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Zusammenfassung

Im Rahmen dieser Arbeit wurde ein neuer Algorithmus entwickelt, der vertikale Sdulendichten
von CO aus spektralen Messungen im nahen Infrarot des SCTAMACHY Satelliten-Instruments
auf ENVISAT bestimmt. Effekte der Eis-Schicht auf den SCTAMACHY Detektoren wurden
durch Vergleich mit MOPITT-Messungen tliber Ozean empirisch korrigiert. Obwohl in dieser
Arbeit nur Beobachtungen mit effektiver Wolkenbedeckung unter 20% verwendet werden,
konnen Wolkeneffekte aufgrund der hohen Wolkenalbedo immer noch grof3 sein. Daher wurde
ein neu entwickeltes Korrekturschema angewendet, das explizit Wolkenbedeckung,
Wolkenhohe und Bodenalbedo fiir jede Einzelbeobachtung beriicksichtigt. Die resultierenden
SCIAMACHY CO Séiulendichten erlauben die Untersuchung der CO-Verteilung {iber
Kontinenten, also iiber den Quellregionen.

Der resultierende Datensatz wurde mit Messungen des MOPITT Instruments sowie
Modellergebnissen von drei globalen Chemiemodellen (MATCH, EMAC und GEOS-CHEM)
verglichen; der Fokus des Vergleichs liegt auf Regionen mit hohen CO Emissionen, also Gebiete
mit Biomassenverbrennung oder anthropogenen Quellen. Der Vergleich ergab, dass iiber den
meisten Regionen die modellierten CO Saulendichten systematisch niedriger als die
Satellitenbeobachtungen sind, wobei die groBiten Differenzen im Vergleich mit SCTAMACHY
auftreten. Da SCIAMACHY auch fiir die untere Troposphédre noch sensitiv ist, ldsst dies darauf
schlieBen, dass insbesondere nahe der Oberfliche die Modelle die wahre CO Konzentration
unterschdtzen, moglicherweise aufgrund zu niedriger CO Emissionen in heutigen Inventaren.

Summary

This thesis developed a new CO vertical column density product from near IR observations of
the SCIAMACHY instrument aboard ENVISAT. To correct the effects of the ice layer on the
SCIAMACHY near-IR detectors a normalization procedure based on collocated MOPITT
observations over the oceans was developed. Although in this thesis only SCIAMACHY
observations for effective cloud fractions below 20% are used, the remaining effects of clouds
can still be large due to the higher cloud top albedo. Thus, a newly developed correction scheme
is applied, which explicitly considers the cloud fraction, cloud top height and surface albedo of
individual observations. The resulting SCIAMACHY CO data is well suited for the investigation
of the CO distribution over the continents, where important emission sources are located.

This thesis compared the new SCIAMACHY CO data set, and also observations from the
MOPITT instrument, to the results from three chemistry climate models (MATCH, EMAC, and
GEOS-CHEM); the focus of this comparison is on regions with strong CO emissions (from
biomass burning or anthropogenic sources). The comparison indicates that over most of these
regions the simulated CO vertical column densities are systematically smaller than the satellite
observations with the largest differences compared to the SCTAMACHY observations. Because
of the high sensitivity of the SCTAMACHY observations for the lowest part of the atmosphere,
this indicates that especially close to the surface the model simulations systematically
underestimate the true atmospheric CO concentrations, probably caused by an underestimation
of the true CO emissions by current emission inventories.






Contents

1 INErOAUCTION couueeeeneiiinnieinneiinneecssneecssneecsanecssnesssssesssseessssesssssesssssesssssessssssssssasssssasssssassssssssssnssss 1
1.1 Foreword and Thesis OULINE .........cc.oooiiiieiiiiierieieeeee ettt 1
1.2 AtmOSPRETIC POITULION .....couiiiiiiie ettt e e e eree s 3
1.3 Atmospheric Carbon MONOXIAE ..........cecuieriieiiieniieiiecie ettt et see e e e e ereeaee e 5

1.4 New Algorithm for the Retrieval of CO from the SCTAMACHY Near-infrared Channel ... 8

1.5 The Study of SCIAMACHY CO Retrievals: State of the At ......cccceovvveeviieeiiieeiieeieeee, 10
2 Satellite INSEIUMENLES ....ueeeenneiiiiiiiiisneissnnisseeisssnecssseesssseessssesssssessssssessssnsssssssssssasssssssssssssssssssss 16
2.1 The SCIAMACHY INStrUMENT....c...eoiiiiiiiiiiiiiieiieet ettt 16
2.2 The SCIAMACHY Near-infrared Detectors..........coiieriiiiieiiiiiieiieeiie et 21
2.3 The MOPITT INSTIUMENL. ....c.eeriiiiiiiiiiieieeiesteeteet ettt st sttt st 24
2.4 MOPITT CO MEASUIEIMENLS ......eeueieiieriieeniieeiieniteeteesiteeteesiteeteesiteebtessteesbeesabeesbeeeneenaees 25
3 INTrared SPECLIOSCOPY .ccccueecrcuricsssresssarissssnesssstessssessssnessssresssssosssssossssssssssssssssssssssssssssssssssessssses 27
3.1 BaSiCS Of SPECLIOSCOPY .ccuvieiutietieeiiieitieeieetieeteertte et e it e sreeseesseebeessbeeseesaseeseessseeseesnseans 27
3.2 Molecular Rotations and VIDrations...........cceecueriereeiirienieieniesieeie e 29
3.3 Carbon MonoxXide PTOPETTIES ......cc.ueeiiuiieiiiiieeiiieeiie ettt et e e e e e e e aaee et eeeraeeeees 33
3.4 IR Spectrum of Carbon MONOXIAE ......cc.ceevieiiiiiieiieeieeie ettt ettt e ees 34
4 Retrieval AIGOrith.....eeiiiiiinniennenniicneninenieensneniinsaesssessessssssssssssesssessssssssssssasssssssssses 37
O D 10 N OSSR 37
4.2 The Characteristic of the Trace Gas Cross Sections in Near Infrared............cccccoeverenenee. 38
4.3 Tterative Maximum a Posteriori-DOAS (IMAP-DOAS) ......cccooieiiieieeeeeeeeeeee e 40

4.4 Sensitivity Study of the Shielding Effect of Clouds..........ccceeeeiiieiiieeiiieeiieeeeeeeee, 45



5 Radiation Transfer Model .49

5.1 Definition of Air Mass Factor and Box Air Mass FactOr.........ueeeeeeeeeeeeieeeeeeeeeeeeeeeeee e, 49
5.2 Sensitivity Study of Cloud Effect .........ccoeoiiiiiiiiiiiieieceeee e 50
5.3 Correction for the Cloud Shielding Effect ..........cccoviieiiiieiiiieieeeeeee e 55

6 Attempts to Correct the Effects of the Ice Layer on the SCIAMACHY near-IR Detectors

and of the Increasing Number of Bad and Dead Detector Pixels .........ccceevvereccccnnrccscsnnneces 60
6.1 Application of a Variable Offset in the Spectral Retrieval...........ccccoeveiieeiiiiiiiieiiecees 61
6.2 Normalization of the CO VCDs Using Simultaneously Retrieved CH4 VCDs................... 62
6.3 Correction Using Variable Slit FUNCHIONS .......c.ccoieiiieiiieiiieiieeieeiiecieeee e 63

7 Normalization Using MOPITT Data over the Oceans...........ccevverercercscnrcssnnncsssnscssssessnsenes 67
8 Retrieval ReSUILS .....uuiiueiiiiiiiiiiiiiitintinntineiniecnticntissesssecsssisssssssssssssssssesssssssssssssssssssssess 70
8.1 New Data Set of SCIAMACHY CO VCDS.....ooiiiiiiiiniiiniiiienieeieeiesie ettt 70

FTIR ettt ettt ettt e et e e bt e e st e e beeeabe e beesabeebeesnbeenbeesnseenseans 77

9 Comparison between Satellite Measurements and Model .............ceeeeevveiicsisnnrccscsnnreccscnnnes 85
9.1 CompariSON OF TIME SETICS.....c.ueeerrieeirieeiiieeeieeeieeesteeesteeesreeessseeessseeessseeessseeessseesssseeenns 87
9.2 Comparison 0f Global Maps ..........coeiruiiiiiriiniiieeieeee ettt 97
Conclusions and OULIOO0K .......uueeeeiiinieiiiiiniiiiinsniiessntiissniecssniscsssnesssseccsssesssssesssssnsssssessssssessses 103
REFEICIICES uueeeurieniiineirneniticsuinieensnecstecsnesssnnsssessssesssnssssssssesssssssssssssssssesssssssssssssssssassssessansssasens 107

ACKNOWIEUAZEIMENLS ...cuuveririeriisrencssnncssnncssnnssssnsssssssssssssssssssssssssssssssssssssssssssssnsssssssssssssssssssssses 115




Chapter 1 Introduction

1 Introduction

1.1 Foreword and Thesis Outline

The ability to understand and predict future concentrations of global carbon monoxide (CO)
and its effect on the earth system depends on the knowledge of the sources (emission estimates)
and sinks. Therefore, the objective of this thesis is to acquire the global distribution of carbon
monoxide with Scanning Imaging Absorption spectrometer for Atmospheric CHartographY
(SCIAMACHY) satellite near-infrared measurements and to compare it with climate
chemistry models. Due to its high sensitivity to all atmospheric layers, the SCTAMACHY CO
data set could be used to improve the existing CO emission inventories of climate chemistry
models on a global scale. For this purpose, a new data set of SCIAMACHY observations of
the CO Vertical Column Density (VCD) is developed in this thesis. In contrast to other
SCIAMACHY CO retrievals, a normalization procedure using coincident The Measurements
of Pollution In The Troposphere (MOPITT) observations over the oceans is applied. This
normalization procedure is applied on a daily basis for different latitude ranges; thus artificial
offsets in the SCTAMACHY CO data are corrected depending on season and latitude. While
the new SCIAMACHY CO data set can not be considered as fully independent from MOPITT
observations, it can still be used for the investigation of the CO distribution over the continents,
where all important CO emission sources are located. In this thesis only SCIAMACHY
observations with effective cloud fraction below 20% are used. However, due to the much
higher albedo of cloud compared to ground surface, the remaining effects of clouds can still be
large (errors up to 100%), thus a correction of the remaining cloud effects depending on
effective cloud fraction, cloud top height and surface albedo is applied. Here it is interesting to
note that — to our knowledge — no explicit cloud correction has so far been applied to
SCIAMACHY CO observations. Omission of a proper cloud correction can lead to systematic
errors up to 100%, especially over polluted regions.

The thesis is divided into 7 chapters:

Chapter 1 introduces the role and the characteristics of carbon monoxide in atmospheric
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chemistry and gives a brief overview of the state of the study of carbon monoxide retrieval
from SCIAMACHY satellite instrument.

Chapter 2 introduces the satellite instrument SCIAMACHY (Scanning Imaging Absorption
spectrometer for Atmospheric CHartographY), and also gives a brief introduction to another
satellite instrument MOPITT (Measurements of Pollution in the Troposphere), which measures
in the thermal-infrared.

Chapter 3 covers fundamental background knowledge for spectroscopic aspects.

Chapter 4 first introduces differential optical absorption spectroscopy (DOAS). Then it
presents the used retrieval algorithm, a modified iterative maximum a posteriori-DOAS
(IMAP-DOAS) and describes the improvements compared to the standard DOAS, which
properly accounts for the temperature and pressure dependence of the high resolution
absorption lines and the moderate spectral resolution of SCTAMACHY.

Chapter 5 first introduces the concept of air mass factor (AMF) which is used to convert the
slant column density (SCD) to the vertical column density (VCD) and the concept of
Box-AMF which describes the measurement sensitivity of altitude. Then a radiative transfer
model (McArtim) to study the effect of clouds on the retrieved CO VCD is presented. It shows
that errors due to even small cloud fractions (cloud fraction < 20%) can be large (errors up to
100%). For this reason, this chapter presents a correction scheme which explicitly considers
the cloud fraction, cloud top height and surface albedo of individual observations.

Chapter 6 introduces the SCIAMACHY near-infrared instrument degradation and
calibration problems, in particular an ice layer deposited on the detector, which strongly
affects the instrument’s response function. It then demonstrates several procedures which have
been developed by other groups to correct the time dependent disturbances of the
SCIAMACHY near IR channels. Nevertheless, from the comparison with collocated MOPITT
data it turned out that not all artifacts caused by the instrumental problems could be
sufficiently corrected by these procedures for the whole time series of SCTAMACHY CO
observations.

Chapter 7 describes a completely different strategy to correct the the icing problem of
SCIAMACHY CO observations: a normalization procedure of the SCTAMACHY observations
using coincident observations of the MOPITT instrument over the oceans. This normalization

2
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procedure is applied on a daily basis for different latitude ranges; thus artificial offsets in the
SCIAMACHY CO data are corrected depending on season and latitude. While the new
SCIAMACHY CO data set can not be considered as fully independent from MOPITT
observations, it can still be used for the investigation of the CO distribution over the continents,
where all important CO emission sources are located.

Chapter 8 presents the new data set of CO VCDs from the SCIAMACHY measurements, a
validation with ground-based Fourier-Transform Infrared (FTIR) spectrometers observations,
and a comparison with thermal IR satellite (MOPITT) observations.

Chapter 9 compares our SCIAMACHY CO data set, and also observations from the
MOPITT instrument, to the results from three chemistry climate models (MATCH, EMAC,
and GEOS-CHEM) in regions with strong CO emissions (from biomass burning or
anthropogenic sources). For this comparison only coincident measurements/model results are
selected and the height dependent sensitivity of both satellite instruments is considered

explicitly.

1.2 Atmospheric Pollution

Atmospheric pollution is the introduction of chemicals, or particulate matter into the
atmosphere that causes harm or discomfort to humans or other living organisms, or damages
the natural environment.

Atmospheric pollution is a serious global problem, and is especially problematic in large
urban areas such as Mexico City and East Asia. Many people suffer from serious illnesses
caused by smog and air pollution in these areas. Plants, buildings, and animals are also victims
of a particular type of air pollution called acid rain. Acid rain is caused by airborne sulfur from
burning coal in power plants and can be transported in rain droplets for thousands of
kilometers. Poisons are then deposited in streams, lakes, and soils, causing damage to wildlife.
In addition, acid rain eats into concrete and other solid structures, causing buildings to slowly
deteriorate.

Scientists study air pollution by distinguishing between two different categories of gasses:

permanent and variable. The most common of the stable gasses are nitrogen at 78%, and
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oxygen at 21% of the total atmosphere. Some highly variable gasses, often referred to as trace
gases, are water vapor, carbon dioxide, methane, carbon monoxide, sulfur dioxide, nitrogen

dioxide, ozone, ammonia, and hydrogen sulfide.

The output of many trace gasses increases with the growth of industrialization and
population. The benefits of progress cost people billions of dollars each year in repairing and
preventing air pollution damage. This includes health care and the increased maintenance of
structures that are crumbling, in part due to air pollution.

The effects of air pollution have to be carefully measured because the build-up of pollutants
depends on atmospheric conditions and a specific area's emission level. Once pollutants are
released into the atmosphere, wind patterns make it impossible to contain them to any
particular region. This is why e.g., the effects of pollution from major oil fires in the Middle
East are measurable in Europe and elsewhere. On the other hand, terrestrial formations such as
mountain ridges can act as natural barriers. The terrain and climate of a particular area (e.g.,
Bei Jing whose three sides are surrounded by mountains) can also help promote and
accumulate air pollution. Specifically, weather conditions, called thermal inversions, can trap
the impurities and cause them to build up until they have reached dangerous levels. A thermal
inversion is created when a layer of warm air settles over a layer of cool air closer to the
ground. It can stay until rain or wind dissipates the layer of stationary warm air.

Only satellite data, with high spatio-temporal resolution, can be used to acquire the global
distribution of atmospheric pollutants to complement people’s knowledge of the sources and

sinks and the corresponding seasonal variation.
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1.3 Atmospheric Carbon Monoxide

Carbon monoxide (CO) is an important trace gas constituent of the Earth’s atmosphere.
Despite its relatively small concentration, CO plays an important role in atmospheric
chemistry via its effect on the hydroxyl radical (OH) concentration. In case of high NOy, the
reaction of CO with OH leads to the formation of carbon dioxide and ozone, as shown
schematically in Eq.1.3.1.-1.3.6. Locally, CO is an important component in urban and indoor
air pollution and is considered as a critical air pollutant because of its short-term harmful
health effects. Furthermore, it has been proposed that CO emissions have a GWP (Global
Warming Potential), although it does not absorb terrestrial infrared radiation strongly enough
to be counted as a direct greenhouse gas (Shine et al., 1990; Fuglestvedt et al., 1996; Prather,
1996). Because CO affects the lifetimes of other greenhouse gases by influencing the
atmospheric burden of OH (Isaksen and Hov, 1987) and thus can be considered to be an
indirect greenhouse gas on the basis of its effect on the lifetime of other greenhouse gases. For
example, it is estimated that emitting 100 Tg of CO is equivalent to emitting 5 Tg of CHy4 for
its global warming potential (Wild and Prather, 2000). Therefore, our ability to understand and
predict future concentrations of important gases and their effects on the earth system depends

in part on understanding the sources and global distribution of atmospheric carbon monoxide.

CO+OH — H +CO, 1.3.1
H+0,+M — HO, + M 1.3.2
HO, + NO — NO, + OH 1.3.3
NO, —G=20m s NO 4 O 1.3.4
O+0,+M - O, +M 1.3.5
CO+20, - 0, +CO, 1.3.6

In clean air (low NOy abundance), however, ozone and OH are destroyed:

2CO+20H — 2H +2C0, 1.3.7
2H +20,+2M — 2HO, +2M 1.3.8
HO, + 0, - 20, + OH 1.3.9

2CO+0,+0OH — HO, +2CO, 1.3.10
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The well-known sources of atmospheric CO consist of four types. The first type is the
combustion of carbonaceous fossil and biofuels such as coal, oil, gasoline and wood, and
constitutes a significant portion of direct emissions of CO on a global scale. The second type is
boilers, ovens, industrial engines, residential heating in industry-related processes (e.g.,
production of steel and cracking of crude oil) due to energy use, which shows less seasonal
variation. The third type is the incomplete combustion of living and dead plant organic matter
(loosely termed as biomass) in large-scale forest fires, in burning of agricultural wastes, and in
clearing of forest, savanna and brush lands by fire for agricultural purposes (Crutzen and
Andreae, 1990; Levine, 1991; Levine et al., 1995). Biomass burning, which generally shows a
strong seasonal variation, can be both natural and anthropogenic. In particular, lightning can
trigger mid- and high latitude fires and ignites the dry vegetation in tropical region. Unlike
other sources, which are emitted within the surface layer, CO can also be produced indirectly
through chemical oxidation of carbon-containing compounds in the atmosphere. Non-methane
hydrocarbons (NMHC) from biogenic sources such as isoprenes and monoterpenes emitted by
vegetation (Zimmerman et al., 1978) or from anthropogenic sources in the form of volatile
organic compounds (VOC) emitted from automobiles and the use of organic solvents, react
with OH radicals or O3 and are converted to oxygenated compounds and then partly to CO
(Logan et al., 1981). The yields of CO vary depending on the parent NMHC and
environmental conditions such as temperature, light availability, and other trace gas
concentrations (e.g., Miyoshi et al., 1994; Hatakeyama et al., 1991) The initial reaction of CHy
with OH also leads to the production of CO (e.g., Wofsy et al., 1972; Weinstoc and Niki,
1972). The emission estimates of global CO are given in Table 1.1 (IPCC, 2001). For a more
detailed overview of the global CO budget and its implication see (IPCC, 2001) (Holloway et
al., 2000; Houghton, 2000; Bergamaschi et al., 2000a; Bergamaschi et al., 2000b) and

references therein.



Chapter 1 Introduction

Table 1.1: IPCC (2001) carbon monoxide emission estimates

Category Carbon monoxide source strength (Tg/year)
Sources
Oxidation of CH4 800
Oxidation of Isoprene 270
Oxidation of industrial NMHC 110
Oxidation of biomass NMHC 30
Oxidation of Acetone 20
Sub-total in situ oxidation 1230
Vegetation 150
Oceans 50
Biomass burning 700
Fossil & domestic fuel 650
Sub-total direct emissions 1550
Total sources 2780
Sinks
Surface deposition 200-640
OH reaction 1500-2700

Carbon monoxide has a chemical lifetime of 30-90 days in the troposphere. Measurements

indicate that there is more CO in the Northern Hemisphere than in the Southern Hemisphere;

the maximum values are found near the surface at northern midlatitudes. In general, the CO

mixing ratios decrease with altitude in the Northern Hemisphere to a free tropospheric average

value of about 120ppb near 45N. In the Southern Hemisphere CO tends to be more uniformly

mixed vertically with a mixing ratio of about 60ppb near 45S. Seasonal variations have been

established to be about +49% of the mean in the Northern Hemisphere and +20% of the

mean in the Southern Hemisphere. The maximum concentration is observed to occur during

local spring and the minimum is found during late summer or early fall.
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Since the start of the Industrial Revolution human activities affect increasingly the world we
live in by changing atmospheric conditions in a significant way. Carbon monoxide, which is
an indirect greenhouse gas and major pollutant harmful to human health and plants, not only
changes global climate, but also destructs the stratospheric ozone. The quantification of its
effects requires an accurate understanding of the distribution of the sources and sinks which is
unfortunately limited by the sparse ground-based measurements. However, satellite data, with
high spatio-temporal resolution, can be used to acquire the global distribution of sources and
sinks and the corresponding seasonal variations which is not only the compensation of fewer
ground-based measurements but also could help to improve climate chemistry model’s
precision. The detailed description of the satellite instruments used for the retrieval

(SCTAMACHY) and for the comparison (MOPITT) will be given in chapter 2.

1.4 New Algorithm for the Retrieval of CO from the SCTAMACHY Near-infrared

Channel

The well known differential optical absorption spectroscopy (DOAS) (Platt and Wiley, 1994)
is a widely used method to determine the concentration of atmospheric trace gases. In general,
the DOAS technique is about analyzing spectra in the UV and visible region that has been
transmitted through long atmospheric paths. Different atmospheric species will leave their
absorption fingerprints in the spectra from which concentrations could be retrieved. However,
in the near-infrared region, because the cross sections of trace gases like CO, CH4 and H,O
depend strongly on temperature and pressure, and because the absorption lines are narrower
than the spectral resolution of SCIAMACHY, the classical DOAS is not appropriated any
more.

Some authors have already noticed the drawbacks of the classical DOAS algorithm under
certain conditions. Maurellis et al. (2000) parameterized the DOAS algorithm for highly
structured spectra, while Solomon et al. (1989) and Volkamer et al. (1998) analyzed the
interference between different absorbers. For the analysis of absorption spectra in the near-IR,

three independent scientific algorithms IMLM, WFM-DOAS and IMAP were developed in
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three institutes, and will be described shortly below.

The IMLM (de Laat et al., 2006) retrieval method is based on an Iterative Maximum
Likelihood Method and was developed at SRON (Netherlands institute for space research).
The retrieval uses a fixed set of climatologically atmospheric profiles based on the US
standard atmosphere (1976) to compute a model spectrum in terms of optical depths. For each
SCIAMACHY ground pixel these profiles are corrected for the mean surface elevation of the
pixel, by cutting off the part of the profile below the surface.

The Weighting Function Modified Differential Optical Absorption Spectroscopy
(WFM-DOAS) (Buchwitz and Burrows, 2004) method is based on fitting the logarithm of a
linearized radiative transfer model plus a low-order polynomial to the logarithm of the ratio of
a measured nadir radiance and solar irradiance spectrum (observed sun normalized radiance).
The fit parameters are the trace gas vertical columns plus other parameters such as a
temperature profile shift. In order to avoid time consuming on-line radiative transfer
calculations WFM-DOAS has been implemented as a look-up table scheme.

In this thesis, the iterative maximum a posteriori DOAS (IMAP-DOAS) (Frankenberg et al.,
2005a, 2005b) method which was developed at the University of Heidelberg by C.
Frankenberg is adopted. The algorithm is based on the optimal estimation theory introduced to
the remote sensing community by (Rodgers, 1976). This method iterates the vertical column
densities of the absorbers of interest until the expected spectral signature of the total optical
density fits the measurement. It accounts for nonlinearities due to spectrally non-resolved
strong absorptions and considers the sensitivity to pressure and temperature changes in the
atmospheric profile. A detailed description of the algorithm can be found in chapter 4. In
addition, two important improvements are developed and applied, which are described in

detail in chapter 5 and chapter 7.
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1.5 The Study of SCIAMACHY CO Retrievals: State of the Art

Many comparisons of CO VCDs from SCIAMACHY with other satellite observations
(mainly MOPITT) and model results have been performed in recent years (e.g., Buchwitz et
al., 2004; Gloudemans et al., 2005; Straume et al., 2005; Buchwitz et al., 2006a; Buchwitz et
al., 2007; Turquety et al., 2008; de Laat et al., 2010; Kopacz et al., 2010). Besides for
validation purposes, the aim of these comparisons was also the improvement of current
emission estimates.

In the comparison studies between different satellite instruments it was mostly found that
the CO VCDs derived from SCIAMACHY satellite instrument are larger than those derived
from MOPITT satellite instrument (e.g., Buchwitz et al., 2004; Buchwitz et al., 2006a;
Buchwitz et al., 2007; Turquety et al., 2008), in agreement with the assumption that the CO
concentrations close to the surface are higher than those assumed for the MOPITT a-priori
profiles (which represent current knowledge about the CO profiles, especially in the
surface-near layers).

In the comparison studies with model simulations in most cases the CO VCDs from
SCIAMACHY are found to be higher than the corresponding model data, especially over
polluted regions, indicating that current emission inventories underestimate the true emissions
(e.g., Gloudemans et al., 2006; de Laat et al., 2006; de Laat et al., 2007; Gloudemans ef al.,
2009; de Laat et al., 2010; Kopacz et al., 2010)

Sometimes models were also used as ‘transfer tools’ for the comparison of CO VCDs from
SCIAMACHY with those from other satellite sensors (e.g., Turquety et al., 2008; de Laat et
al., 2010; Kopacz et al., 2010).

However, it was found that the comparisons between SCIAMACHY observations and those
from other satellite instruments suffer from two general problems:

a) Many of these comparison were rather qualitative (e.g., Buchwitz et al., 2004; Straume et
al., 2005; Buchwitz et al., 2006a; Buchwitz et al., 2007). While in general good agreement of
the observed patterns was found, the quantitative comparison was complicated by the different
spatio-temporal sampling of SCIAMACHY and the other satellite observations: besides the

10
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different height-dependencies of near-IR and thermal IR sensors, also often not collocated
observations were compared. Sometimes even night-time observations of the thermal IR
sensors were included in the comparison. Also, the effect of clouds on the SCIAMACHY
observations was not adequately corrected.

b) Some comparison studies were performed in a more quantitative way (e.g., Turquety et
al., 2008; de Laat ef al., 2010; Kopacz et al., 2010). Only collocated observations were used
for the comparisons and the different height-dependencies of near IR and thermal IR sensors
were adequately considered (e.g., using model simulations). In particular Turquety et al. (2008)
retrieved a boundary layer partial CO VCD from the comparison of SCIAMACHY and
MOPITT observations, and related these partial CO VCDs to the respective quantity from
model simulations. However, in these comparisons always inconsistencies were found which
limited the quantitative interpretation of the retrieved results. Besides possible errors of the
MOPITT observations and/or the model simulations, these biases are mainly related to still
existing biases in the SCIAMACHY CO retrievals (and missing cloud correction, see chapter
5).

In fact, in many studies, biases of the SCIAMACHY CO VCDs were reported or were
obvious in the presented data sets. Typically, they do not only depend on location (e.g.,
latitudinal gradient) but also vary with time, (Buchwitz et al., 2005; Buchwitz et al., 2007;
Turquety et al., 2008; Gloudemans et al., 2009; de Laat et al., 2010; Kopacz et al., 2010). The
reasons for these biases are not completely understood, but are probably related to several
problems of the SCTAMACHY detectors or retrieval algorithms. For example a changing
ice-layer on the SCTAMACHY near-IR detectors influences the measurements in several ways
(e.g., Gloudemans et al., 2005). Most importantly, it causes a loss of signal strength and
systematically changes the instrument slit function. In addition, the dark current of the
detectors is influenced. Variations of the dark current occur also within individual orbits. The
SCIAMACHY near-IR detectors also suffer from variable but generally increasing numbers of
so called bad and dead pixels, which can not be used for the analysis. For all of these problems
sophisticated solutions have been developed and applied in recent years (e.g., Gloudemans et
al., 2005; Frankenberg et al., 2005b; Buchwitz et al., 2006a; Buchwitz et al, 2007;

Gloudemans et al., 2009). Nevertheless, these corrections are not perfect, and the retrieved CO

11
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VCDs are still subject to remaining errors. Especially it was shown that the application of
different dead/bad pixel masks leads to systematic changes of the retrieved CO VCDs
(Buchwitz et al., 2007). In addition to the systematic errors caused by these effects, the
random errors for the CO retrieval are generally large (up to >100%), mainly depending on the
brightness of the observed scene (Gloudemans et al., 2005; Frankenberg et al., 2005a;
Buchwitz et al., 2006a; de Laat et al., 2007; Gloudemans et al., 2008). Thus many individual
observations are usually averaged (for example monthly means) to achieve smaller
measurement uncertainties.

Besides these instrumental problems, also some ambiguity with respect to the analysis
parameters remains. For example, the specific choice of the spectral window (Gloudemans et
al., 2005; Buchwitz et al., 2006a) and the spectral data used for the analysis has an influence
on the retrieved CO VCDs (Gloudemans et al., 2005; Gloudemans et al., 2009). These effects
are mainly related to the fact that the strength of the overlapping absorptions of CH4 and H,O
is much weaker than that of CO. Another problem is that usually a height-independent
sensitivity for the SCTAMACHY CO observations was assumed. While this is mostly true for
completely cloud-free conditions and small solar zenith angles (Buchwitz et al, 2004;
Gloudemans et al., 2008; de Laat et al., 2010), the sensitivity of SCTAMACHY for the lowest
atmospheric layers can be systematically reduced for large solar zenith angles and/or in the
presence of clouds (see chapter 5). Again, while most of these problems have been
investigated in detail in recent years and optimized retrieval settings have been found,
systematic biases still remain which are difficult to quantify. Like the other groups working on
the SCIAMACHY CO retrieval, this thesis also investigates several ways to correct and
minimize the effects of the instrumental problems and limitations of the spectral analysis. For
example the instrumental slit functions from the widths of the strong absorption lines of CHy
and H,O within the CO fitting range on a daily basis are determined and then these time
dependent slit functions are applied to the CO retrieval. In a similar way a possible
time-dependent spectral offset is determined and corrected (e.g., Gloudemans et al., 2005).
Furthermore the normalization procedure using the simultaneously retrieved CH4 VCD, as
suggested by Buchwitz et al. (2007), is applied. The results of these studies are described in

detail in chapter 6. However, it turned out that (similar to the results of several other studies),
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part of the problems of the SCIAMACHY CO data could be improved, at least for limited
periods of time, but always systematic biases remained.

From the temporal variation and latitudinal dependence of the biases of the SCCAMACHY
CO VCDs (mainly related to instrumental problems and limitations of the spectral analyses) it
can be concluded that they are complex functions of several parameters (e.g., solar zenith
angle, cloud properties, number and location of bad and dead detector pixels, instrument
throughput, and strength of H,O and CHj4 absorptions). Besides the comparison between
SCIAMACHY with other satellite sensors, also any comparison of SCIAMACHY data with
model results will be systematically influenced by these biases in the SCIAMACHY CO
VCDs.

For these reasons, this thesis developed a normalization procedure of the SCCAMACHY CO
VCDs using simultaneous observations of the MOPITT instrument (see e.g., Drummond and
Mand, 1996; Deeter et al., 2003) over the ocean. This normalization is performed on a daily
basis and depending on latitude (the details are presented in chapter 7). Thus especially the
spatio-temporal variation of the bias between SCIAMACHY and MOPITT is corrected for. Of
course, due to this normalization procedure the SCIAMACHY CO data can not be regarded as
a completely independent data set anymore. In particular, all potential problems of the
MOPITT observations will be directly transferred to the retrieved SCIAMACHY CO VCDs.
Nevertheless, any systematic (and varying) biases between both instruments are largely
reduced. This is an important achievement, because now the potential of the different height
sensitivities of both instruments can be fully explored. Also, it is worth noting that MOPITT
observations have been validated in many studies and generally very good agreement was
found.

In addition to the normalization procedure, this thesis also applies a sophisticated cloud
correction. So far, the cloud effect was discussed in many studies, but it was not explicitly
corrected for. Instead, usually only measurements for small cloud fractions (typically <20%)
are considered (e.g., de Laat et al., 2010; Kopacz et al., 2010) and references therein. Here it
might be worth mentioning that using such a rather strict selection criterion leads to a strong
decrease of the number of useful SCTAMACHY observations. According to a study of Krijger
et al. (2007) only about 25% of all SCIAMACHY CO observations have a cloud fraction
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<20%. Thus e.g., during one month on average only 1.5 CO observations at a given location
could be used if this selection criterion is applied.

As already stated in several studies (e.g., Buchwitz et al., 2004; Buchwitz et al., 2005;
Frankenberg et al., 2005a; Gloudemans et al., 2006; de Laat ef al., 2007), clouds can lead to
systematic underestimation of the true CO VCDs, because the part of the CO profile below the
cloud is shielded. This underestimation becomes especially large for observations over
polluted regions (where enhanced CO concentrations exist close to the surface) and/or for high
clouds. Even for small cloud fractions the cloud effect can be substantial, because usually
(exceptions are e.g. deserts) clouds are much brighter than the surface, and the signal from the
clouded part usually dominates the measured spectra. As will be shown later, even for small
cloud fractions the related systematic errors can be large (e.g., up to 100% for observations
with cloud fraction <20% over polluted regions).

Here it should be noted that in many cases the systematic cloud effect is further enhanced if
the SCIAMACHY observations are averaged weighted by the inverse of the retrieval error
(e.g., de Laat et al., 2006). Since the retrieval error increases with decreasing brightness of the
observed scene, measurements with higher cloud fraction will be systematically stronger
weighted and any systematic cloud effect will thus be further increased.

Buchwitz et al. have introduced an implicit cloud correction: using a normalization based
on the simultaneous retrieved CH, absorptions (Buchwitz et al., 2007). However, because of
the different height profiles of CO and CHy4 (and probably also because of other differences
like the absorption strength), this method can not completely correct for the influence of
clouds. Especially in regions with strong CO emissions, the height profiles of CO and CHy are
particularly different, leading to a systematic underestimation of the true CO VCD. Buchwitz
et al. (2007) also state that while many retrieval problems are largely improved by the CHy
normalization procedure, still some systematic effects of the retrieved CO VCD remain.

In this thesis, for the first time an explicit cloud correction for the retrieval of CO VCDs
from SCIAMACHY is applied. It is based on results of the FRESCO algorithm and takes into
account the (effective) cloud fraction and cloud top height. Besides the correction of the cloud
effect, the algorithm also provides height dependent averaging kernels for the individual
SCIAMCHY CO measurements. The details of the cloud correction procedure are given in
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chapter 5.

After the normalization of the SCIAMACHY CO VCDs and the explicit cloud correction,
our CO data set is well suited to be compared in a quantitative way with the results of model
simulations.

In this thesis, the SCIAMACHY CO data set for the years 2004 and 2005 are compared to
the results from three chemistry climate models: MATCH (Model of Atmospheric Transport
and Chemistry, Max-Planck-Institute for Chemistry, (von Kuhlmann et al., 2003)), EMAC
(ECHAMS/MESSy Atmospheric Chemistry modeling system, Max-Planck-Institute for
Chemistry, (Jockel et al., 2006)) and GEOS-CHEM (Goddard Earth Observing System, (Bey
et al., 2001)). In addition MOPITT observations are also used for this comparison. For the
observations of both satellite instruments, the respective height-dependent sensitivities were
explicitly considered in this comparison by using the corresponding averaging kernels.
Besides several regions with intense biomass burning, the comparison is also performed for
eastern China, where high CO concentrations from anthropogenic emissions occur. Besides
the comparison with the simulated CO distributions from the models, also the temporal
variations of the CO emission inventories and fire counts observed from satellite are included

in the comparison.
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2 Satellite Instruments

2.1 The SCIAMACHY Instrument

Currently, The Scanning Imaging Absorption spectrometer for Atmospheric CHartographY
(SCIAMACHY), (Burrows et al., 1995; Bovensmann et al., 1999) which was launched on
board the European environmental research satellite ENVISAT (Figure 2.1) is sensitive to all
altitude levels of the atmosphere (it should be noted that originally also the MOPITT
instrument was designed to measure the CO absorptions in the near IR spectral range. But due
to problems with these spectral channels, the MOPITT standard product includes only the
results from the thermal channels, see section 2.3). Being sensitive to the boundary layer is a
prerequisite to obtain information about regional sources and sinks because they are located
near the Earth’s surface. This is the reason for the choice of the near-infrared CO absorption
band for the DOAS analysis. This is demonstrated by SCIAMACHY’s CO column averaging
kernel (Buchwitz et al., 2004), which are close to unity throughout the troposphere when there
is no cloud. The physical reason why SCIAMACHY has nearly equal sensitivity at all
altitudes is that the reflected solar radiation measured by its near infrared channel has passed
the entire atmosphere down to the Earth’ surface and is then reflected back, since the spectral
region used for CO column retrieval is relatively transparent in the atmosphere. However,
even a small cloud contamination (cloud fraction smaller than 20%) can significantly reduce
SCIAMACHY’s sensitivity for trace gases below cloud. The detailed description of the
method for handling the cloud effect can be found in chapter 5. Most other existing satellite
instruments measure in the thermal infrared and are primarily sensitive to middle and upper
tropospheric trace gas concentrations. Thus, SCIAMACHY plays a pioneering role in
obtaining a better understanding of the distribution and variation of carbon monoxide by

global near-infrared satellite measurements for other missions planned in the near future.
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Figure 2.1: ENVISAT in the European Space Research and Technology Centre, ESTEC (photos by ESA).

Table 2.1: Characteristics of SCTAMACHY ’s spectral channels (Gottwald et al., 2006).

Channel Spectral Resolution Detector Temperature
Range [nm] [nm] material Range [k]
1 214-334 0.24 Si 204.5-210.5
2 300-412 0.26 Si 204.0-210.0
3 383-628 0.44 Si 221.8-227.8
4 595-812 0.48 Si 222.9-2243
5 773-1063 0.54 Si 221.4-222.4
6 971-1773 1.48 InGaAs 197.0-203.8
7 1934-2044 0.22 InGaAs 145.9-155.9
8 2259-2386 0.26 InGaAs 143.5-150.0
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SCIAMACHY is a UV/visible/near-infrared spectrometer with 3 near infrared channels
covering wavelengths from 1-1.75um, 1.94-2.04um and 2.26— 2.38um with moderate spectral
resolution (0.22—1.5 nm). The details are given in Table 2.1. Due to its relatively high spectral
resolution and the wide wavelength range, SCIAMACHY detects many different trace gases in

the atmosphere, such as O3, SO,, and NO, (Figure 2.2).

2000 nm

Clouds |
Aegrosole |

SCIAMACHY

ENVISAT-1

Figure 2.2: The spectral range of SCTAMACHY and GOME and corresponding trace gas absorption bands
(Gottwald et al., 2006).

SCIAMACHY measurements alternate between limb and nadir mode. In the nadir mode the
field of view faces downward to the Earth’s surface scanning across the sub-satellite track. The
swath of 960 km gives full global coverage every six days (14 orbits per day; see Figure 2.3
for an example of an orbit and the swath). The typical ground pixel size of SCIAMACHY is
30km (along track, i.e. approx. north-south) times 60 to 120km (across track, i.e. approx.
east-west). For the CO retrieval, the typical ground pixel size is 30 km (along track) times 120
km (across track). In limb mode scattered light above the horizon is measured as function of
tangent height allowing the determination of trace gas profiles. The limb/nadir matching

performed by SCIAMACHY provides the possibility to measure the same atmospheric volume
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both in nadir and limb geometry within one orbit, yielding three-dimensional information

about the atmosphere, as shown in Figure 2.3.

Limb

Figure 2.3: Nadir and limb scanning strategy of SCTAMACHY (Gottwald et al., 2006).

The optical configuration of SCTAMACHY is shown in Figure 2.4. The incoming light
enters the instrument alternatively via the nadir, limb or sub solar port depending on scan
mode, and is focused on the entrance slit of the spectrometer. After leaving a predisperser
prism a geometrical channel separator splits the resulting weakly dispersed intermediate
spectrum and directs the light to the 8 spectral channels depending on the spectral range using
reflective optics and a dichroic mirror. Overall, the in-flight optical performance of
SCIAMACHY is very similar to that predicted from the pre-flight on the ground
characterization and calibration activities (Gottwald et al., 2006). One exception is a time
dependent optical throughput variation in the SCIAMACHY NIR/SWIR channel 7, which has
many resolved CO; absorption features, and channel 8, which has many CO and CH,4 features.
This results from the in-flight deposition of ice on the cooled detectors. As ice absorbs and
scatters radiation at these wavelengths, this adversely affects the trace gas retrieval: not only

by reducing the signal-to-noise ration, but also by changing the slit function (Gloudemans et
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al., 2005; Buchwitz et al., 2005). Therefore, it was evaporated by heating the detector every
3~6 months to alleviate the loss of signal, as shown in Figure 2.5. However, the slit function
(width and shape) behaves differently during each of these decontamination procedures, which
significantly affects the retrieval of trace gases from the near-infrared channels. Several

methods have been developed to deal with this problem. They will be introduced and

compared in chapter 6 and chapter 7.
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Figure 2.4: Optical configuration of SCTAMACHY (graphics: DLR-IMF, modified after SJIT 1996).
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SCIAMACHY Light Path Monitoring Results, Channel 8
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Figure 2.5: SCIAMACHY Light Path Monitoring Results, Channel 8 (prod. 16-Jun-2010 by SOST-IFE

(Stefan.Noel@iup.physik.uni-bremen.de)).

2.2 The SCIAMACHY Near-infrared Detectors

From a technological viewpoint, spectrometry (using image arrays) in the near infrared is a
challenging task. At the time SCIAMACHY was planned, the now common detector material
Indium Gallium Arsenide (InGaAs) was still very experimental and especially the extension of
the wavelength range to nearly 2.4 pm was very difficult. Compared to classical silicon
detectors used in the UV and visible, the major drawbacks of the SCIAMACHY InGaAs
detector pixels are a substantially higher pixel-to-pixel variability in quantum efficiency and a
more predominant dark (leakage) current. Hence, the correction for dark current as well as the
identification of dead or bad pixels had to be implemented in the retrieval scheme of this
work.

In channel 8 where the CO fitting window lies, an additional problem occurs. It has been
found that water vapor has somehow infiltrated the satellite. Since the detectors of channel 8
are the coolest elements (150K) of the SCIAMACHY instrument, the water vapor
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resublimation occurs on the surfaces of these detectors. This ice layer has two impacts, first it
reduces the transmission and second, it alters the instrumental line-shape and the dark current
as photons are scattered within the ice layer (see Gloudemans et al., 2005 and references
therein). From time to time, SCIAMACHY is heated in order to get rid of the ice layer.
However, after these decontamination periods, the ice layer starts to rebuild once the detectors
are at nominal temperature. Thus, the problem of transmission and line-shape distortion
depends strongly on time. For the retrieval of carbon monoxide, there is no way to circumvent
this problem since strong absorption lines are only present in channel 8. There are several
correction methods developed by different groups, but no consistent time series could be
retrieved so far. Thus, a completely different strategy was chosen which will be described in
chapter 7.

Furthermore, as Figure 2.6 shows, due to moderate spectral resolution of SCIAMACHY, the
absorption of retrieved species can not be fully resolved and compared with CH4 and H,O, the
absorption of CO are much weaker, which make the retrieval of CO from SCIAMACHY

challenging.
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Figure 2.6: Exemplary averaged SCIAMACHY measurements over the Sahara on the 3rd of February 2004
(20°N ~ 28°N; 8°W ~ 28°E). The upper two rows show SCIMACHY signal (with dark current corrected and
dead/bad pixels masked). The third row shows the cross section of CO with and without convolution with the

instrumental slit function; the forth and the fifth rows show the respective cross sections for CH4 and for H,O.
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2.3 The MOPITT Instrument

The Measurements of Pollution In The Troposphere (MOPITT) experiment was launched
on December 18th 1999, onboard the NASA EOS-Terra satellite. It is a downward looking
(nadir view) infrared radiometer which targets measurements of carbon monoxide (CO) and
methane, providing a horizontal resolution of 22 km by 22 km. Terra is in a 705 km,
sun-synchronous orbit with a 10:30am equator crossing time, which together with the
MOPITT swath width, of about 600km, means that total global coverage can be achieved in
approximately 3 days. The primary objective of MOPITT is to enhance knowledge of the
lower atmosphere system and particularly interactions with the surface/ocean/biomass systems.
The particular focus is on the distribution, transport, sources and sinks of CO and CHy in the
troposphere. In this thesis, CO measurements are only used for comparison with
SCIAMACHY. A more complete description of the MOPITT instrument can be found in the
MOPITT mission description document (Drummond and Mand, 1996).

The MOPITT instrument makes CO measurements in two spectral regions, thermal infrared
emission at 4.7 um and reflected solar radiation at 2.3 um. This thesis will concentrate on the
thermal infrared channels only, since the CO retrieved from solar channels are not currently
delivered for public downloading. The 4.7 um region covers the R branch of the CO (0-1)
fundamental band in the spectral region 2110-2230 cm’™. In this region, the solar spectrum is
relatively weak and the ground reflectivity is low, ~2% over the ocean (Edwards ef al., 1999).
The top of the atmosphere radiance in this region is therefore dominated by thermal emission
from the surface and the atmosphere. Table 2.2 shows how the MOPITT instrument makes use
of two PMCs (Pressure Modulation Cells) and four LMCs (Length Modulation Cells) to form
eight spectral channels; six are designed to be used for the CO retrievals and two for CH4. By
using a series of PMRs and LMRs at different cell pressures the MOPITT instrument is able to
obtain information on the vertical distribution of CO by sampling different parts of the line

wings.

24



Chapter 2 Satellite instruments

Table 2.2: The MOPITT instrument channel characteristics, numbers in parentheses denote standard deviation,

adapted from the NCAR MOPITT web site. (http://www.eos.ucar.edu/mopitt).

Channel Primary Modulator | Cell Cell Cell Centre
Number Purpose Type and | Pressure Temperature | Length Wavenumber
Number (mb) (K) (mm) (cm™)
1 CcoO LMCl1 200 300 2-10 2166 (52)
2 CcO LMC1 200 300 2-10 4285 (40)
3 CcoO PMCl1 50-100 300 10 2166 (52)
4 CH,4 LMC2 800 300 2-10 4430 (140)
5 CcO LMC3 800 300 2-10 2166 (52)
6 CcO LMC3 800 300 2-10 4285 (40)
7 CcoO PMC2 25-50 300 10 2166 (52)
8 CH4 LMC4 800 300 2-10 4430 (140)

2.4 MOPITT CO Measurements

Daytime MOPITT Version 4 data (http://eosweb.larc.nasa.gov/PRODOCS/mopitt) are used
in this thesis for comparison with SCTAMACHY CO columns and model CO columns. The
MOPITT retrieval algorithm is based on the Maximum a Posteriori solution (Deeter et al.,
2003), which depends explicitly on both the a priori state vector, which represents the
statistically most probable state, and the a priori covariance matrix, which describes the
statistical variability relative to that state. Compared to the previous version, an important
improvement of MOPITT version 4 data is that, instead of fixed a priori profiles, a priori
profiles, which vary geographically and temporally, are used for each retrieval.

MOPITT derives CO profiles from longwave thermal radiation emitted by the Earth’s
surface and atmosphere and its sensitivity to the lower troposphere directly depends on the
temperature differences between the ground and the troposphere. MOPITT observations are
predominantly sensitive to the middle troposphere (Deeter et al., 2003). The sensitivity to the
lower troposphere below 700hpa is strongly reduced, especially in the cases of could surface

temperatures.
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MOPITT CO total columns and corresponding total column averaging kernels are
calculated from CO profiles using the procedure as described by (Emmons et al., 2004). Only
cloud free MOPITT measurements are available. The clear/cloudy determination is based on
both the MOPITT radiances themselves and a ‘cloud mask’ produced from near-simultaneous
observations by the Terra/MODIS (“MODerate resolution Imaging Spectroradiometer”)
instrument. The error of the MOPITT total column measurements is generally less than 20%
and consists of a smoothing error, model parameter error, forward model error and an error
due to instrument noise. The MOPITT instrument noise error itself is only a few percent (Pan

et al., 1998).
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3 Infrared Spectroscopy

The content of this chapter is largely adopted from standard textbooks (Herzberg, 1989; Haken
and Wolf, 2006) and the thesis of Schneising (2008)

3.1 Basics of Spectroscopy

Spectroscopy deals with the interaction between matter and electromagnetic radiation through
absorption, emission, and scattering of the latter. Radiation can be characterized by its energy
which is linked to frequency by Planck’s relation.

E =hv 3.1

The electromagnetic spectrum (Figure 3.1) classifies electromagnetic radiation according to
specific wavelength or rather frequency ranges. These quantities can be converted by the simple
formula.

v=c/A 3.2

Commonly used in spectroscopy is also the wavenumber defined as

v=1/4 3.3

The part of the electromagnetic spectrum between the visible and microwave regions is
referred to as the infrared spectrum commonly being subdivided in spectroscopy as follows: The
region from 0.7um to 1.4um is denoted near-infrared (NIR), the short-wave infrared (SWIR)
ranges from 1.4um to 3um, and the interval from 3pm to 15um is called thermal infrared (TIR),
while the spectral interval from 15pum m to 1mm is referred to as far-infrared (FIR). The
differentiation between NIR and SWIR is somewhat arbitrary and in this study near-infrared
therefore refers to the entire spectral range from 0.7pum to 3um to simplify matters covering all

considered absorption bands of carbon monoxide relevant for the retrieval presented here.
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Figure 3.1: The electromagnetic spectrum (Schneising, 2008).
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Molecular absorption spectra result from conversion of radiative energy to excitation of the
molecule by rotational, vibrational or electronic transitions. The spacings of available energy
levels of the molecule have to match the energy of the incident radiation; otherwise the species
will be transparent to that radiation. While rotational energies of the molecule correspond to the
far-infrared or microwave region, vibrational energies are located in the NIR/SWIR or TIR
region. Electronic transitions correspond to energies in the visible, ultraviolet or X-ray
wavelength range.

In contrast to thermal infrared spectroscopy which uses thermal emission from the earth’s
surface and the atmosphere, near-infrared spectroscopy benefits from the absorption of reflected,
backscattered or transmitted solar radiation in the atmosphere and is normally based on
corresponding coupled rotational and vibrational excitation of the molecules with the vibrational
spectra containing fine structure according to the rotational sublevels. Due to the coupling the
spectra exhibit high complexity. Rarely, also electronic transitions such as in oxygen are

involved.
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3.2 Molecular Rotations and Vibrations

A molecule which consists of n atoms has 3n degrees of freedom, whereof three are
translational and three are rotational in a nonlinear molecule. A linear molecule only has two
rotational degrees of freedom because the degree of freedom associated with spinning along the
line of centres of the atoms is frozen out which is due to the very small moment of inertia I along
this axis and the inverse dependence of energy on it according to (with J being the total angular

momentum quantum number)

hZ
E, = JJ+1) 3.4
21

rot

resulting in very widely spaced rotational energy levels greater than the binding energy. The
remaining degrees of freedom then correspond to fundamental vibrations amounting to 3n—5 in
the linear and 3n—6 in the nonlinear case. The actual amount of spectral bands due to
fundamental vibrational modes can be smaller because of degeneration caused by symmetry.
Commonly observed near-infrared transitions are of rotational-vibrational nature. The
corresponding spectra are a result of transitions from rotational levels of a specific vibrational

state (described by the vibrational quantum numberv) to rotational levels of another vibrational

state without changing the electronic state. ((v',J') — ((v",J")) For the absorption to take place

there has to be a periodic change in the electric dipole moment of the molecule during the
vibration, otherwise the corresponding band is not observed in the infrared absorption spectrum
(infrared-inactivity).

Assuming that the interaction between rotation and vibration is negligible, the rotational and
vibrational contributions to the energy of the molecule can be considered independently. Using
the approximations of harmonic oscillator and rigid rotor, one gets therewith for a symmetric top
molecule, which is a molecule in which two moments of inertia are the same (I 7 Ig#I¢) having

two equal principal moments of inertia.

E, =E,+E_ =@+ %)h vy + heBJ(J +1)+ he(A - B)K? 3.5

vib,rot
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Where A and B are the rotational constants with respect to the moments of inertia about the

axis of symmetry and about an axis perpendicular to the axis of symmetry.vis the vibrational

quantum number, v, is the vibration frequency, J the quantum number of the total angular

momentum, and K=—1J, . . . , J the quantum number of the component of angular momentum
about the axis of symmetry (i.e., projection of J on the symmetry axis).

Vibrational modes in a symmetric top differ according to the orientation of the oscillating
dipole moment relative to the top axis and the corresponding bands are referred to as parallel and

perpendicular. The selection rules are Av =+1 and

Parallel bands: AJ ==1; AK=0 for K=0 3.6
AJ =011, AK=0 for K#0 3.7
Perpendicular bands: AJ = 0,%1; AK =+1 3.8

Pure rotational transitions (Av = 0) are also possible if the molecule has a permanent electric
dipole moment.

Special cases of the symmetric top are linear (Ig=I¢; 1n=0) and spherical top (In=Ig=Ic)
molecules. For linear molecules holds K=0 (no rotation about the molecular axis accordant to the
frozen out rotational degree of freedom mentioned above) and for spherical tops A=B so that (3.5)

reduces to
E e =0+ %)h v, +heBJ(J +1) 3.9

respectively. The degeneracy of each energy level is 2J+1 in the linear case and (2J+1)* for
spherical tops. According to the selection rules given above, AJ=+1 for parallel bands of linear
molecules (i.e., stretching vibrations) whereas for perpendicular bands which are associated to a
change of dipole moment perpendicular to the molecular axis (i.e., bending vibrations) also AJ
= 0 is possible. Transitions with AJ=—1and AJ=+1 are referred to as P-branch and R-branch,
respectively; transitions with  AJ = 0 are denoted as the Q-branch, which is - if present — rather
strong because of many overlapping lines due to AB/B" <1concentrated near the band center

between the P- and R-branches. The involved transitions are illustrated in Figure 3.2.
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Figure 3.2: Schematic rotational-vibrational molecular spectral band and corresponding transitions. The P- and
R-branches are consequences of transitions with AJ = —1 and AJ =+1, respectively. In local thermodynamic
equilibrium there is typically only thermal population in the lowest vibrational state withv” =0. The relative
amplitudes of the spectral lines scale as the population of the rotational sublevels.J" . (This plot has been obtained

from Haken and Wolf, 2006).

Unlike linear molecules where a Q-branch is only allowed for bending vibrations or when the
molecule has a triplet ground state, i.e., unpaired electron spins contributing to angular
momentum about the molecular axis, for a spherical top there is a Q-branch for both parallel and
perpendicular bands. The Q-branches of different K-values all lie on top of each other (only very
slightly displaced due to centrifugal distortion) with P- and R-branches to either side as in the
linear case. For a general symmetric top with [5#Ig the PQR-branches of a perpendicular band

would be spread out according to K due to AK = *1 and (3.5) leading to a very complex
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spectrum with spacing 2(A—B) of the Q-branches but since A=B for a spherical top they overlap
near the band center because the energy levels do not depend on K.

The rigid rotor approximation predicts lines with a constant distance of 2B in the observed
spectrum, whereas realistic measurements reveal slightly decreasing spacing in the R-branch as
the wavenumber increases and increasing spacing in the P-branch as the wavenumber decreases
due to the fact that bonds in molecules are not entirely rigid because of the vibrational coupling.
Anharmonicity additionally causes overtone bands resulting from Av = £2,%£3,£4, ... with
decreasing intensity.

Besides the selection rules, the relative amplitude of the spectral lines in a given band depends
on the degree of degeneracy and the population of the rotational level of the lower state (v", J").
In local thermodynamic equilibrium the thermal population is given by the Boltzmann

distribution, hence

N, g, E, -E,
—L =2Lexp(-—Lt—")=g, ex
N, g, p( T ) =g, exp(

_ heBJ(J +1)

) 3.10
k,T

with degeneracy g;, i.e., number of states having energy E; . For small J the degeneration term
((2J+1) for linear and (2J+1)* for spherical top molecules) dominates and the population NJ
increases with J, whereas for greater J the population decays exponentially with increasing J.
Thus, a population maximum is obtained for a specific J depending on temperature and rotational
constant. Since there is typically no thermal population in the upper state (v',J") the spectral line
intensities scale as the population of the rotational sublevels of the lower vibrational state
according to (3.10) with J =J". The intensities of transitions can also be affected by nuclear
spin in molecules with inversion symmetry. Given for example the linear molecule *C'°0,, the
exchange of the identical '°0 nuclei corresponds to a symmetric total wave function if J is even
and to an antisymmetric wave function if J is odd. Since the nuclei have zero spin, the
Bose-Einstein statistics requires symmetric behavior under nuclear exchange explaining why

only spectral lines originating from energy levels with even J are observed.
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Figure 3.3: Potential curves for the lowest electronic states of molecular oxygen. (This plot has been obtained from

Herzberg , 1989).

3.3 Carbon Monoxide Properties

The bond length between the carbon atom and the oxygen atom is 112.8 pm (Gilliam et al.,
1950). Atomic formal charge and electronegativity result in a small bond dipole moment with the
negative end of the molecule on the carbon atom (Kutzelnigg, 2002). This is due to the highest
occupied molecular orbital having an energy much closer than that of the carbon's p orbitals,
despite the oxygen's greater electronegativity. This means that the greater electron density is
found near the carbon atom. In addition, carbon's lower electronegativity creates a much more
diffuse electron cloud, enhancing the polarizability. This is also the reason why almost all
chemistry involving carbon monoxide occurs through the carbon atom, and not the oxygen.

The bond length of CO is consistent with a partial triple bond, and the molecule can be

represented by three resonance structures:
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Figure 3.4: Structures of carbon monoxide (Kutzelnigg, 2002).

In this study, the leftmost structure contributes the most. Carbon monoxide resembles
molecular nitrogen (N), and it has nearly the same molecular mass. The boiling point (82 K) and
melting point (68 K) are very similar to those of N, (77 K and 63 K respectively). The bond
dissociation energy of 1072 kJ/mol is stronger than that of N, (942 kJ/mol) and represents the
strongest chemical bond known "National Standard Reference Data Series", National Bureau of
Standards (Darwent, 1970).

The oxidation state of carbon in carbon monoxide is +2 in each of these structures. It is
calculated by counting all the bonding electrons as belonging to oxygen, which is more
electronegative than carbon. Only the two non-bonding electrons on carbon are assigned to
carbon. In this count carbon then has only two valence electrons in the molecule compared to
four in the free atom, so that its oxidation state is +2, and the molecule may be called carbon (II)

oxide.

3.4 IR Spectrum of Carbon Monoxide

The infrared (IR) spectrum of a simple heteronuclear diatomic molecule reveals a series of
regularly spaced peaks. A typical spectrum is illustrated in Figure 3.5 (the IR spectrum of carbon

monoxide looks much like this spectrum).

P-branch

il

Figure 3.5: A typical simple heteronuclear diatomic spectrum in the infrared (IR) (Grubbs, 2010).

inch
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To understand the information contained in the CO spectrum, the vibrational and rotational
energy levels of the molecule must be taken into account.
To a first approximation, the vibration of the carbon-oxygen bond is well described by the

harmonic oscillator model. The energy levels of a harmonic oscillator are given by
Evza)(v+%) 3.11

Where v is the vibrational quantum number (0, 1, 2 ....) and o is the harmonic frequency of

oscillator. This frequency can in turn be calculated from

Where k is the spring constant of the bond and p is the reduced mass of the diatomic,

=T 3.13
me.m,

The rotational energy levels of CO can be described using the rigid rotor model, which has
energies
E,=BJ(J+1]) 3.14
Where J is the rotational quantum number (0, 1, 2, 3 ...) and B is the rotational constant,

2 2
gl _ h

=2 =t 3.15
21 2uR

In equation 2.4.5, I represent the moment of inertia and R the equilibrium bond distance.
The combined rotational-vibrational energy (ro-vibrational energy) can be obtained by adding
equations (1) and (4) which yields

E,, =a)(v+%)+BJ(J+1) 3.16

When a diatomic molecule absorbs a photon of IR light, there can be a simultaneous change in
vibrational and rotational quantum number. However, not all transitions are permitted. The
selection rules that apply to this system tell us that only transitions whereby Av = +1 and AJ = £1
are allowed. At room temperature, nearly all of the CO molecules reside in their ground
vibrational state (v = 0), so the vibrational transition that predominates is the v = 0 to 1 transition.
But a wide range of rotational states are thermally occupied within the ground vibrational state,
so several AJ = %1 rotational transitions can coincide with the v = 0 to 1 jump. Using equation

35



Chapter 3 Infrared spectroscopy

3.16, a theoretical expression for this energy difference is derived as follows:
AE, = [a)(%) +BJ"+1)(J"+2)]- [a)(%)B(J” -1(J")] 3.17

Figure 3.6 shows a number of ro-vibrational energy levels for CO. By convention, ground state
parameters are identified with double prime and excited state parameters with a single prime. Of
the transitions that can occur between the v" and V' level, some will involve a decrease in
rotational quantum number (AJ= -1) and the others will involve an increase (AJ = +1). The peaks
in the IR spectrum that arise from AJ = -1 transitions are called P-branch transitions and the AJ =
+1 transitions are called R-branch transitions (three possible P-branch and three possible

R-branch transitions are shown in Figure 3.6).

J!

P-3

v''=0 R-3 P_Z Jm

1

R-2 P-1

0
R-1

Figure 3.6: Three possible P-branch and three possible R-branch transitions of CO (Grubbs, 2010).

Referring back to Figure 3.5, the P-branch transitions give rise to a series of peaks that appear
at lower wave numbers. The R-branch series appears at higher wave numbers. There appears to
be a peak missing between these two series; no peak appears here because AJ = 0 transitions are
not allowed. Investigation of more possible transitions of CO is beyond this thesis, which is left

to the specialized literature.
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4 Retrieval Algorithm

4.1 DOAS

Carbon Monoxide (CO) exhibits spectral lines due to vibrational-rotational transitions in the
wavelength range of 2323nm ~ 2338nm. Thermal emission from the Earth can be neglected
compared to reflected solar radiation in the near infrared. Therefore, in general trace gas
concentrations can be retrieved by means of differential optical absorption spectroscopy (DOAS)

(Platt and Wiley, 1994), which is based on the well known Beer-Lambert law:
dl(A) =—-1(A)c(s)o(A, p,T)ds 4.1
Here o(A, p,T) is the absorption cross section of the absorbing species which depends on

wavelength A, pressure p and temperature T. ¢ (s) is its concentration along the light path s.

Integration of equation (4.1) for a finite light path through the absorbing species yields the
relationship between the incident light intensity /,(4) and the transmitted light intensity /(A1) :
I(A)=1,(4)exp(-7) 4.2
The logarithm of the ratio of the measured I and Iy is called optical density 7(A)
t(A) = -In(I(A)/1,(1))= j (A, p,T)c(s)ds. 4.3

In case of multiple absorbers, equation 4.2 has to take into account optical densities of several

absorbing species:

1) = L, (Aexp(-37), 44

Where 7, denotes the optical density of the absorber 1.

If o does not strongly depend on temperature and pressure (or if temperature and pressure

along the path ds are constant):

r.(A) = j 6.(A, p.T)c,(s)ds ~ o.(A) j ¢.(s)ds 45

W, = [e,(s)ds 4.6
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W is the concentration of the absorbing gas i integrated along the light path and usually called
the “Slant Column Density” (SCD).

To solve equation 4.4, the contributions of all trace gases with significant absorption in the
selected wavelength range need to be taken into account (including the so-called Ring spectrum
accounting for inelastic scattering that leads to a filling-in of strong Fraunhofer lines). In addition,
the Rayleigh scattering, Mie scattering and surface absorption should be included, for they also
contribute to the total extinction within the atmosphere. The key principle of DOAS is to
discriminate between high-frequency absorptions of atmospheric molecules and low-frequency
absorptions due to, e.g., scattering processes, since the absorptions due to transitions (electronic,
vibrational or rotational) of atmospheric molecules strongly varies with wavelength. In the

spectral fitting process, the low-frequency extinction is simply modeled by a low order

polynomial. Therefore, the total optical density 7, ,(A4) can be written as:

£ (D) ==(I(D)/ 1,(D) = 3 W, -0, + Y a, & 4.7

Where a A" represents the x™ terms of a polynomial of n® degree.

The parameter vectors W and a could be retrieved by minimizing y* (the squared Euclidian

norm ||-|[, of the residual vector):

2

— min 4.8
2

22W,a)=

I(4) , o
1n(10(;t)+§i:W,. ai(l)+;ax}t

Since the system of equations is strongly over determined, the linear least squares approach is
suitable in this case. A detailed description of the DOAS fitting routine is given by Platt and
Wiley (1994), Leue et al. (2001) and Wenig (2001).

4.2 The Characteristic of the Trace Gas Cross Sections in Near Infrared.

Spectral absorption of molecules in the near infrared region is mainly due to vibrational and
rotational transitions (see chapter 3) whose ground state population distribution strongly depends
on temperature and pressure. Thus, in contrast to the UV/Vis spectral region, it becomes
indispensable to consider the temperature and pressure dependence of the cross sections in near
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infrared.

In the case of local thermodynamic equilibrium, the absorption cross section of a single

transition lineo,(v) can be written as the product of the line intensity S, and a frequency
dependent part determining the line shape ¢,(v) (Thomas and Stamnes, 1999).
o,(v)=S54) 4.9

In the near-infrared range, the line shape is not only determined by Doppler broadening
(Gaussian shape) but also determined by pressure broadening (Lorentzian shape).

Doppler broadening is caused by the relative speed of the absorbing molecules with respect to
the incident light source which leads to a small Doppler shift of the absorbed frequency. The line
shape of a purely Doppler broadened line can be described by a Gaussian function (Thomas and

Stamnes, 1999; Goody and Yung, 1989):

¢D(V) _ 1 e*(vfl/o)z /7%) 4.10
Y p
Where
7o == 20 2k, T/ m 4.11
c c
with

m = molecular weight,

kg = Boltzmann constant

¢ = the speed of light
v = the observed frequency
v = the rest frequency
Pressure broadening is caused by optical collisions between molecules which effectively
reduce the life time of the upper state (Thomas and Stamnes, 1999) and could be described by a

Lorentz line shape.

Va4
L (V) = — 4.12
)= vy ]
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Where y, is the Lorentzian half-width of the broadened line. The width linearly depends on

the collision frequency with other molecules; hence it is proportional to the mean velocity of the
molecules and inverse proportional to the mean free path. Theoretically, pressure broadening is
thus proportional to pressure and inversely proportional to the square root of the temperature.
Assuming that both broadening processes are independent of each other, the resulting
combined line shape is a convolution of a Gaussian and a Lorentzian line shape, called a Voigt

profile (Goody and Yung, 1989; Thomas and Stamnes, 1999):

b = exp(—t?)
,b) = dt 4.13
#a.b) 7z3/27DL°(a—t)2+b2

With b denoting the ratio of the Lorentzian and the Gaussian half width y, /y, and a distance

from the line center in units of the Gaussian half width (a = (v —v,)/y,). The Lorentzian half

width y, is directly proportional to the pressure p while y,, is independent of p.

Due to the temperature and pressure dependence caused by the broadening pressure mentioned
above, a single cross section can not be used as reference for the entire atmosphere. Besides, the
absorption lines of simultaneously retrieved species such as CO, CH4, and H,O in the
near-infrared range are strong and narrow so that they can not be fully resolved by
SCIAMACHY which has only moderate spectral resolution. This leads to a nonlinear
relationship between the absorption cross sections and the total optical depth. To account for
these circumstances, where classical DOAS is no longer appropriate any more, in this thesis
the so called iterative maximum a posteriori-DOAS (IMAP-DOAS) (Frankenberg et al., 2005a)

is applied which will be introduced in the next section.

4.3 Iterative Maximum a Posteriori-DOAS (IMAP-DOAS)

The classical DOAS (Platt and Wiley, 1994) uses the Lambert-Bee law to obtain a linear
system of equations where the column density to be retrieved is directly proportional to the

measured differential optical density:

1(v) = I,(v)exp(=[ (v, p, T)e(s)ds) = I, (v) exp(=o (v, p,T) | c(s)ds) 4.14
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In the near infrared, considering the temperature and pressure dependence of absorption lines,

the integral in equation 4.14 can not be simplified since o(v, p,T) is not constant along the

light path ds. To solve this problem, the basic idea of IMAP-DOAS is to fit optical depths instead
of cross sections. The total vertical optical depths of the respective absorbers are calculated as
the sum of the vertical optical densities of sub layers, each having nearly constant pressure and

temperature (4.15).

OD = 1{%} =A- Zai v, p,T)c,(s) 4.15

1

Where A is the airmass factor, which is the ratio of the slant column density and the vertical
column density and depends on many factors such as measurement geometry, albedo,
wavelength and concentration profile. Neglecting scattering, the airmass factor can be
approximated by simple geometric considerations of the slant light path. If clouds are absent, this
1S a reasonable approximation in the near infrared and assumed in this study. The detailed
description of the air mass factor and the correction for the cloud effect is presented in chapter 5.

Strictly speaking, the Lambert-Beer law is only valid for monochromatic light, when
spectrometers can fully resolve individual absorption lines. However, in our case, the
spectrometer detects light convolved with an instrumental function that is broader than the
individual absorption lines. Thus, the spectrometer always records a blend of different
wavelengths with very different transmissions. For so-called weak absorbers, the Lambert-Beer
law is still valid, but for strong absorbers the problem becomes nonlinear (Frankenberg et al.,
2005a), if the width of the high-frequency absorption lines is not fully resolved by the
spectrometer. It means, the interchanging of convolution and exponentiation which is often used
as a reasonable approximation for weak absorbers in the standard DOAS approach, is

inappropriate for strong absorbers:

(I, exp(-t,,)) # I, exp((- 7,,,)) 4.16
Where Iy is the Fraunhofer spectrum and< > denotes the convolution with the normalized
instrument function

CO is a relatively weak absorber in the near infrared spectral region, but its absorption lines

overlap with strong absorption features of CHs and H,O. In order to detect CO, it is
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indispensable to account for the absorption of CH4 and H,O properly. The idealized radiation

seen by the detector is
<[o exp((_TCH4 ~Th,0 " Tco —~ ij ))> 4.17
j

b; is the low frequency polynomial associated with Raleigh, Mie and other broadband

extinction processes. The convolution does not strongly affect the low frequency structures, thus
<[o exp((_TCH4 ~Th,0 ~Tco~ ij ))> ~ 1, eXP(_Z bj )<eXp(_TCH4 ~Th,0 ~Tco )> 4.18
j j

In this case of two strong overlapping absorbers, the absorptions of methane and water can not

be considered individually since they affect each other.
<exp( “Tew, — TH20)> # —<eXp( Ten, )> - <exp( TH20)> 4.19

(Frankenberg et al., 2005a) demonstrate that the error resulting from assuming that equation

4.3.5 holds is far larger than the CO absorptions and can not be neglected.

A7 == In((exp(~7y, = 1)) — (~In((exp(=7cy,))) = In((exp(=7,,,0))) 4.20
AT >>— ln(<exp(—z'co )>) 4.21
This problem is solved by taking — 1n(<exp(—rCH4 ~Tyo —Tco )>) as a linearization point in

IMAP-DOAS.

Based on optimal estimation theory introduced to the remote sensing community by (Rodgers,
1976), IMAP-DOAS iterates the vertical column densities (slant column densities divided by the
air mass factor) of the absorbers of interest (in this case, CHs4, H;O and CO), until the modeled
total optical density fits the measurement.

The general concept is a linearization of the forward model F(x) at xo (nomenclature according
to (Rodgers, 2000)):

OF(x) (x—x))+é 4.22

Xy

y=F(x))+

Where y denotes the measurement In(I/Iy) and F(x¢) the theoretical value of In(1/1p) evaluated at a
state vector Xo by means of a radiative transfer model (in the non-scattering case simply the

Beer-Lambert law). The state vector is comprised of the scaling factors for the vertical columns
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of the respective trace gases in different height layers, a climatological index for temperature

change in the atmosphere, and polynomial coefficients accounting for low frequency absorptions

OF (x)
ox

o

and scattering. The derivatives K, =

can be represented as a Jacobian Matrix where

each column is the derivative vector of the measurement with respect to an element of the state
vector.

Assuming the elements of the state vector to have Gaussian distributions, the state vector
maximizing the a posteriori probability density function of a nonlinear problem can then be
written by means of Newtonian iteration (Rodgers, 2000). Each iteration of the Gauss-Newton

method requires the following operations:
X =X, + (K] S;K, + 8, K]S [y = F(x) + K (x, - x,)] 4.23

where

Xa = a priori state vector,

X; = state vector at the i-th iteration,
S = (pixel) error covariance matrix,
S. = a priori covariance matrix,

F(x;) = forward model evaluated at x;,

K= Jacobian of the forward model at x;.

To solve equation 4.23 by the least squares method, it is written in the form:

(KiTS;Ki + Sail)il(x‘

i+1

-x,)=K/S.'®, 424

or

—-1/2 -1/2
(Sf K]()(S @J 425

Sa—l/z 0
where @}i :y_F(xi)+Ki(xi _‘xa)

At last the slant column density is calculated by scaling the first assumed total column density
with the retrieved x;. Thus, given a linearization point, the derivatives of the measured optical
density and other affecting factors can be calculated. A detailed description of IMAP-DOAS

fitting routine is given by Frankenberg ef al. (2005a). One example of the fitting results is shown
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in Figure 4.1. Due to the decline of instrument sensitivity towards larger wavelengths, for the
retrieval of CO, a fit window between 2324nm and 2335nm was chosen which is an optimal

fitting window with respect to signal to noise ratio.

0.0 —
-0.1 —
0.2 —
a
[o]
(%]
a 0.3 —
0.4 —
as
de
0.5 — S
2324 2326 2328 2330 2332 2334 2336
W avelength
0.10 — . .
resulting C O fit
Measured DSOD -other species
0.05 —
0.00 — —
[a]
@) i
[
o -0.05 —
-0.10 —
0.15 —
T T T T T T
2324 2326 2328 2330 2332 2334 2336
W avelength
0.10 — -
1 — - residuall
0.05 — -
AN ..'\/\/\ I /‘\ 2 N
0.00 — - = LAY
- - - -
[N 7 A A v
i U You | Vi /
0.05 — -
0.10 —
0.15 —
2324 23‘26 23‘28 23‘30 23‘32 23‘34 23‘36

W avelength

Figure 4.1: Example of a CO fit with relatively strong CO absorptions (V CD ~8.5-10" molec/cm?). The upper
panel shows the differential slant optical density (DSOD) of all absorbers (CH4, H,O and CO) as well as that of CO
separated (blue line). The centre panel shows the measured slant optical density with the slant optical density of CH,4
and H,O subtracted in order to depict only the absorption structures of CO. The lower panel shows the residual of the
fit.
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4.4 Sensitivity Study of the Shielding Effect of Clouds

As mentioned above, due to the strong temperature and pressure dependence of the cross
sections of the trace gases under study in the near infrared, the basic idea of IMAP-DOAS is to
fit optical depths instead of cross sections. Also, to account for the strong absorption and the
varying vertical profile of the absorber amount, the atmosphere is sub-divided into three layers in
IMAP-DOAS. The optical depth of each layer is obtained by integrating the altitude-dependent
cross sections (each having nearly constant pressure and temperature), multiplied by an a priori
absorber profile (US standard profile) throughout the corresponding layer. This is schematically

shown in Figure 4.2.
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Figure 4.2: The first assumption of trace gases optical depth in the atmosphere in IMAP-DOAS simulations.

In the first (lowest) layer, usually up to 3 km altitude, the CO number density and vertical
profile are highly variable. The steepest gradients are found here because nearly all emissions
originate from (near) the surface. The second layer lies between 3 and 12 km, and is much less
variable. This is where most large-scale transport of trace gases occurs. The third (upper) layer,
from 12 km to top of atmosphere, is the least variable in trace gas concentration.

Since our instrument has only moderate spectral resolution, the retrieved optical depths at
different height layers for the same species are nearly linearly dependent. However, the
information content of the measurement is not high enough to discriminate between different

height layers. In order to be more sensitive to changes in the lower atmosphere where the
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variance of CO concentration is expected to be high, only small variances for the OD of higher
atmosphere layers are allowed.

One fundamental problem appears if clouds shield a major fraction of the lower atmosphere.
Especially if clouds are higher than the height of the 1% layer (3km), the retrieval of trace gas
amounts becomes problematic. This can be easily seen in Figure 4.2: if a satellite pixel is
completely covered by a cloud, which is located at or below z; (the top of layer 1), the OD; is
adjusted by the algorithm to fit the observation; OD, and OD; are unaffected. If the cloud is
located between z; and z,, the retrieved OD; should be zero and the OD; should be smaller than
a priori OD of the 2nd layer. But because only small variances of OD, are allowed in the retrieval
algorithm, OD is set to a negative value to compensate when the shielding effect of the cloud is
larger than the allowed variance of OD,.

The potential errors caused by this effect are investigated in two ways. The first is to allow
more variability in the optical depth in the second layer (i.e., OD>).
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Figure 4.3: Comparison of the CH, fit with different limits for the variance for the 2" layer, which is synchronously
retrieved with CO for a measurement with completely cloud-covered ground pixel. (a) The optical depth of the 1*

layer. (b) The optical depth of the 2™ layer. (c) The total optical depth.

Considering that CHyis a strong absorber in the fitting range of CO, the optical depth (OD)
from the CH, fit with different variance settings for the 2" layer are compared, leaving the
variability in the first layer unchanged. In Figure 4.3 the results are shown for three cases: 1)
variance of CH, OD in the 1% layer, limited OD variance in the 2" layer (default case; black
lines); 2) same variability of CH; OD for 1* and 2nd layer (red line); 3) no limitation of CH4 OD
for 2" layer (blue line).
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The left panel (a) shows the retrieved CH4 optical depths in the first layer (OD)); the middle
panel (b) shows OD,, the optical depth in the second layer, and the right panel (c) contains the
total column CH4 OD (sum of OD;, OD;, and OD3).

In Figure 4.3 it can be seen that allowing more freedom in the second layer improves the OD
in the first layer slightly (the red and blue lines in panel are closer to zero). However, the total
OD (panel c) does not change significantly. Apparently, this method is not very sensitive to the

effect of clouds.
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Figure 4.4: Comparison of the CH, fit with different height settings of the 1*' layer for a completely cloud-covered

ground pixel. (a) The optical depth of the 1% layer. (a) The optical depth of the 2™ layer. (c) The total optical depth.

The other method is to divide the atmosphere according to the cloud top height information
from the individual satellite observations (FRESCO+, Wang et al., 2008). Figure 4.4 shows the
comparison of the CHy fit with different settings for the altitude of the 1** layer height: 0~3km
(default setting; black line), 0~4km (red line) and 0~5km (blue line). The variability of the
second layer was set to the default value. Since the cloud top height of this pixel is Skm, it is
reasonable that when the height of the 1* layer increases, the retrieved optical depth of the 1*
layer becomes less negative, and the optical depth of the 2™ layer decreases. However, even
when the height of the 1% layer is the same as the actual cloud top height (here 5 km), the
retrieved optical depth in the 1¥ layer is still less than 0. One possible reason could be that the
cloud top height used for atmospheric separation is underestimated by FRESCO+ or even the
cloud still can not completely shield the CO below the cloud, e.g., due to the effect of convective

uplifting.
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optical depth with different height setting of the 1* layer.

In summary, it is found that both methods are rather insensitive to the influence of cloud
shielding. This is a very important finding, because otherwise the uncertainties of the CO
retrieval in the presence of clouds would have been largely increased. Because the difference in
the retrieved CO (Figure 4.5) total optical depth between different tested parameter settings is
very small, in this thesis the original atmospheric separation (with z; = 3 km) keep using, and

only small variances for the scaling factors of the higher layers are allowed.
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5 Radiation Transfer Model

5.1 Definition of Air Mass Factor and Box Air Mass Factor

The direct result of the spectral analysis is typically the so called Slant Column Density (SCD).
This quantity represents the concentration of the specified trace gas integrated over all possible
photon paths. Therefore, the SCD is a function of the solar zenith angle (SZA) and other
parameters like cloud fraction and ground albedo. In order to become independent of viewing
geometry the slant column density is usually transformed into the so called Vertical Column
Density (VCD), which represents the concentration integrated along a vertical column through
the atmosphere. For this transformation the concept of Air Mass Factors AMF (see e.g., Perliski
and Solomon, 1993), has proved to be very useful. The AMF is defined as the ratio of the SCD
and the VCD:

AMF= SCD/AMF 5.1
thus
VCD=SCD/AMF 52
Since Rayleigh scattering in the near IR spectral range can be neglected, in the absence of clouds,
the observed light is simply reflected at the ground, and the AMF cam be well described by simple

geometry. The so called “geometric AMF” (for nadir geometry) is:

AMF 1 ! 53

= +
8" cos(LOS)  cos(SZA)
with LOS the viewing angle with respect to the nadir and SZA the solar zenith angle.

Here it should be noted that in the original IMAP-algorithm (Frankenberg et al., 2005a) a
geometric AMF is included in the spectral retrieval. Thus IMAP retrieval directly yields the CO
VCD. The CO SCD can be simply calculated by multiplying the retrieved CO VCD by the
geometric AMF (equation 5.3).

To describe the sensitivity of the measurements on the vertical distribution, the Box Air Mass
Factor was introduced (equation 5.4). The Box-AMF represents the contribution of a trace gas
located at a certain altitude interval, or vertical ‘box’, to the overall AMF under the given
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atmospheric conditions. It is thus a measure of the sensitivity of a particular viewing direction
towards an absorber being present in a specific altitude. In addition, the Box-AMF characterizes
the ratio of the partial SCD to the partial VCD of an atmospheric layer with an assumed constant
trace gas concentration. The relationship between total AMF and Box-AMF is shown in equation
5.5.

Box-AMF(z;) = SCD(z;) / VCD (z) 5.4

with SCD(z;) and VCD (z) the partial slant and vertical column densities of layer i.

T04

> AMF, -VCD,
AMF =2 5.5

104

D VD,
0

AMF, and VCD, refer to the Box-AMF and the partial VCD for layer i; within the layer the

trace gas concentration is assumed to be constant.

Both AMF and Box-AMF can be calculated with radiative transfer models (RTMs). In this
thesis the full spherical Monte-Carlo atmospheric radiative transfer model McArtim (Monte
Carlo Atmospheric Radiative Transfer and Inversion Model) (Deutschmann et al., 2010;
Deutschmann, 2008) is used; it was compared to various other radiative transfer models (Wagner
et al., 2007) and excellent agreement was found. McArtim allows the simulation of ensembles of
individual photon trajectories for a given atmospheric situation. From these trajectories the
average frequency of the modeled photons for certain interactions with atmospheric constituents
or with the Earth’s surface are determined. The scattering events are modeled individually,
according to their respective scattering cross sections and phase functions. Interaction with the

Earth’s surface is treated as a Lambertian reflection.

5.2 Sensitivity Study of Cloud Effect

In the near-infrared fitting range of CO (2324nm to 2335nm), due to the longer wavelength,
Rayleigh scattering can be neglected. Thus, the geometric air mass factor (AMF) could be a good
approximation in the absence of clouds, which is demonstrated in Figure 5.1. Figure 5.1 shows

the Box-AMF factor simulated by the radiative transfer model McArtim for different solar zenith
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angles and ground albedo scenarios in the absence of clouds. It is found that the geometric AMF
matches quite well the simulated Box-AMF. Although, the simulated Box-AMF deviates from
the geometric AMF at higher altitudes for larger solar zenith angles, many measurements with
large SZA are discarded due to very low SNR in the fitting procedure. Besides this, it could be
found that the sensitivity of the measurements on altitude does not depend on the ground albedo
for clear sky. This demonstrates that in the near-infrared, the geometric AMF is a very suitable

global approximation for the conversion of SCDs to VCDs for cloud free cases.
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Figure 5.1: Box-AMF factor simulated by the radiative transfer model McArtim for different solar zenith angle and

ground albedo scenarios in the absence of clouds. The red line in each figure denotes the geometric AMF.
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When clouds are present, as in the left side of Figure 5.2, the measurement sensitivity is
enhanced at the cloud top due to multiple scattering, and this enhancement increases with
decreasing SZA. Besides this, it is found that the measurement sensitivity is strongly reduced
below the clouds which are the well known cloud shielding effect. Because of the high cloud top
albedo even for small cloud fractions most of the photons that the satellite receives are reflected
from the cloud top. For example, in the case of a cloud fraction of 20% (the general threshold of
cloud free cases), cloud albedo of 80% and ground albedo of 5%, the majority (80%) of all
measured photons are reflected at the cloud top. This example indicates that without a proper
cloud correction procedure, the CO columns are strongly and systematically underestimated,
especially over biomass burning and industrial regions. Therefore a cloud correction procedure is
developed (and applied) which is described in the next section.

There is one important aspect which needs to be mentioned here: in this thesis, a rather simple
cloud model is used. In contrast to the Radiative transfer results shown above, a so called
Lambertian cloud model is used in this study, which assumes that clouds are simple reflecting
surfaces (with a specified albedo), which completely shield the atmosphere below. The reason for
this is that the cloud information used for our cloud correction scheme is from the FRESCO+
algorithm (Wang et al., 2008), which calculates cloud information (effective cloud top height,
effective cloud fraction etc.) also based on the assumption of a Lambertian cloud.

The measurement sensitivity as a function of the cloud altitude for the assumption of a
Lambertian cloud is shown in the right side of Figure 5.2: The difference of the measurement
sensitivity between these two types of cloud models becomes smaller when the solar zenith angle
is high.
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Figure 5.2: Box-AMF simulated by the radiative transfer model McArtim for different solar zenith angles and
different heights of the clouds (ground albedo is 5%). The left side is for a ‘realistic cloud’; The right side is for a

Lambertian cloud, which is also the assumption of FRESCO+.
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5.3 Correction for the Cloud Shielding Effect

From the sensitivity study of the cloud effect above, it follows that even for small cloud
fractions, the clouds can still strongly affect the retrieved CO VCD, especially if the cloud
altitude is high, the surface albedo is low, and the surface-near CO concentration is high.

Thus an appropriate cloud correction is particularly important for measurements close to
strong emission sources. In this thesis, before the normalized SCIAMACHY data set can be used
for comparison with other data sets like e.g., ground based observations or model results, the
effect of clouds on the measurement sensitivity has to be corrected. Here it should be noted that —
to our knowledge — such a cloud correction was not applied to any SCIAMACHY CO data
before. Cloud effects can be minimized by excluding measurements with large effective cloud
fractions; for satellite observations of tropospheric trace gases often a threshold of 20% to 30%
effective cloud fraction is used. In this study only measurements with effective cloud fractions
<20% are considered. But even for such small cloud fractions the errors can be up to 100%.

In this cloud correction, the effective cloud fraction and effective cloud top height are used;
these cloud properties are simultaneously retrieved by the FRESCO+ algorithm (Wang et al.,
2008); the influence of the surface albedo is taken into account using MODIS albedo maps for
the wavelength range of our CO retrieval (Justice ef al, 1998). The independent pixel
approximation is used: the CO absorptions of the clear and cloudy parts of a satellite pixel are
weighted, according to the effective cloud fraction and the respective radiances of the cloudy and
clear fractions. For the cloudy part of the pixel it is assumed that the sensitivity to CO above the
cloud is high, but is zero below the cloud top (see Figure 5.2). This assumption is justified by the
high effective albedo of clouds. For the clear part of the pixel it is assumed that a constant
sensitivity throughout the atmosphere, which 1is justified by the low probability of
Rayleigh-scattering in the near IR spectral range. As already mention in the above section, in this
thesis, the description of clouds by a so called Lambertian reflector is chosen, because such a
cloud model is also used in the FRESCO algorithm.

First, box-AMFs (equation 5.4) for different layer heights are calculated:
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(1-CF)-SA- AMF,,, +CF -CA- AMF,,,,,
(1-CF)-S4+CF -CA

Box ,,,-(z;) = 5.5

Here z; indicates the height of the atmospheric layer CF, indicates the (effective) cloud fraction,
SA indicates the surface albedo, and CA indicates the cloud top albedo. AMF,e,, is approximated
by the geometrical AMF assumption (equation 5.3). AMF o4 1S zero for z; < the cloud top height
and set to the geometric AMF for z; > the cloud top height.

These box-AMFs describe the height resolved sensitivity of the SCIAMACHY observation the
depending on the actual effective cloud fraction, cloud top height, and ground albedo. If the
(relative) CO profile for the observed atmospheric scene is known (or assumed), the total
cloud-corrected CO VCD can then be calculated from the SCIAMACHY observation based on

the height dependent sensitivity.

VCDyy, - AMF,,, s
AMF '

total , profile

VCD SCIA,corrected =

with

Z BOXAMF (Zi) ’ cCO,prQﬁle (Zi)

AMF‘tutal,praﬁle =— 57
z CCO,prUﬁle (Zi)
z

VCDsgc1a indicates the IMAP CO VCD after the normalization procedure, see section chapter
7; cco, profile(zi) indicates the CO concentration at layer 1.
Using the formalism of (Eskes and Boersma, 2003), besides the cloud-corrected CO VCDs,

also averaging kernels can be calculated for individual SCTAMACHY CO observations.

BOX ,z(z,)
AMF

total , profile

AK(z,) = 5.8

If no independent information on the CO profile (e.g., from model simulations) is available, a
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‘standard CO profile’ for the retrieval of CO VCDs from SCIAMACHY observations is used.
This ‘standard profile’ is constructed as a compromise between CO profiles from chemical
models for polluted and remote areas; it is shown in Figure 5.3. Using this profile as input in

equation 5.7, the new standard SCIAMACHY CO VCD is determined:

VCDypy, - AMF,,, 5o
AMF '

total ,s tan dard

VCD SCIA,s tan dard =

20

15

Altitude (km)
S

0 T T T T T T T T
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Figure 5.3: Standard CO profile used for the calculation of the SCIAMACHY vertical CO column density.

Of course, this choice of a CO profile is somewhat arbitrary and can lead to large deviations of
the retrieved CO VCDs from the true atmospheric CO VCDs, depending on the true atmospheric
CO profile. Close to emission sources, where the CO concentration in the surface-near layers
might be higher than in the standard profile, the retrieved SCIAMACHY CO VCD tends to
underestimate the true CO VCD. In contrast, for remote unpolluted regions, the actual

surface-near CO concentration might be lower than assumed by the standard profile, and thus the
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retrieved SCTAMACHY CO VCD tends to overestimate the true CO VCD. These dependencies
should be kept in mind when the values of our SCIAMACHY standard CO VCD are compared
to other data sets of CO VCDs. However, if the SCIAMACHY CO VCD is compared to a data
set which provides explicit profile information (e.g., from climate chemistry models), the
application of the averaging kernels properly takes into account the height-dependent sensitivity
of the SCIAMACHY observation; or in other words: if both measurements and model
simulations are correct, exact agreement between both data sets must be expected by considering
the averaging kernels of the measurements. A detailed comparison between satellite
measurements and climate chemistry models is shown in chapter 9.

In Figure 5.4, examples for the averaging kernels of SCIAMACHY CO observations (for
effective cloud fractions <20%) are shown. The graphs present the monthly mean averaging
kernels for SCIAMACHY and MOPITT observations over selected regions (central Africa,
January 2004, and east of China, May 2004). It is obvious that — as expected — SCIAMACHY is
much more sensitive to surface near CO concentrations than MOPITT. Nevertheless, due to the
cloud shielding effect, also the sensitivity of SCIAMACHY CO observations systematically
decreases towards the ground (by about 20% for observations with cloud fractions <20%), but

this decrease of sensitivity is considered for the quantitative comparisons with model data in this

study (see chapter 9).
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Figure 5.4: Examples of MOPITT’s and SCIAMACHY’s monthly mean averaging kernels over central Africa (5°N
to 12°N; 15°W to 32°E, January 2004) and East of China. (20°N to 40°N; 107°E to 123°E, May 2004). Only

observations with effective cloud fractions <20% are selected.
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The importance of a proper cloud correction is illustrated in Figure 5.5, where the relative
difference of SCTAMACHY CO VCDs with and without cloud correction is shown. The relative
difference is below 20% over desert areas where the surface albedo is high and cloud fraction is
low. In general, over areas with small cloud fraction and low cloud top height, relatively small
differences are found. However, over areas with high cloud top height the relative difference can
reach up to 100%. Here it should be noted that most of these areas (such as industrial regions and

biomass burning regions) are of great interest for the verification of current emission estimates.
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Figure 5.5: Relative difference of SCTAMACHY CO columns with and without cloud correction

(January 2004). Only observations with effective cloud fractions <20% are considered.
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6 Attempts to Correct the Effects of the Ice Layer on the
SCIAMACHY near-IR Detectors and of the Increasing Number of

Bad and Dead Detector Pixels

In many studies in recent years, biases of the SCTAMACHY CO VCDs were reported or
were obvious in the presented data sets. Typically, they do not only depend on location (e.g.,
showing a latitudinal gradient) but also vary with time (e.g., Buchwitz et al., 2005; Buchwitz
et al., 2007; Turquety et al., 2008; Gloudemans et al., 2009; Kopacz et al., 2010; de Laat et al.,
2010). The reasons for these biases are not completely understood, but are probably related to
several problems of the SCIAMACHY detectors. For example a changing ice-layer on the
SCIAMACHY near-IR detectors influences the measurements in several ways (e.g.,
Gloudemans et al., 2005) Most importantly, they cause a loss of signal and systematically
change the instrument slit function. In addition, the dark current of the detectors is influenced.
Variations of the dark current occur also within individual orbits. The SCIAMACHY near-IR
detectors also suffer from variable but generally increasing numbers of so called bad and dead
pixels, which can not be used for the analysis. For all of these problems possible solutions
have been developed and applied in recent years (e.g., Gloudemans et al., 2005; Frankenberg
et al., 2005b; Buchwitz et al., 2006a; Buchwitz et al., 2007; Gloudemans et al., 2009).
Nevertheless, these corrections are not perfect, and the retrieved CO VCDs are still subject to
remaining errors.

In this thesis similar correction procedures are developed and tested as described below. In
addition to existing correction methods (like adding a variable bias to the spectral retrieval or
normalizing the CO data by simultaneous retrieved CHy4 data), a new correction method using

variable slit functions is developed. All three correction methods are described in detail below.
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6.1 Application of a Variable Offset in the Spectral Retrieval

One problem caused by the variable ice layer on the SCIAMACHY near-IR detectors is that
they cause a change in the instrument slit function (Gloudemans et al., 2005). Especially the
wings of the slit function are largely broadened. Effectively, this modification of the
instrument function leads to an additional broad band intensity offset in the measured spectra.
As suggested by Gloudemans et al. (2005), this effect can be corrected for by adding a
variable offset in the spectral retrieval. The offset is determined in such a way that the
retrieved CHs VCD above the Sahara equals the expected value. The relative value of the
retrieved offset to the average intensity of the SCIAMACHY spectrum is then used to
calculate the respective offsets for all SCIAMACHY observations of that day.

In this thesis a similar correction procedure for our SCIAMACHY CO retrieval is
developed. The results are shown in Figure 6.1. The black symbols indicate the VCDs of CHy4
(left) and CO (right) for the original IMAP analysis over the Sahara. The red symbols indicate
the respective results after applying the correction using a variable offset. In Blue the
corresponding MOPITT results are shown. It is found that for the CH4 VCD the effect of the
changing ice layer can be almost corrected by the method of variable offsets. Also for part of
the CO VCDs (in 2003) some improvement can be seen. However, it also turned out that
especially after 2005 the increasing difference between the SCIAMACHY results and the
MOPITT results are only slightly improved by this correction method. Thus it is conclude that
for the IMAP retrieval of CO, this correction method does not lead to a sufficient quality of the
retrieved CO VCDs. Here it is interesting to note that the improvement reported by other
studies (e.g., Gloudemans et al., 2005) is better than found in our study. The reason for these
differences are not clear, but might be caused by the use of different retrieval settings.
Nevertheless, also the CO VCDs retrieved by Gloudemans et al. (2005; 2009) show still

significant systematic biases, which also depend on latitude and time.
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Figure 6.1: Time series of VCDs of CH4 (left) and CO (right) over the Sahara. The black symbols indicate the
results of the original IMAP retrieval. The red symbols indicate the respective results after applying the

correction using a variable offset. In blue the corresponding MOPITT results are shown.

6.2 Normalization of the CO VCDs Using Simultaneously Retrieved CHy VCDs

Buchwitz et al. (2006a; 2007) suggested applying a normalization procedure of the
analyzed CO VCDs using simultaneously retrieved CHs VCDs. The idea behind this approach
is that the atmospheric CHs VCDs are rather constant. Assuming that the effect of the
instrumental problems is similar to the retrieval of the absorptions of CO and CHy, one can
determine the deviation of the retrieved CH4 VCD from the expected value and then apply the
determined correction factor to the retrieved CO VCD. An interesting side effect of this
method is that also the effect of clouds is corrected for (at least to some degree). Buchwitz et
al. (2007) showed that using this method, the effect of the ice layer on the CO VCD can
indeed largely be corrected.

In this thesis a similar normalization method is developed and applied to our CO analysis;
the results are shown in Figure 6.2. Like for the method of variable offset, some improvement
of the CO VCDs can be seen (in 2003), but again, the improvement in general does not lead to
a sufficient quality of the retrieved CO VCDs. Here it is interesting to note that also Buchwitz

et al. (2007) state that the normalization procedure does not correct for all biases.
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Figure 6.2: Time series of CO VCDs over the Sahara. The black symbols indicate the results of the original
IMAP retrieval. The red symbols indicate the respective results after applying the CH4 normalization procedure.

In blue the corresponding MOPITT results are shown.

6.3 Correction Using Variable Slit Functions

It was shown by Gloudemans et al. (2005) that the ice layer on the SCIAMACHY near IR
detectors significantly affects the instrument slit function. The reason for this effect is
probably multiple scattering between the ice layer and the surface of the detectors.

In this thesis the effect of the variable slit function is investigated in detail, and a correction
procedure for the CO analysis is developed. The method consists of two steps.

a) First the best slit function for a given day is determined by performing a series of IMAP
fits for different slit functions. From the respective fit residual, the best slit function for this
day is determined. Besides Lorentian and Gaussian slit functions, also the results for Voigt line
shapes are investigated in this thesis. It turned out that the Gaussian part of the slit function is
negligible compared to the Lorentian part. From the dependence of the fit residual on the line
width (FWMH) of the used slit function, the respective slit function for the minimum of the
residual is determined. Since the H,O and CH4 absorptions in the CO fitting range are

relatively weak, the determination of the best FWHM is performed in two neighboring spectral
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intervals (2302.44 nm to 2324.49 nm and 2334.75 nm to 2355.12 nm). Results for Lorentian
and Gaussian slit functions are shown in Figure 6.3 for SCTAMACHY measurements with thin
and thick ice layer. The line width is found to be larger in the presence of a thick ice layer on

the detector.
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Figure 6.3: Variance of the fit residual depending on the width (FWHM) of the slit function used in the IMAP
retrieval for Gaussian and Lorentian line shapes. Results are shown for thin and thick ice layers on the detector

and for two different spectral ranges (capital letters: 580nm to 751nm, small letters: 320nm to 496nm).

For each day the optimum slit function is determined in this way. The respective results for
the two wavelength intervals are shown in Figure 6.4. It can be clearly seen that the thickness
of the ice layer has indeed a systematic effect on the derived line width. According to the
assumption of multiple scattering, the line increases with increasing thickness of the ice layer.
It can also be seen that the results in both selected wavelength ranges show a consistent
temporal variation. However, it is also found that after 2005, still large variations of the line
width are found, although the ice layer did not change significantly during that period. The
reason for this behavior is not clear, but indicates that the throughput through the ice layer and

the shape of the slit function are not related by a simple functionality.
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SCIAMACHY Light Path Monitoring Results, Channel 8
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Figure 6.4: Time series of the retrieved slit function’s FWHM which correspond to minimum fitting residuals in
both wavelength ranges (a: 2302.44 nm to 2324.49 nm, b: 2334.75 nm to 2355.12 nm). The relative signal
strength (top) is a measure of the thickness of the ice layer on top of the near-IR detectors (with low throughput

for thick ice layer).
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b) In a second step, the slit functions retrieved in both spectral ranges are averaged on a
daily basis. Then a low order polynomial as function of time is fitted to the retrieved time
series of daily values. Note that this fit is done separately between the different
decontamination phases of the detectors. For a given day, the fitted value of the FWHM is then
used for the IMAP CO retrieval. The results of the CO VCDs retrieved with this correction
method are shown in Figure 6.5. Like for the other correction methods, improved results can
be seen for part of the time series (e.g., during 2005). However, this correction method can not
lead to sufficiently unbiased and consistent time series of CO VCDs.

From the results of all three correction methods it is conclude that although they are able to
improve the quality of the CO VCDs at least for specific periods, these methods can not
sufficiently correct all problems of the SCIAMACHY CO retrieval. One reason for these
finding might be the effect of bad and dead pixels. As was shown by Buchwitz et al. (2007),
the number and location of these pixels have a strong and systematic influence on the retrieved
SCIAMACHY CO VCD. Since the number of bad and dead pixels increases with time, also
time dependent biases of the SCIAMACHY CO VCDs should be expected.

Because of the remaining problems of the SCIAMACHY CO retrieval, it is decided to
follow a completely new strategy in this thesis: a normalization procedure is developed and
applied using MOPITT observations over oceans. This normalization method is described in

detail in next chapter.
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Figure 6.5: Time series of CO VCDs over the Sahara. The black symbols indicate the results of the original
IMAP retrieval. The red symbols indicate the respective results after applying the method of variable slit

functions. In blue the corresponding MOPITT results are shown.
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7 Normalization Using MOPITT Data over the Oceans

The initial comparison between MOPITT and SCIA indicated that the difference between
the CO VCDs measured by both instruments depends on latitude and time (probably related to
changes in SZA and relative azimuth angle). Thus, no simple correction of the SCTAMACHY
CO column densities (e.g., by adding a constant or time-dependent offset) is possible, and it is
decided to apply a latitudinal and seasonal dependent correction of the offset in the
SCIAMACHY CO VCDs using MOPITT observations over the oceans. The main justification
of such a normalization procedure is that all important CO emissions sources are located over
land and thus the CO distribution over the ocean can be expected to be relatively well mixed.
In particular, in the lowest atmospheric layers no strong spatial gradients of the CO
concentration should in general be expected. Thus, in spite of the low sensitivity of the
MOPITT instruments for surface-near layers, CO VCDs retrieved from both sensors should
show good agreement, if the a-priori assumptions in the MOPITT retrieval for the CO
concentration in the lowest atmospheric layers are reasonable. Over oceans, far away from
strong CO sources, this prerequisite should in general be well fulfilled. For the comparison
with the MOPITT observations SCIAMACHY observations above low-lying clouds (cloud top
heights between 0 and 2 km and effective cloud fractions > 20%) are selected, which have a
rather similar height-dependent sensitivity compared to the MOPITT observations (the cloud
properties are derived from the FRESCO algorithm (Wang et al., 2008)). The height averaging
kernels of the individual SCIAMACHY observations are applied to the coincident MOPITT
measurements over the oceans before both data sets are compared. Thus, even if the true CO
concentration in the low atmosphere differs from the MOPITT a-priori values, this should only
have a small effect on the comparison. The remaining errors affecting the comparison of the
CO VCD are estimated to be <5% for unperturbed profiles. In the case of effective transport of
polluted air masses over the ocean the corresponding error might be larger.

For the normalization procedure, the remote ocean area is divided into 15 latitude bins from
north to south (see Figure 7.1). Offsets ACOlat between SCIAMACHY and MOPITT VCDs
for these regions are calculated on a daily basis according to the following equation:
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ACO(ZCIII- ) = EMOPPIT,above cloud height (latl- ) —COsci (lat,- ) 71

COscu(lat,)

Here indicates the mean value of all SCIAMACHY CO VCDs within the

selected latitude bin which fulfill the cloud selection criteria (CF>20%, cloud top height

<2km). COMorr.atose i el ) indicates the mean value of all MOPITT partial CO VCDs

above the average cloud top height of the SCIA observations within the selected latitude bin.

ACO(lat,)

The offset is determined on a daily basis and interpolated (using splines) to a

latitudinal grid of 1°.

45 90 135 180 —135

60

30

—30

Figure 7.1: Latitude bins selected over the remote ocean for the normalization procedure using MOPITT data.

Assuming that the CO VCDs measured by MOPPIT over remote ocean areas are correct

and that the bias of the SCTAMACHY CO VCD does not depend on longitude, the determined

offset between MOPPIT and SCIAMACHY ACO(lati)

can be used for the correction of the
SCIAMACHY CO observations on a global scale.

In order to verify our normalization process MOPPIT CO VCDs and SCIAMACHY CO
VCDs are compared over the continents; in Figure 7.2 the results over the Sahara are shown

(additional comparisons are shown in chapter 9).
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Figure 7.2: Comparison between MOPITT CO VCDs and SCIAMACHY CO VCDs averaged over Sahara (20°N
to 28°N; 8°W to 28°E) for each day in the period 2003 to 2006 with and without applying MOPITT

normalization.

As expected, after the normalization procedure, the agreement between the MOPITT and
SCIAMACHY data is largely improved.

It should be noted that the SCIAMACHY CO VCDs normalized in this way can not be
considered as an independent data set anymore. In particular, its accuracy depends critically on
the accuracy of the MOPITT data: systematic errors of the MOPITT data will almost directly
result in similar errors of the normalized SCIAMACHY data set. Nevertheless, the normalized
SCIAMACHY CO data are useful, since observations in the near IR are sensitive to the total
atmospheric CO VCD (see e.g., Figure 5.4), SCIAMACHY data can yield important
information on the location and strength of local emission sources. Here in particular the
comparison of CO VCDs from SCIAMACHY (and also MOPITT) over continental sources

with model data is of great interest (see chapter 9).

69



Chapter 8 Retrieval results

8 Retrieval Results

8.1 New Data Set of SCIAMACHY CO VCDs

In this thesis a new CO VCD product from near IR observations of the SCIAMACHY
instrument is developed. It is based on the original IMAP CO algorithm (Frankenberg et al.,
2005a), but includes also corrections for the well-know icing problem (see chapter 7) and the
effects of clouds (our data set includes observations with cloud fraction <20%; see chapter 5).
Figure 8.1 shows the global mean average CO VCD (2003 to 2005) from this new dataset. It is
obtained after applying the normalization procedure using MOPITT observations over ocean,
skipping all observations with effective cloud fractions >20%, and applying the cloud correction.
Large-scale CO enhancements over biomass burning and industrial regions can be clearly

identified. In addition to these large-scale features the map also shows considerable fine

structure.
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Figure 8.1: Mean CO VCD retrieved from SCIAMACHY 2003 to 2005 (units: molec/cm?). The boxes indicate
regions of strong biomass burning or industrial activity that are selected for the comparison between satellite
observations and model simulations (see chapter 9). All observations with effective cloud fractions >20% are

discarded, and the cloud correction, as described in the text, is applied.
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Figure 8.2, Figure 8.3 show yearly and seasonal averages of three years of SCITAMACHY
global measurements (2003, 2004, and 2005). Well-known major source regions of CO located in
South America, Africa, and China are clearly visible for all three years, and considerable source
strength variations from year to year are apparent. Also visible is the inter-hemispheric gradient
with much higher CO columns over the northern hemisphere. In South America and Africa,
biomass burning is presumed to contribute most to the seasonal patterns. The seasonal variations
of the global distribution of biomass burning events can be well observed by the ATSR sensor on
board the ERS-2 satellite. Figure 8.4 shows seasonal fire counts of the three years (2003, 2004,
and 2005) measured by ATSR. The areas with high fire frequencies correlate well with high
abundances of CO, substantiating the assumption that the CO enhancements stem from biomass

burning. The detailed comparison is shown in chapter 9.
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Yearly average of SCIAMACHY CO vertical columns
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Figure 8.2: yearly averages of SCTAMACHY CO vertical columns from 2003 - 2005. The normalization procedure
using MOPITT observations over ocean (see chapter 7) has been applied to all data, all observations with effective

cloud fractions >20% are discarded, and the cloud correction, as described in the text, is applied.
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Figure 8.3: Seasonally averages of SCIAMACHY CO vertical columns from 2003 - 2006. The normalization
procedure using MOPITT observations over ocean (see chapter 7) has been applied to all data, all observations with

effective cloud fractions >20% are discarded, and the cloud correction, as described in the text, is applied.
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Seasonally fire counts measured by ATSR
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Figure 8.4: Seasonal fire distributions from 2003 to 2005. Displayed are fire counts measured by the ATSR Sensor

on board the ERS-2 satellite.

Over China, where biomass burning is much less, anthropogenic emission is considered as the
main source of CO. In Figure 8.5 a zoom of the multi-year average CO (Figure 8.1) over China
is presented together with maps of MOPITT CO VCD, the population density and the
distribution of coal mines. It is obvious that the patterns of the CO VCD compare better with the
population density than with the distribution of coal mines. In particular, the highest CO VCDs
coincide with the location of major Chinese cities. One interesting finding is the rather high CO
VCD over the area indicated by the blue circle. Compared to other retrievals of the
SCIAMACHY CO VCD (Buchwitz et al., 2007) our CO analysis yields systematically higher
values, probably indicating the strong importance of an appropriate correction of the influence of

clouds on the SCIAMACHY CO retrieval.
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Figure 8.5: Comparison of the spatial distribution of CO VCD (average 2003 to 2005) over China derived from
SCIAMACHY (top left) and MOPITT version 4 (top right) with the population density (bottom left) and the location
of coal mines (bottom right). The blue circle in the map with the CO distribution indicates an area, where other
SCIAMACHY algorithms (Buchwitz et al., 2007) show much smaller column densities, which is probably related to
the effect of clouds.

(The population density map is obtained from http://veimages.gsfc.nasa.gov/116/pop density. jpg.)

(The distribution of coal mine/field of China is obtained from http://www.eku.cc/xzy/sctx/121261.htm.)
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8.2 Comparison of CO Vertical Columns from SCIAMACHY, MOPITT and

Ground-based FTIR

In order to validate our CO VCD product, it is necessary to compare it with CO VCDs derived
from independent observations. For that purpose, in this section SCITAMACHY CO VCDs are
compared to the CO VCD from ground-based Fourier-Transform Infrared (FTIR) spectrometers
and MOPITT observations. The ground-based correlative data are collected from various stations
of the Network for the Detection of Atmospheric Composition Change (NDACC,
http://www.ndsc/ncep.noaa.gov), which are obtained from daily solar absorption measurements
under clear-sky conditions.

This thesis selects the FTIR ground based stations according to the following criteria: First,
the measurements should be located over the continents. Second, the surface elevation of the
FTIR measurements should be close to sea level height. Five FTIR stations, located in both the
northern and southern hemisphere, are selected according to these criteria. To minimize the
statistical uncertainties of the SCIAMACHY observations, the selected satellite observations
include all SCTAMACHY pixels centered within 2.5 latitude and 10 longitude around the FTIR
stations (Dils et al., 2006). Figure 8.6 shows the comparison of the time series from
SCIAMACHY CO VCDs (monthly means) and ground-based FTIR CO VCDs (daily values). In
general, the time series of both data sets show reasonable agreement. However, it is also obvious
that the SCIAMACHY data show a strong scatter, especially for locations with low numbers of
individual SCIAMACHY observations (blue lines). This is the case for stations like Lauder,
where most of the surrounding areas are ocean and thus many observations are discarded due to
the very low reflectance over oceans. The best agreement is found for stations with high surface
albedo like e.g., Wollongong, where in particular the seasonal variation is well captured by the

SCIAMACHY observations.
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Figure 8.6: Monthly mean comparisons between SCIAMACHY and ground-based FTIR observations. The error bar

of SCIAMACHY refers to the unbiased estimator of a weighted population variance.
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Figure 8.7: Seasonal mean difference and standard deviation of SCIAMACHY and ground-based FTIR
measurements for 2003 — 2005. The left side plots are absolute differences and standard deviations; the right side

plots are relative differences and standard deviations.
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The differences between the two datasets can be seen more clearly in Figure 8.7, which shows
the seasonal mean difference and standard deviation of both datasets. Due to the high surface
albedo and SNR, the smallest mean difference and standard deviation is found in Wollongong
(about 1% to 6%). Much higher relative difference is found in Lauder (about 20% to 30%)
because of only few SCIAMACHY measurements. For Harestua, good agreement could be
found for all seasons, which is <15%. For Kiruna, except winter, the difference between both
datasets is <10%. In the winter, due to the larger solar zenith angle and the few cloud free
measurements, the difference between the two datasets is much larger (about 30%). For Bremen,
the relatively large differences are probably caused by the combined effects of instrument
degradation, few effective measurements and low surface albedo.

Besides the rather high uncertainty of the individual SCTAMACHY observations, also the
large difference in the size of the probed air masses of satellite and ground-based data might
contribute to the observed differences. For CO observations the size of the SCTAMACHY pixel
is 30*120km?, and the retrieved satellite CO VCD represents an average of the CO VCD across
that area (Dils et al., 2006).

Unfortunately, there is no ground-based FTIR measurement in either biomass burning or
heavily polluted industrial regions. Such FTIR measurements close to strong CO emission
sources would have been very valuable for this study.

In this thesis the SCTAMACHY CO columns are also compared to MOPITT version 4 CO
columns over the continents. Here it should be noted that such a comparison cannot be regarded
as a completely independent validation, because the SCIAMACHY CO VCDs have been
normalized using MOPITT observations over the oceans. But the comparison of the spatial and
temporal patterns over the continents can still yield important information on the consistency of
the results of both satellite sensors.

In a first step (Figure 8.8) the time series of the monthly mean CO VCDs over the areas
indicated in Figure 8.1 are investigated (one example of the comparison for a region without
strong CO emission sources is already presented in Figure 7.2). In the left columns of Figure 8.8
the time series using all observations within the selected areas are shown (for SCIAMACHY

observations with an effective cloud fraction <20% are used). In the center columns of Figure 8.8
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only collocated, coincident SCIAMACHY and MOPITT observations are used. In the right

columns the respective numbers of observations are shown (notice the logarithmic scale). If only

coincident observations are selected, the number of SCIAMACHY observations is strongly

reduced (by a factor 10 to 100).
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(4): Central South America

—=— SCIAMACHY all samplings 2004
—+— SCIAMACHY all samplings 2005

—a— SCIAMACHY same samplings 2004
—+— SCIAMACHY same samplings 2005

5.5+ : -
50 —a— MOPITT all samplings 2004 5.5 —&— MOPITT sarme samplings 2004 100004
1 ——MOPITT all sarmplings 2005 504 _ MOPITT same samplings 2005
4.5 4.5
4.0 4.0
351 35] 1000
8 3.0] 3.0] A\
- \\
g 28 2.5] \ 100
2.0 2.0 // \N
1.5 1.5 <3 ’
1.0 1.0 10 4
0.5 0.5
0.0 0.0 T T T T T T T T T T
0 0 2 4 6 8 10 12 0 2 4 6 8 10 12
(5): Northern Australia
5.5+ 5.5+
5.0 —=— SCIAMACHY all samplings 2004 50{ —s— SCIAMACHY same samplings 2004 10000
a5] —* SCIAMACHY all samplings 2005 45] —— SCIAMACHY same samplings 2005
20] I 40] —*—MOPITT same samplings 2004
sl MOPITT all samplings 2005 5] T MOPITT same samplings 2005 10004
g 304 3.04 O O BT
2 2.5 2,54 i o ey TOT -,
3 1004 - -
2.0 2.0 B
1.5+ 1.5
1.0 1.0 104
0.5+ 0.5
0.0 ; . r T T ; 0.0 ; . r r T T . . . .
0 2 4 6 8 0 12 0 2 4 6 8 10 12 0 2 4 5 8 10 12
(6): Southern Asia
. —=— SCIAMACHY same samplings 2004
T R eI AT, —— SCIAMACHY same samplings 2005
5.5 —+— SCIAMACHY all samplings 2005 5.5 MOFITT same samplings 2004
5.0 —&— MOPITT all samplings 2004 5.0 MOFITT same samplings 2005 10000 -
—v— MOPITT all samplings 2005
4.5 4.5
4.0 4.0
3.5 3.5 1000
a 3.0 3.0
= 2.5 2.5 : A, OB ©
3 100 o Sy
2.04 2,04 .. o
1.5] 1.5 g
1.0 1.0 104 o O
0.5] 0.5 .
0.0 r T T T T T 0.0 T T T T T T
0 2 4 6 8 10 12 0 0 2 4 6 8 10 12
(7): Indonesia
—=— SBCIAMACHY all samplings 2004 —a— SCIAMACHY same samplings 2004
55 —=+— SCIAMACHY all samplings 2005 55, —*+— SCIAMACHY same samplings 2005
] —a— MOPITT all samplings 2004 50] —* MOPITT same samplings 2004 10000
5.0 —— MOPITT all samplings 2005 "] ——MOPITT same samplings 2005 3
451 4.5
4.0/ 4.0
as] 351 1000
5 3.0] 3.0
> 2.5
8 2.5 1004
20 204 I
15] 159 o g g Ol o,
1.0 101 10 “
K E| 040
05] 0.51
0.0 00e ) . , ! ; 0
[ 0 2 4 6 8 10 12

82

Month



Chapter 8 Retrieval results

(8): East China
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Figure 8.8: Comparison of the monthly mean CO VCDs (in units of 10'® molec/cm?®) derived from SCIAMACHY and
MOPITT. In the left column of the figure all measurements within the selected regions (see Figure 8.1) are considered. In
the middle column only collocated and coincident observations are used. The error bar of SCIAMACHY refers to the
unbiased estimator of a weighted population variance. In the right column the number of selected observations are indicated

(please notice the logarithmic scale).

The interpretation of the results of the comparison is not straightforward, because the true
vertical CO concentration profile is not known and different assumptions on the a-priori profile
are made for the two datasets. For the MOPITT CO VCDs used here, the a-priori even depends
on location and season. Thus the comparison exercise can only be interpreted in a
semi-quantitative way.

Over the biomass burning regions very similar seasonal cycles are found in both data sets. In
most cases the SCIAMACHY CO VCDs are systematically higher than the MOPITT CO VCDs,
indicating the higher sensitivity of SCTAMACHY towards the surface.

For the comparison of coincident observations of both sensors (middle columns of Figure 8.8),
similar results are found, but now more direct conclusions can be drawn. The disagreement
between both data sets can be seen as an indicator how well the MOPITT a-priori fits the true
atmospheric CO concentration profile. Over most biomass burning regions the MOPITT a-priori
CO profile appears to slightly underestimate the CO concentration in the lowest atmospheric
layers. However, in contrast to most biomass burning regions, the MOPITT a-priori seems to
describe the atmospheric CO profiles over East China rather well. Of course, at least part of the
deviations might also be caused by other error sources. Especially for some regions (e.g., South
Asia or Indonesia) and months the number of SCIAMACHY observations is relatively small and
the corresponding uncertainty of the SCTAMACHY observations is high. In other parts of the
world, especially over South America, also the frequent occurrence of high clouds increase the
uncertainty of the SCIAMACHY (and also MOPITT) observations (see also Figure 5.5).
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Figure 8.9: Spatial distribution of averaged seasonal differences between SCIAMACHY and MOPITT measured

total columns (SCIAMACHY — MOPITT) with the same spatial-temporal samplings.

In a second exercise the global distributions of the CO VCDs derived from both satellite
instruments are compared for different seasons. In Figure 8.9 the respective differences are
shown using only coincident measurements. In general, again good overall agreement is found
with slightly higher SCIAMACHY CO VCDs over most parts of the world. The largest
differences between both sensors are found over South America and South-East Africa during the

biomass burning seasons (see also Figure 8.8).
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9 Comparison between Satellite Measurements and Model

This chapter compare the satellite observations of the two satellite sensors (SCIAMACHY and
MOPITT) with results from the three chemistry climate models MATCH (Model of Atmospheric
Transport and Chemistry, Max-Planck-Institute for Chemistry, (von Kuhlmann et al., 2003)),
EMAC (ECHAMS/MESSy Atmospheric Chemistry modeling system, Max-Planck-Institute for
Chemistry, (Jockel et al., 2006)) and GEOS-CHEM (Goddard Earth Observing System, (Bey et
al., 2001)). In addition, the CO emissions used in the models and measured fire counts (as a
qualitative indicator for CO emissions from biomass burning) are included in this comparison.
Like for the comparison between SCIAMACHY and MOPITT observations in the previous
chapter, first the time series over the selected biomass burning regions (see Figure 8.1) and East
China are shown. Second, global maps of the differences for different seasons are presented.

Before these comparisons are presented and discussed, some general aspects of this
comparison should be briefly considered. In contrast to the comparison between MOPITT and
SCIAMACHY (chapter 8), for the comparison between measurements and model results
information on the vertical CO concentration profile is available from the model simulations.
This information is used to correct for the height-dependent sensitivities of both sensors. Of
course, the simulated CO profiles do not necessarily represent the true atmospheric profiles.
Nevertheless, in general they should describe the atmospheric CO profiles better than the a-priori
assumptions used in the satellite retrievals (at least for SCTAMACHY, for which a fixed a-priori
profile is used). Thus from the comparison between observations and model results, more precise
conclusions on the agreement between both sensors than from their direct comparison might be
drawn, especially in cases for which good agreement between model simulations and
observations is found.

For the comparison between measurements and model results, it should be possible to draw
the following conclusions:

-If it is assumed that the model simulations represent the true atmospheric profiles (and the
measurements have no errors), the exact agreement between measurements and model

simulations (for the part of the atmospheric profile for which the sensitivity of the satellite
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observation is greater than zero) is naturally expected.

-However, agreement between measurements and model results might also be found as a result
of compensating errors of measurements and models. Thus agreement between observations and
model results should be seen as an indication, but not as proof, that both measurements and
model simulations are correct.

-If disagreement between measurements and model results is found, this is an unambiguous
sign of errors in the measurements, in the model, or both.

It should also be noted that - for practical reasons - the altitude dependent sensitivity is
considered in different ways for both satellite instruments. For the comparison of the model
results and SCIAMACHY observations, the (relative) model profiles (instead of the standard
profile, see Figure 5.3) are used to correct for the height dependent measurement sensitivity.

According to equations 5.6 and 5.7 it is get:

VCDy,,, - AMF

VeD SCId,model — AMF = 91
total ,mod el
with
Z BOX ,r(z,)- Ceomoder (Z1)
AMF == 9.2
total ,mod el ZCCO’mOdd (Z[)

with cco model(zi) the CO concentration of the model simulation at layer i.
The resulting VCDscia model 1S then compared to the CO VCD obtained from the vertical

integration of the CO profile from the model simulation.

For the comparison between the model results and MOPITT observations, the CO VCD from
the MOPITT v4 data product is taken and compared to the CO profiles from the model
simulations after applying the MOPITT averaging kernel and a priori.

VCDmodel,MOP[TT = Z x,(z,)+ Az )(xModelPrQﬁle (z;)—x,(z,)) 9.3
Here VCDodel moprrT 18 the model CO VCD after applying the MOPITT averaging kernel A(z;)
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and a priori x,(z).

Despite the different formal ways of the comparison, the interpretation of the respective
comparison results is identical: cases for which the satellite measurements are higher (lower)
than the model results indicate an underestimation of the true CO profile by the model, e.g.,
caused by an underestimation of the emission sources (similar conclusions can of course also be
drawn for the accuracy of the measurement). However, one important difference in the
interpretation of the comparisons for the different sensors exists: the results of the comparisons
allow only conclusions for the altitude range, for which the satellite instruments are sensitive. In
particular, only the comparison between SCIAMACHY observations and model simulations can

yield information about the CO distribution in the lowest atmospheric layers.

9.1 Comparison of Time Series

In Figure 9.1 the time series of monthly averaged CO VCDs retrieved from both satellite
sensors together with the corresponding CO VCDs from the model simulations are presented for
the regions shown in Figure 8.1. Note that only coincident pairs of measurements and model
results are considered (but the selected cases differ for the different combinations of satellite
sensors and models). The height-dependent sensitivities of SCIAMACHY and MOPITT are

considered as described above.
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(1): Central Africa
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(2): Southeast Africa
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(3): Southwest Africa
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(4): South America
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(5): Northern Australia
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(6): Southern Asia
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(7): Indonesia
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(8): East China
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Figure 9.1: Comparison of the monthly mean CO VCDs (in units of 10" molec/cm?) between the satellite
measurements (top: MOPITT; middle: SCTAMACHY) and model simulations (left: MATCH; middle: EMAC; right:
GEOS-CHEM) for the regions indicated in Figure 8.1. All comparisons are done for only collocated
measurements/model results; also the specific sensitivities of the satellite instrument have been considered (see text).
Also shown are fire counts from ATSR (in units of 10* per km® per month), and the biomass burning emissions used
in the models (the same for all models; in units of 10" molecules/cm?/s). The error bar of SCIAMACHY refers to

the unbiased estimator of a weighted population variance.
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The upper rows of the individual figures present the comparison of MOPITT with the different
models; the middle rows present the respective comparison for the SCIAMACHY CO VCDs. In
the bottom of the individual figures, information on measured fire counts and the CO emissions
for the respective area are shown.

From the comparisons shown in Figure 9.1 several general conclusions can be drawn:

-In general, the agreement between MOPITT observations with model results is better than for
SCIAMACHY.

-In most cases, the CO VCDs from SCIAMACHY observations are systematically larger than
the CO VCDs from the models; this difference is especially large for Southwest Africa, Southern
Asia, and East China.

-In general the seasonal variation of the intensity of biomass burning (as indicated by the fire
counts) is well reproduced by the measurements and model results. However, in some cases also
substantial differences are found.

-Over Central Africa the EMAC and GEOS-CHEM models show a second maximum in
summer, which is not seen in the fire counts, emission inventories are also not in the satellite
observations of CO. This discrepancy might indicate artifacts introduced by errors in the
description of the atmospheric transport (e.g., transport of CO emitted from biomass burning
south of the considered area). Especially the location of the ITCZ and its representation in the
model may play a crucial role in particular when considering the separation between regions (1),
(2) and (3) in Figure 8.1. Respective errors might be introduced in the models due to the limited
horizontal resolution.

-For Southern Asia (region 6), transport of pollutants probably also plays an important role.
Although almost no fires occur in that region after July, a second maximum is found in the
observations and model results in autumn. The reason for this second maximum is probably
transport of polluted air masses from biomass burning over Indonesia.

-Over Indonesia (region 7) a second maximum of the fire counts in autumn is found, which is
not reflected in the CO emissions of that area.

The overall conclusion from this comparison is that for most biomass burning regions the
model simulations underestimate the measured atmospheric CO VCD, implying that current

emission inventories underestimate the true emissions. While this can already be concluded from
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the comparison between the MOPITT observations and the model simulations, much larger
differences are found for the comparison between SCIAMACHY and the model simulations.
Because of the higher sensitivity of SCTAMACHY to the lowest atmospheric layers, this finding
indicates that the CO concentrations are systematically underestimated by the models, especially
close to the surface.

A strong underestimation of the CO VCD by the models is also found for East China. Since
there most CO is emitted from anthropogenic sources, the uplifting into higher atmospheric
layers might be less strong compared to most biomass burning regions. Thus a relatively large

part of the emitted CO might be located close to the ground.

9.2 Comparison of Global Maps

In Figure 9.2, the spatial distribution of the differences between the seasonally averaged
satellite observations (SCIAMACHY or MOPITT) and model simulations (MATCH, EMAC, or
GEOS-CHEM, which are applied satellite AK/a priori and are collocated the same
spatial-temporal samplings respectively) are shown. For SCTAMACHY only observations over
land are considered, because the normalization procedure of SCTAMACHY data (see chapter 7)

is performed over the oceans.
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c: SCIAMACHY — MATCH (SCIAMACHY collocated +ak/apr )
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e: SCTAMACHY — GEOS-CHEM (SCIAMACHY collocated +ak/apr )

Jan. to Mar. of 2004 to 2005 Apr. to Jun. of 2004 to 2005

- —
=735 =50 I8 S i ) 3 =135 —90 =45 0 (5 90 35

Jul. to Sep. of 2004 to 2005

—135 —o0 —45 0 45 90 135

— —
—135 —90 —45 0 45 90 135 —135 —90 —45 0 45 90 135

f: MOPITT - GEOS-CHEM (MOPITT collocated +ak/apr )

Jan. to Mar. of 2004 to 2005 Apr. to Jun. of 2004 to 2005

Jul. to Sep. of 2004 to 2005 Oct. to Dec. of 2004 to 2005

0 0e 09
—30 0 30 60

ne—

(=
—60

= =
B =7 =i 4 5 5 T35 —735 =50 =5 o = ) &3

-5.0E+17

-5.0E+17

-5.0E+17

-5.0E+17

2.0E+18

1.5E+18

1.0E+18

5.0E+17

0.0E+00

CO Vertical Column Density

-1.0E+18

2.0E+18

1.5E+18

1.0E+18

5.0E+17

0.0E+00

CO Vertical Column Density

-1.0E+18

2.0E+18

1.5E+18

1.0E+18

5.0E+17

0.0E+00

CO Vertical Column Density

-1.0E+18

2.0E+18

1.5E+18

1.0E+18

5.0E+17

0.0E+00

CO Vertical Column Density

-1.0E+18

Figure 9.2: Spatial distribution of averaged seasonal differences between satellite (SCIAMACHY and MOPITT)

measured CO total columns and model (MATCH, EMAC and GEOS-CHEM) simulated CO total columns, which

are applied satellite AK/a priori and are collocated the same spatial-temporal samplings respectively.
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In general the findings of this comparison are similar to those of the comparison of the time
series in Figure 9.1: over regions with strong CO sources the models in general underestimate the
observed CO VCD. As already seen in Figure 9.1, this underestimation is systematically larger
for the comparison with SCIAMACHY. However, there are also some regions where the models
systematically overestimate the observed CO VCDs; this effect is most pronounced in autumn in
Africa (around the equator) and in summer in the western Amazon region. Interestingly, like for
the case of underestimation by the models, the magnitude of the difference is larger for
SCIAMACHY observations compared to those of the MOPITT observations. This indicates that
also in the cases where models show higher CO VCDs than the measurements, the differences in

the CO concentrations occur probably in the lowest layers of the atmosphere.

Another interesting finding is that in winter and spring the EMAC and MATCH models seem

to systematically overestimate the CO concentrations in the southern hemisphere.
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Conclusions and Outlook

The space-borne spectrometer SCIAMACHY onboard ENVISAT enables first precise
measurements of atmospheric carbon monoxide from space with high sensitivity down to the
surface and with global coverage over the continents. However, the spectral analysis using
measurements of SCIAMACHY near infrared channel suffers from several instrumental
problems. One important issue is the icing problem: water absorbed in the ENVISAT satellite
frame, causes the formation of an ice layer on the detectors, strongly affecting the instrument’s
response function. This results in a reduction of the light throughput, and a variation of the
shape of the slit function with time. Several procedures have been developed to correct the
time dependent disturbances of the SCIAMACHY near IR channels. They either focus on a
direct correction of the primary effects disturbing the SCIAMACHY spectra (Gloudemans et
al., 2005), or they apply post-corrections to the retrieved trace gas column densities (Buchwitz
et al., 2006b). From the comparison with collocated MOPITT data it turned out that these
methods could improve the consistency of the derived CO data sets considerably; nevertheless,
not all artefacts caused by the instrumental problems could be sufficiently corrected for the
whole time series of SCIAMACHY CO observations.

Therefore, in this thesis a completely different strategy is developed to correct the
SCIAMACHY CO observations, and a new data set of SCTAMACHY observations of the CO
VCDs is produced. In contrast to other SCTAMACHY CO retrievals, a normalization
procedure using coincident MOPITT observations over the oceans is applied. This
normalization procedure is applied on a daily basis for different latitude ranges; thus artificial
offsets in the SCIAMACHY CO data are corrected depending on season and latitude. The new
SCIAMACHY CO data set can not be considered as fully independent from MOPITT
observations, but is quite suitable for the investigation of the CO distribution over the
continents, where all important CO emission sources are located. In this thesis SCTAMACHY
observations with an effective cloud fraction <20% are used. In addition, a correction of the
remaining cloud effects is applied that depends on effective cloud fraction, cloud top height

and surface albedo. Here it is interesting to note that — to our knowledge — no explicit cloud
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correction has so far been applied to SCIAMACHY CO observations. Even for cloud fractions
<20%, omission of a proper cloud correction can lead to systematic errors up to 100%,
especially over polluted regions.

In contrast to MOPITT observations, SCIAMACHY observations are also sensitive to the
atmospheric layers directly above the surface. In this layer not only most CO emissions occur;
this part of the atmosphere is also critical for health.

In this thesis observations from MOPITT and SCIAMACHY were compared to the results
of different climate chemistry models: MATCH, EMAC, and GEOS-CHEM. For the
comparison only coincident measurements/model results are selected, and the height
dependent sensitivity of both satellite instruments is considered explicitly. The comparison
shows that over many regions with strong emission sources (like biomass burning or
anthropogenic emissions) the simulated CO VCDs are systematically smaller than the satellite
observations. In particular, for most cases, the difference between SCIAMACHY and the
models is larger than those between MOPITT and the models. Because of the reduced
sensitivity of MOPITT towards the lowest part of the atmosphere, this thesis concludes that
especially the atmospheric CO concentrations close to the surface are underestimated by the
models. These findings probably indicate that the CO emission inventories used for the model
simulations largely underestimate the true emissions. Besides most biomass burning regions,
especially over East China the current actual CO emissions seem to be much larger than found
in the emission inventories.

Interestingly, for some biomass burning regions (e.g., in the western Amazon region in
summer and around the equator in Africa in autumn) the model simulations seem to
overestimate the atmospheric CO concentrations.

In conclusions, our SCIAMACHY CO data set can be used to improve the existing CO
emission inventories on a global scale.

Because the information content of the SCIAMACHY measurement is not high enough to
discriminate the partial columns at different height layers, only the total vertical column
density could be retrieved until now. However, as described in chapter 5, even for small cloud
fractions most of the photons that the satellite receives are reflected from the cloud top, due to

the high cloud top albedo. Thus, CO profiles can also be retrieved from SCIAMACHY using
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observations for cloud covered pixels (cloud fraction > 20%) for different cloud top heights
(cloud slicing). Although the CO profile can not be get from individual pixel measurement
(only one cloud top height for individual pixels), monthly or longer time averaged CO profile
can be derived from this strategy. Nevertheless, such profiles can be compared to averaged CO

profiles from MOPITT and climate chemistry models, which will be done in the future.
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