as those provided by GOSAT or CO shortwave measure-
ments by TROPOMI with corresponding TIR measurements of the CrIS instru-
ment.
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