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Zusammenfassung
Diese Arbeit beschreibt globale Messungen des Spurengases Formaldehyd abgeleitet von Streulichtspektren im
ultravioletten Spektralbereich der Satelliteninstrumente GOME und SCIAMACHY sowie bodengestützter
MAX-DOAS-Geräte. Die Auswertung erfolgte mittels der Methode der Differenziellen Optischen Absorptionsspektroskopie (DOAS). Ergänzend präsentiert die Arbeit die ersten Messungen des Spurengases Glyoxal mit den
genannten Instrumenten im sichtbaren Spektralbereich. Es wurden neue Algorithmen entwickelt und beschrieben, welche die Ableitung von vertikalen Säulen aus den Satellitenmessungen ermöglichen. Für die Bodengeometrie wurde ein Weg gefunden, Profilinformationen für die troposphärischen Absorber abzuleiten. Mithin trägt
die Arbeit wesentlich zu einer Verbesserung des Verständnisses über die Chemie der Troposphäre bei. Sie ermöglicht eine bessere Abschätzung der Quellen und Senken von Kohlenwasserstoffen und damit ein exakteres Verständnis der troposphärischen Ozonchemie. Eine Reihe von Fallstudien illustriert insbesondere die Bedeutung
biogener Emissionen für die Gesamtverteilung der flüchtigen organischen Verbindungen. Vergleiche mit Ergebnissen eines globalen Atmosphärenmodells zeigen in vielen Regionen unseres Planeten nur eine mäßige Übereinstimmung. Dies spiegelt den derzeit nur begrenzten Kenntnisstand über die sehr komplexen physikalischen
und chemischen Prozesse in der Troposphäre wieder.

Abstract
This work describes global measurements of the trace gas formaldehyde derived from stray light spectra in the
ultraviolet region measured by the satellite instruments GOME and SCIAMACHY along with ground-based
MAX-DOAS instruments. The analysis was carried out using the method of the Differential Optical Absorption
Spectroscopy (DOAS). The work complementarily presents the first measurements of the trace gas glyoxal in the
visible wavelength region. New algorithms to derive vertical columns of the satellite instruments are developed
and described. For the ground-based geometry a way was found to derive profile information for the tropospheric absorbers. This work therefore contributes fundamentally to an improvement in the understanding of the
chemistry of the troposphere. It offers the opportunity to obtain a better estimate on the sources and sinks of
hydrocarbons in the atmosphere. Particularly, a number of case studies illustrate the significance of biogenic
emissions and of biomass burning for the global distribution of the oxygenated volatile organic compounds. A
comparison with results from a global atmosphere model shows only a moderate agreement in many regions of
the earth. This reflects the limited state of knowledge at present about the very complex physical and chemical
processes in the troposphere.
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Introduction
That beautiful, warm, living object looked so fragile, so delicate, that if you touched it with a
finger it would crumble and fall apart.
James Irwin, Apollo 15 Astronaut
In the last decades it has become more and more obvious, that mankind is endangering the habitability of its own
biosphere. Most of the potential risks for our environment are forced by human activities and are mediated
through the chemistry and physics of the atmosphere:


air pollution resulting from industrial combustion and biomass burning



changes in the oxidation capacity of the lower atmosphere due to anthropogenic and changing biogenic
emissions



global warming as a consequence of the increasing emissions of greenhouse gases



acidic precipitation



changes in precipitation and cloud coverage



climatic impact of changes in land use (e.g. tropical deforestation)

The first time that atmospheric science came into the focus of the public interest happened in the 80s of the last
century after the discovery of the ozone hole above Antarctica [Chubachi, 1984; Farman et al., 1985]. This
caused concern, because the ozone layer protects life on earth against harmful ultraviolet radiation of the sun. A
slight decrease of ozone was expected in the scientific community from the publications by Molina and Rowland
[1974] and Cicerone et al. [1974]. They had shown that anthropogenic release of halogen containing compounds
could lead to ozone destruction by catalytic cycles. However values of ozone far below 200 Dobson Units (DU)
were entirely unforeseen.
This dramatic development has made clear, that our environment is in an extremely delicate balance of physical,
chemical, and biological processes. Furthermore we became aware that our knowledge on their connections is
marginal.
As a consequence atmospheric science was intensively subsidised since then to develop new observational platforms, to model the future behaviour of the atmosphere, to understand the historic development of climate, to
monitor anthropogenic and natural emissions as well as to collect knowledge for policy makers to facilitate their
decisions.
Without doubt it is a positive example in human history that consolidated scientific findings have led to international laws, which banned the use of chlorofluorocarbons (CFCs) and halons (bromine containing fully halogenated organic compounds) in industry (The Montreal Protocol on Substances that Deplete the Ozone Layer as
adjusted and/or amended in London, 1990, Copenhagen, 1992, Vienna, 1995, Montreal, 1997 and Beijing 1999).
At the present time there is a possibility that the ozone layer will recover to before 1980s status until the end of
this century [WMO, 2003]. The Kyoto Protocol to the United Nations Framework Convention on Climate
Change which was put into force on 16 February 2005 is another sign for an improved practice with our natural
resources. But although some statements in the general public leave the impression that the scientific fundamentals of atmospheric and climate problems have been essentially solved, I am not convinced that the underlying
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issues have been adequately addressed. This scepticism is not about whether or not man-made change of climate
and atmospheric chemistry exists, it is rather about what the impacts are going to be. This thesis might be a small
step to a better understanding of our environment.
The main focus of this work is the observation of the trace gas formaldehyde (HCHO) in the atmosphere. Formaldehyde plays an important role in atmospheric chemistry. It is a major intermediate in oxidation of hydrocarbons, a good tracer for photooxidation and thereby for emissions from fossil fuel combustion, biogenic sources,
and biomass burning.
Formaldehyde in the atmosphere has been measured on an occasional, i.e. campaign or regular basis for several
decades (e.g. [Platt and Perner, 1980]). This includes several types of sampling and analytical methods including
measurements from both urban and remote locations. With the GOME (Global Ozone Monitoring Experiment)
instrument on the European satellite ERS-2, formaldehyde measurements from space have become possible for
the first time. Several independent studies have shown the feasibility of the HCHO retrieval from GOME data,
and regions with elevated HCHO concentrations have been identified in the data and linked to biogenic isoprene
emissions, biomass burning and also pollution (e.g. [Thomas et al., 1998; Chance et al., 2000; Wittrock et al.,
2000]).
The HCHO retrieval algorithm applied in this study has partially been developed in the framework of the European GODIVA and FORMAT projects, but a number of open questions remained to be solved to obtain more
quantitative results. Important issues include improvements of the spectral fitting routines, determination of the
atmospheric light path and correction of cloud and aerosol effects. For satellite measurements, validation of the
results is essential, but up to this work only few attempts have been made to validate HCHO columns retrieved
from satellite spectra [Ladstätter-Weißenmayer et al., 2003; Palmer et al., 2003; Martin et al., 2004].
Quite recently, another trace gas has come into the focus of the scientific community: Glyoxal or CHOCHO. It
has been measured using the Long-Path DOAS technique in Mexico City [Volkamer et al., 2005]. Glyoxal is
formed from the oxidation of several volatile organic compounds. Since for glyoxal – in contrast to formaldehyde – direct emissions are believed to be small, the authors suggest that global observations of this minor trace
gas might help to identify photochemical hot spots in the earth‟s atmosphere.
The overall objectives of this work are


to obtain a better knowledge of the concentrations and distribution of formaldehyde and glyoxal in the troposphere globally,



to provide the possibility to validate satellite measurements of formaldehyde and glyoxal,



to compare measured and modelled formaldehyde,



to use global models together with satellite measurements to achieve a better understanding of the global
distribution and role of HCHO and CHOCHO as tracers of fossil fuel combustion, biogenic emissions and
biomass burning.

In order to accomplish these objectives algorithms for the retrieval of HCHO and CHOCHO from different observation platforms were developed for this thesis. Numerous radiative transfer calculations have been carried
out to obtain tropospheric vertical columns for diverse meteorological conditions. Temporal and spatial variations are shown and possible sources identified. Another important step in passive remote sensing described
within this work is the progress from ground-based zenith-sky observations to multi-axis measurements (MAX-
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DOAS). This technique has enabled us to validate findings from satellite observations and to study the behaviour
of important trace gases in the troposphere on a local scale. A new retrieval method has been developed to derive
profile information from the MAX-DOAS results. This is illustrated on formaldehyde and glyoxal and validated
for nitrogen dioxide.
The outline of this work is as follows: At first an overview on the fundamentals of atmospheric dynamics and
chemistry is given with the main focus on the HCHO chemistry (chapter 1). The next section is on the different
instruments and data sets used (chapter 2). Basics of the absorption spectroscopy which is the main method applied in this work are introduced in chapter 3. Chapter 4 describes the theory of the radiative transfer for the
atmosphere necessary for a proper interpretation of remote sensing data. Chapter 5 illustrates the retrieval algorithms, while in chapter 6 the results are presented. This thesis closes with a summary and gives an outlook
(chapter 7).
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1

The Atmosphere

The atmosphere is a thin layer of air that separates the earth‟s surface from outer space. This envelope is attracted
to the earth by gravitation. It features numerous properties essential for life on the earth: It protects the surface
from harmful solar radiation, it provides a blanket that elevates the surface temperature, it is responsible for the
redistribution of water and heat, it provides life with oxygen and it acts as a sink for harmful gaseous compounds. In the following paragraphs those properties important to the understanding of this work are described.
General remarks on the atmosphere and the chemistry therein are mainly based on selected chapters in [Brasseur
et al., 1999; Wayne, 2000; Lutgens and Tarbuck, 2001], and on material found in the internet (e.g. from the Department of Atmospheric Physics, University Toronto and Wikipedia). Details on the properties and the chemistry of formaldehyde and glyoxal are available from e.g. the International Programme on Chemical Safety (IPCS)
website. The IPCS is a collaborative venture of the World Health Organization (WHO), the United Nations Environment Programme (UNEP) and the International Labour Organisation (ILO).

1.1

Structure and Composition of the Atmosphere

In general, the atmosphere is separated into four regions, very different in their dimension, thermodynamics,
chemistry, and dynamics. This partition is best reflected by the atmospheric vertical temperature profile whose
points of inflection are used to distinguish these regions (Figure 1-1). Starting from the ground, they are called
the troposphere, the stratosphere, the mesosphere and the thermosphere, and the boundaries separating them the
tropopause, the stratopause and the mesopause.

Figure 1-1: Vertical profile of the temperature between the surface and 100 km altitude as defined in the U.S.
Standard Atmosphere. Note that the tropopause level represents midlatitude conditions.

The atmospheric thermal structure is caused by a combination of dynamic and radiative transfer processes. The
troposphere is heated from the ground, which absorbs solar radiation and releases electromagnetic waves in the
infrared. The temperature of the air in this region decreases roughly linearly with altitude, at an adiabatic lapse
rate of about 5 to 7 K km-1. The tropopause, situated between 8 km (at high latitudes) and 18 km (at the equator)
with some seasonal variation, marks the end of this linear decrease and the beginning of the stratosphere. This

23

layer contains most (approximately 85 percent) of the atmospheric ozone. The presence of ozone is indispensable
for life on earth, as it absorbs the dangerous components of incoming ultraviolet radiation. As a result, the stratosphere heats up which causes a positive temperature gradient. The temperature peaks at the stratopause at approximately 50 km in altitude, then decreases linearly again in the mesosphere as ozone heating diminishes. The
region of the atmosphere above the mesopause is called the ionosphere or thermosphere and is quite different
from the three lower regions because it cannot be treated as an electrically neutral medium. The structure is
strongly influenced by the charged particle wind from the sun (solar wind), which is in turn governed by the
level of solar activity. In addition very short-wave (high energetic) solar radiation ionises the molecules and
atoms to form a plasma of free electrons and ions that interact with the earth‟s magnetic field.
The word troposphere stems from the Greek tropos for turning or mixing which emphasises the fact that in this
region convective processes dominate over radiative processes. The troposphere is indeed marked by large convective activity. Parcels of warm air travel upwards to the tropopause, carrying water vapour and forming clouds
as they cool down. The troposphere contains the bulk of atmospheric water vapour, the majority of clouds and
most of the weather, both on a global and a local scale. Since pressure decreases exponentially with altitude it
also holds more than 80 percent of the total mass of the atmosphere. Most importantly, however, it is in contact
with the earth‟s surface and therefore interacts directly with other climate subsystems, such as the biosphere (the
land and vegetation), the hydrosphere (the oceans), the cryosphere (the ice caps), the lithosphere (the topography), and most of all with the human world. The region of the troposphere where surface effects are important is
called planetary boundary layer (PBL).
Table 1: Main compounds in dry tropospheric air.
Constituents

Volume Mixing Ratio

Major Sources

N2 (Nitrogen)

78.08%

Biological

O2 (Oxygen)

20.95%

Biological

Ar (Argon)

0.93%

Inert

CO2 (carbon dioxide)

345 ppmV

Combustion, Biosphere

O3 (ozone)

10 ppmV

Photochemical

CH4 (methane)

1.6 ppmV

Biogenic, Anthropogenic

N2O (nitric oxide)

350 ppbV

Biogenic, Anthropogenic

CO (carbon monoxide)

70 ppbV

Photochemical, Anthropogenic

CFCs 11-12

0.2-0.3 ppbV

Anthropogenic

The most abundant chemical constituents of dry air are nitrogen N 2 (78 percent by volume) and oxygen O2 (21
percent by volume). These gases as well as the noble gases comprise very long lifetimes and, consequently, are
well-mixed throughout the lowest three regions of the atmosphere (called also homosphere). Minor constituents,
such as carbon dioxide, water vapour, methane, ozone, and many others despite their much lower concentrations
and shorter lifetimes play an essential role in all aspects of atmospheric physics and chemistry: E.g. they influ24

ence the transmission of solar and terrestrial radiation, they determine the oxidising capacity of the atmosphere
and, as a result, the atmospheric lifetime of biogenic and anthropogenic trace gases. Table 1 provides the average
tropospheric abundance of a selected number of species. Note that the gases of interest in this work, namely
formaldehyde, glyoxal and nitrogen oxides, have mixing ratios expressed in pptV or ppbV.

1.2

General Circulation of the Atmosphere

In general the earth's atmosphere is set into motion because of the unequal heating of the earth‟s surface which
results in pressure differences. The tropics receive more heat than the poles since the solar rays are almost perpendicular to the earth and the cross-sectional area of the solar rays striking the earth's surface is smaller at the
equator. Another reason is that the thickness of the atmosphere which the solar rays must pass through is greater
at the poles than at the equator. Therefore, more of the radiation is attenuated at the poles than at the equator.
This produces a meridional circulation of air.
If the earth would not rotate we would only have a single circulation cell in each hemisphere. This classical
model has been proposed by George Hadley in 1735. In the 1920s, a three-cell circulation model was introduced,
taking into account the fluid motion on a rotating sphere (see Figure 1-2). Because the circulation pattern between the equator and roughly 30° latitude north and south resembles the earlier single-cell model, the name
Hadley cell is generally applied to both. The second cell between 30° and 60° latitude is denoted as the Ferrel
cell, while the third one between 60° latitude and the pole calls Polar cell. “The areas of general subsidence between 20° and 35° latitude with weak winds are called the horse latitudes. In each hemisphere, the equatorward
flow from the horse latitudes deflected by the Coriolis force forms the trade winds” (NE wind in the northern
hemisphere, SE in the southern hemisphere). “Convergence of the trade winds from both hemispheres near the
equator produces a region of very light winds called the doldrums. The circulation between 30° and 60° latitude
(north and south) results in the prevailing westerlies. The area where the cold polar easterlies clash with this
warm westerly flow of the midlatitudes is referred to as the polar front which forms an important meteorological
region.” (from http://wps.prenhall.com/esm_lutgens_atmosphere_8/4/1030/263868.cw/index.html)
If the earth had a uniform surface, two zonally (latitudinally) oriented belts of high and three of low pressure
would exist: the equatorial low with ascending warm and moist air, also referred to as the intertropical convergence zone (ITCZ) since it is the region where the trade winds converge (seen as a broad band of clouds near to
the equator from space), the subtropical high, at about 20° to 35° on either side of the equator, the subpolar low,
situated at about 50° to 60° latitude, and the polar high, close to the earth's poles. In the reality of a rather irregular distribution of water and land with orographic features, the only true zonal pattern of pressure exists along the
subpolar low in the Southern Hemisphere. At other latitudes, particularly in the Northern Hemisphere where
there is most of the landmass, the zonal pattern is replaced by semipermanent cells of high and low pressure.
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Figure 1-2: The general pattern of the circulation in the troposphere. In principal the earth's weather results
from the interactions of three large circulation cells: the Hadley, the Ferrel and the Polar Cell. In addition, this
sketch shows the various upwelling and subsidence zones between them. Chemical constituents are redistributed
in the atmosphere by these transport processes. (This image is licensed under the Creative Commons Attribution
ShareAlike License v. 1.0: http://creativecommons.org/licenses/by-sa/1.0/)

1.3

Troposphere-Stratosphere Exchange

The exchange through the tropopause is an important process in the redistribution of trace gases in the atmosphere. E.g. on the one hand ozone destroying CFCs are transported into the stratosphere but on the other hand
also the stable reservoir species are removed from this layer. Stratospheric intrusions of ozone where they occur
are dramatic events that strongly impact on the tropospheric ozone column density, locally. However it was
found that photochemical production of O3 on a global scale, driven by nitrogen oxides from anthropogenic
sources, ultimately dominates the tropospheric O3 budget (e.g. [Crawford et al., 1997]). That the lowermost
stratosphere will be sometimes perturbed with air from tropospheric processes has been shown by several studies: Convective injection of biomass burning events from large scale boreal fires into the lowermost stratosphere
was demonstrated by e.g. [Fromm and Servranckx, 2003; Fromm et al., 2005]; deep convection pumping boundary layer air without significant dilution to the tropopause region were investigated by [Hauf et al., 1995; Fischer
et al., 2003; Scheeren, 2003].
In section 1.1 the boundary between the troposphere and the stratosphere has been defined as the temperature
minimum. In order to consider exchange processes it is useful to employ a dynamic definition of the tropopause.
For this the two parameters potential temperature and Ertel‟s potential vorticity need to be explained:
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For an air parcel with temperature T and pressure p that is adiabatically – without gain or loss of heat – compressed to the surface pressure p0 the potential temperature

 is given by:
R

 p  cp
  T  0 
 p 

(1.1)

where cp is the specific heat capacity of the gas and R the universal gas constant. The potential temperature is
conserved in adiabatic processes. Lines with the same potential temperature are called isentropes. These are
essentially horizontal in the atmosphere. Due to this fact isentropes qualify as good vertical coordinates and
adiabatic displacements can be illustrated on two-dimensional planes with the same potential temperature.
Ertel‟s potential vorticity named after the German meteorologist Hans Ertel is defined as:


 
P      f   g    const
p 

where

(1.2)

  is the component of the relative vorticity normal to the isentropic surfaces, f is the planetary vorticity

which is just the local vertical component of the vorticity of the earth owing to its rotation, g is the acceleration
due to gravity, and


represents the effective depth, i.e. the distance between potential temperature surfaces
p

measured in pressure units. The units of P are K kg-1 m2 s-1 which is equivalent to PVU (potential vorticity unit).
According to equation (1.2) the potential vorticity is conserved following the motion in an adiabatic, frictionless
flow. A derivation and a detailed discussion of the individual parameters can be found in the book by Holton
[1992].
Comparison with the temperature and height distribution of the atmosphere yields a climatological, dynamic
tropopause: In the tropics, it is defined by the 380K isentrope and outside the tropics the surface of constant
potential vorticity of 2 PVU is used.
The location of the exchange through the tropopause is given by the Brewer-Dobson-Circulation illustrated in
section 1.2: Transport of tropospheric air into the stratosphere mainly takes place in the tropics and contrariwise
in middle and high latitudes: The vertical flux across the tropopause in the tropics is thought to be caused by
cumulonimbus clouds that penetrate into the stratosphere by convection. The cross tropopause exchange in the
mid-latitudes is dominated by tropopause folding connected to frontogenesis in the vicinity of the jet stream: The
dynamical tropopause - defined in terms of Ertel‟s potential vorticity – intrudes deeply into the troposphere. At
the edge of the tropopause folding small-scale mixing occurs. The exchange through the tropopause in both directions is associated to short-lived atmospheric structures.

1.4

Interaction between Ocean and Atmosphere

Winds are a driving force of ocean currents because energy is passed from moving air to the water through friction. As a consequence, a relationship exists between the oceanic circulation and the general atmospheric circulation. In general, in response to the circulation associated with the subtropical highs and as a result of the Coriolis
force, ocean currents form clockwise vortices in the Northern Hemisphere and counterclockwise vortices in the
Southern Hemisphere. Ocean currents play a major role in maintaining the earth's heat balance. The most prominent example is the moderating effect of the North Atlantic Drift, which is an extension of the Gulf Stream. The
same amount of energy is transported towards the North Pole by oceanic and atmospheric circulation. In addition
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to producing surface currents, winds can also cause vertical water movements. Upwelling, the rising of cold,
nutrient-rich water from deeper layers, is a wind-induced vertical movement. It is characteristic for the eastern
shores of the oceans, e.g. along the coasts of West Africa, Peru, and California. Landmasses near to these coastlines are characterised by a climate with very low precipitation. The aridity is intensified due to the chilling of
the cold water and air masses become very stable without the upward movement that creates clouds.
Other triggers of ocean currents are surface heating and freshwater input (precipitation plus rivers minus evaporation) which determine the salinity distribution in the ocean. In contrast to the atmosphere, heating of the ocean
surface stabilises the water column and prevents rapid replacement of the warm top layer (18°C on average) and
the deep water (3°C on average). Therefore, exchange of surface and deep water is limited to some localised
polar regions. The resulting thermohaline circulation is very important over long timescales (e.g. glacial cycles).
Perturbations of the oceanic circulation influence the conditions in the atmosphere and therefore all biogeochemical cycles over great distances. E.g. the El Niño refers to episodes of massive ocean warming along the coasts of
Ecuador and Peru that replace the cold Peruvian current. These events are part of the global circulation and related to a seesaw pattern of atmospheric pressure between the eastern and western Pacific called the Southern Oscillation. The last very strong El Niño event (1997–1998) was responsible for a variety of weather extremes in
many parts of the world and will be briefly investigated in chapter 6. When surface temperatures in the eastern
Pacific tend to be colder than average, a La Niña event is triggered. A typical La Niña winter results in colder
than normal air over the Northwest Pacific and the northern Great Plains while warming the major part of the
rest of the United States.
From a chemical point of view, there is another coupling between ocean and atmosphere through the exchange of
trace gases across the air-sea interface. This transfer is mainly controlled by two sometimes competing factors of
the temperature: Warming of surface waters releases trace gases such as CO2, but also affects the biological
productivity, which converts dissolved trace gases into other substances. Details of these processes are highly
uncertain. For most trace gases, it is unknown whether the ocean is a source or a sink.

1.5

Interaction between Biosphere and Atmosphere

It is a well-known fact that the biosphere is important to the global atmospheric chemistry as a source and a sink
for many compounds (see Figure 1-3). Although the determination of such fluxes has been examined for several
decades, the uncertainties remain large. The structure of the terrestrial biosphere is controlled by the interaction
of climate with the patterns of soils and topography. Usually, climate patterns are reflected in productivity, with
warmer regions having higher productivity and up to orders of magnitude higher emission of trace gases. This
has brought the tropics into the focus of atmospheric science. One example which is of particular importance for
this study are large quantities of hydrocarbons such as isoprene (C5H8) released by the foliage of the vegetation
in productive ecosystems (see section 1.6.1). The isoprene emission rate has been investigated only for a few
hundred out of approximately 240.000 living species (see http://www.es.lancs.ac.uk /cnhgroup/isoemissions.pdf). Most of the rates reported in the literature do not account for differences in physiological activity. More recent studies include growth conditions, photosynthesis, stomatal conductance and other measurements
(e.g. in [Rottenberger et al., 2004; Rottenberger et al., 2005]). This illustrates quite impressive one of the great
challenges for atmospheric chemistry and also for global change science, namely the need to extrapolate the
impact of biogeochemical processes from the scales of a few microns, at which the processes actually occur, to
the global scale.
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Figure 1-3: This scheme illustrates the coupling between biosphere, atmospheric chemistry, human activities
and climate (from Guenther [2003]).

1.6

Tropospheric Chemistry

As mentioned above, in addition to nitrogen, oxygen, inert gases, carbon dioxide and water vapour the air contains many trace gases which influence our atmospheric system. Natural sources of these constituents include
volcanic eruptions, forest fires and biogenic emissions. Anthropogenic sources comprise industrial activities,
fossil fuel combustion, biomass burning, emissions from livestock and agriculture, emissions and deposition
resulting from changes in land usage. The troposphere is dominated by reactions involving ozone and other oxidants, e.g. hydroxyl / peroxy radicals, and nitrogen oxides, which are of significance for the self-cleaning power
of the atmosphere. Besides the chemical conversion to non-polluting constituents, such as H2O or O2, there are
two other removal processes: dry and wet deposition. With the help of dry deposition gases are absorbed by
plants, water or soil. This effect is circumstantial since it often only applies to gases in the boundary layer on a
local scale. The wet deposition removes species that have a sufficient solubility in water. Many gases released to
the troposphere are insoluble but their oxidation leads to polar species, which are often soluble.
The capability of the atmosphere to oxidise trace species emitted into it is referred to by the term oxidation capacity. The radicals determining this capacity in descending order of importance are (adapted from
http://www.atmosp.physics.utoronto.ca/people/loic/chemistry.html):


“The hydroxyl radical OH. Hydroxyl is a short-lived free radical and by far the most effective scavenger in
the troposphere. It is the main oxidant for CO, CH4 and higher hydrocarbons, H2S (hydrogen sulphide) and
SO2 (sulphur dioxide).



The nitrate radical NO3. At night, this radical takes over from hydroxyl as the dominant oxidant in the atmosphere: Hydroxyl is formed by photolysis and its concentration peaks during daytime while NO 3 does not
survive sunlight.
29



The oxygen atom O(1D). This excited state of the oxygen atom produced by the photolysis of ozone has the
ability to oxidise unsaturated hydrocarbons and other gases containing a double bond such as CS 2 and COS
in the upper troposphere.



Peroxy and hydroperoxy radicals HO2 and RO2 (where R is an alkyl). HO2 and RO2 are strongly linked with
hydroxyl in the oxidation cycle. They are not as efficient as hydroxyl, but react with themselves to form
H2O2, an important oxidant in cloud droplets.



Hydrogen peroxide H2O2. This reacts very efficiently in cloud droplets and oxidises a number of trace gases,
in particular sulphur dioxide. Highly soluble, it also accounts for a large part of the excess acidity in rain.



Ozone, O3. Ozone reacts directly with many species of biogenic origin.

Together, these oxidants determine the lifetime and the abundance of trace species in the troposphere, acting as
atmospheric regulators. The reverse is also true: The abundance of trace species determines the oxidising capacity of the atmosphere because an increase in the emission of a given pollutant reduces the amount of its principal
oxidant. The resulting positive feedback may even lead to an increase of other pollutants. This underlines the
importance of a stable oxidising capacity in the troposphere.”
The primary source of OH is the photolysis of ozone at wavelengths shorter than 320 nm followed by reaction
with water vapour:

O3  h  O2  O  1 D 

(R 1)

O  1 D   H2O  2OH

(R 2)

Note that only a small fraction (about 1-10 percent depending on humidity) of the excited oxygen O(1D) reacts
with water vapour to form hydroxy radicals. The remaining part is quenched through collision with unreactive
molecules (M) to its ground state (3P) which quickly recombines with molecular oxygen to form ozone. Thus
there is not a significant loss of ozone (e.g. [Kuhlmann, 2001] and references therein).
In the presence of a sufficient amount of nitrogen oxides (NOx= NO+NO2) e.g. in urban areas, the oxidation of
hydrocarbons and carbon monoxide in the atmosphere can lead to ozone production. The simplest such reaction
scheme, is the oxidation of carbon monoxide (CO):
(R 3)
(R 4)
(R 5)
(R 6)
(R 7)
(R 8)

OH  CO  H  CO2
H  O2  M  HO2  M
HO2  NO  OH  NO2
NO2  h  NO  O
O  O2  M  O3  M
net CO  2O2  h  CO2  O3

The radicals OH and HO2 (HOx) as well as the oxides of nitrogen NOx are not affected by this reaction sequence.
Such a catalytic cycle is characteristic for many reaction schemes in atmospheric chemistry. The number of times
that the reaction sequence 3 to 7 is repeated (the so-called chain length) depends on reactions that remove either
HOx or NOx.
The main terminating reaction for NOx is:
(R 9)

OH  NO2  M  HNO3  M
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Nitric acid (HNO3) is a well soluble substance but not very reactive. Thus, there is a high probability of depositing and being lost from the atmosphere before it can release back the NO 2.
HOx radicals can also directly react with ozone:
(R 10)
(R 11)

HO2  O3  OH  2O2
OH  O3  HO2  O2

Reaction 10 competes with reaction 5. Hence, the availability of NOx is an important factor in determining
whether net production or destruction of ozone prevails. The threshold between high and low NOx is about 40
pptV.
The oxidation of methane is another major reaction scheme in the troposphere. It also serves as an example of
HCHO activity in atmospheric photochemistry. Under high NOx conditions one has ([Crutzen and Lovelock,
1983] and references therein):
(R 12)
(R 13)
(R 14)
(R 15)
(R 16)
(R 17)
(R 18)
(R 19)

CH4  OH  CH3  H2O
CH3  O2  M  CH3O2  M
CH3O2  NO  CH3O  NO2
CH3O  O2  HCHO  HO2
HO2  NO  OH  NO2
2(NO2  h)  2(NO  O)
2(O  O2  M)  2(O3  M)
CH4  4O2  HCHO  H2O  2O3 net

Again the net reaction is catalysed by the abundance of HOx and NOx. Under low NOx conditions, the reaction of
CH3O2 with HO2 can compete with reaction 14:
(R 20)

CH3O2  HO2  CH3O2 H  O2

The formed hydroperoxide CH3O2H can again photolyse or react with OH:
(R 21)

CH3O2 H  h  CH3O  OH

which is rapidly followed by reaction 15 to form HCHO.
The latter reaction is:
(R 22)

CH3O2 H+OH  CH2O2H+H2O

which is followed by
(R 23)

CH2O2H  HCHO  OH

Because these reactions tend to destroy HOx, these radicals will be reduced under low NOx conditions. The resulting formaldehyde, which is not removed heterogeneously, undergoes photolysis or reaction with OH to produce CO, H2, and HO2:
(R 24)
(R 25)
(R 26)

HCHO  h  CO  H2
HCHO  h  CHO  H
HCHO  OH  CHO  H2O

The products of reactions 25 and 26 rapidly react with molecular oxygen:
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(R 27)

CHO  O2  CO  HO2

and reaction 4, which yields a link to the CO cycle (reactions 3 to 8).
Since CH4 and CO are readily available even in remote areas, ozone production from these hydrocarbons is limited by the availability of NOx. On the other hand these cycles provide the background source of formaldehyde.
In the next section the general properties of formaldehyde and the different sources will be described.

1.6.1 Formaldehyde
Formaldehyde (HCHO) is also known as methanal, methylene oxide, oxymethylene, methylaldehyde, oxomethane, and formic aldehyde and is the simplest member of the aldehydes. It is used in large amounts in a variety of chemical manufacturing processes and is produced principally by the vapour-phase oxidation of methanol.
At room temperature, formaldehyde is a colourless gas but with a strong pungent, irritating odour. It is highly
reactive, readily undergoes polymerisation, is highly flammable, and can form explosive mixtures in air. Formaldehyde is soluble in water, alcohols, and other polar solvents. “As a reactive aldehyde, formaldehyde can undergo a number of self-association reactions, and it can associate with water to form a variety of chemical species
with properties different from those of the pure monomolecular substance. These associations tend to be most
prevalent at high concentrations of formaldehyde; hence, data on properties at high concentrations are not relevant to dilute conditions” (from. INCHEM). Formaldehyde is harmful to health for levels higher than 0.5 ppmV.
It is extremely irritating to the mucous membranes. Exposure to formaldehyde irritates the eyes, nose, and throat,
and can cause skin and lung allergies. Higher levels can cause throat spasms and a build-up of fluid in the lungs.
Formaldehyde can cause an asthma-like allergy. Repeated exposures may cause bronchitis, with symptoms of
cough and shortness of breath. Formaldehyde is classified as a 'probable human carcinogen'.
Indoor sources of formaldehyde include direct sources such as cigarette smoke [Baek and Jenkins, 2004], fireplaces, cooking [Lee et al., 2002], and outgassing from building materials and consumer products such as wood
panels, latex paints, new carpets, textile products, and resins [Hedberg et al., 2002]. In some countries, there are
regulations to control emissions from building materials and furnishings, since these are recognised as the major
sources of elevated concentrations of formaldehyde in indoor air. Levels up to several hundred ppbV were reported [Baez et al., 2004].
In the atmosphere, formaldehyde occurs naturally and is the product of many natural processes like the oxidation
of methane (see above) and other non-methane hydrocarbons (e.g. [Finlayson-Pitts and Pitts, 1986]). The background level of HCHO in remote areas is about 0.3 – 1 ppbV (e.g. [Burrows et al., 1991; Slemr et al., 1996; Junkermann and Stockwell, 1999; Weller et al., 2000; Singh et al., 2004]). Formaldehyde is also directly emitted
into the atmosphere by combustion of fossil fuels and biomass (e.g. [Anderson et al., 1996; Geiger et al., 2002]
and [Holzinger et al., 1999; Yokelson et al., 1999; Andreae and Merlet, 2000]). In anthropogenically polluted
areas, HCHO was found in peak levels up to 70 ppbV (e.g. in Los Angeles or Mexico City [Grutter et al., 2005]).
As shown above formaldehyde is an important intermediate in the atmospheric formation of carbon monoxide,
CO, and carbon dioxide (CO2) and its removal by wet and dry deposition processes can reduce the flow of carbon to these species. The photolysis of HCHO, its reaction with hydroxyl (OH) or its reaction with a nitrate radical at night leads to the perhydroxyl radical (HO2) formation and subsequently, and more importantly, to stronger
oxidants like OH and ozone [Logan et al., 1981]. HCHO may be taken up by atmospheric water where it deposits with precipitation or participates in aquatic reactions with species like dissolved SO 2 or OH (e.g. [Chameides
and Davis, 1983]). Ocean surfaces are thought to be sinks for HCHO [Thompson and Zafiriou, 1983]. However,
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it may be released to the atmosphere through snow and ice chemistry [Riedel et al., 1999; Sumner et al., 2002],
or through the photochemical degradation of dissolved organic matter and biological processes [Zhou and Mopper, 1997]. Formaldehyde indirectly influences chlorine chemistry. Therefore it is likely that HCHO plays a
major role in the development of tropospheric ozone depletion episodes during polar sunrise [Rudolph et al.,
1999]. HCHO plays a role in HOx chemistry and in ozone production as a source of HO2 and hence NO2.
In summary, it is believed that most of the global formaldehyde is a product of hydrocarbon or volatile organic
compound (VOC) oxidation. Because of the short lifetime of HCHO of a few hours [Arlander et al., 1995] one
can assume that it is highly correlated with the emission field of the precursor compounds [Palmer et al., 2003],
which is important for the interpretation of the results in chapter 6. In particular Isoprene (C5H8) and monoterpenes (general formula (C10H16)n) are reactive VOCs which are emitted into the atmosphere by vegetation in
large quantities. The magnitude of isoprene emissions on a global scale is of the same order as methane and
twice as high as anthropogenic VOC emissions [van Aardenne et al., 2001] but there is a large uncertainty on the
real numbers (see Table 2 and section 1.5). The lifetimes of isoprene and monoterpenes are small. Considering
both day and night, the lifetimes of isoprene range from 1.5 to 3 hours. For α-pinene, an important monoterpene,
the lifetime can range from as little as 5 minutes to 3 hours [Kesselmeier and Staudt, 1999]. Monoterpenes emitted by plants generally “contain at least one unsaturated carbon-carbon bond, and often have one or more rings in
their structure. In the case of α-pinene, one of these rings contains just four carbon atoms, which introduces
strain in some of the carbon-carbon bonds and consequently, increases the reactivity of the molecule” [Sanderson, 2002, p. 2]. Both, the short lifetime of HCHO and most of the emitted VOCs, might help to improve the
current emission inventories by means of global observations of formaldehyde. A first attempt has been made
using GOME observations above North America by [Palmer et al., 2003]. Clearly, HCHO measurements together with observations of other photochemically active species, for example NO 2, are powerful tools in testing our
understanding of ozone production, hydrocarbon oxidation and, in general, the oxidising power of the atmosphere represented by O3 and OH, but for this, long-term and in particular quality controlled data sets are necessary. This is one of the major aims of this study.
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Table 2: Global natural VOC emission rate estimates [Tg C yr−1] from different studies, from Kesselmeier
and Staudt [1999]
Isoprene

Monoterpenes

Other reactive

Other VOCs

Total

VOCs
[Went, 1960]

175

[Rasmussen and Went,

432

1965]
480

[Robinson and Robbins,
1968]
[Zimmermann, 1979]

350

[Rasmussen and Khalil,

452

480

1988]
>800

[Warneck, 1988]
[Dignon and Logan, 1990]

450

[Taylor et al., 1990]

175

[Turner et al., 1991]

285

[Mueller, 1992]

250

147

[Allwine et al., 1992]

420

128

[Guenther et al., 1995]

503

127

143

260

279

827

260

1150

1.6.2 Glyoxal
Glyoxal (CHOCHO) is also known as ethanedial, diformyl, ethanedione, biformal, and oxal. Glyoxal can undertake rotational isomerisation between the planar cis and trans conformations (see Figure 1-4), with trans-glyoxal
being the more stable isomer (see INCHEM).

Figure 1-4: Structure of the glyoxal. Left: trans-, right cis- glyoxal.

Glyoxal is the smallest

 -dicarbonyl compound. It is a colourless to yellow liquid with a faint odour. It is also

miscible with water. Glyoxal is harmful by inhalation and may cause sensitisation by skin contact and is irritating to eyes and skin. It is used as a chemical intermediate in the production of pharmaceuticals and dyestuffs. It
is also industrially employed as a cross-linking agent in the production of a variety of polymers, such as textiles.
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Furthermore, glyoxal is used as a biocide and as a disinfecting agent and is contained in many products, such as
cleansers used for the disinfection of surfaces.
In the atmosphere, there are several sources of glyoxal: It is formed during the oxidation of hydrocarbons in
particular of aromatic hydrocarbons [Volkamer et al., 2001], in analogy with formaldehyde both from biogenic
and anthropogenic sources. Figure 1-5 illustrates hydroxyl radical reaction schemes showing glyoxal as a minor
second- or third-generation oxidation product of isoprene and 2-methyl-3buten-2-ol (MBO) which is emitted in
high levels from pines. Furthermore, this figure comprises information on the possible ratios between CHOCHO
and HCHO (here about 0.04 for isoprene and 0.1 for MBO).
Lee et al. [1998] have reported mean levels of 0.07 ppbV glyoxal in the boundary layer of a rural site which were
thought to originate from isoprene rather than from anthropogenic emissions. Spaulding et al. [2003] found lower values of about 0.03 ppbV above a ponderosa pine plantation in California. Biomass burning and domestic as
well as residential log fires will release glyoxal in addition to other aldehydes [Ho and Yu, 2002]. Another recognised source of glyoxal is traffic emissions and the subsequently formed photochemical smog, which gives rise
to the formation of this compound. Direct vehicle emissions are believed to be small [Volkamer et al., 2005].
During the day, photolysis and reaction with OH determine its lifetime which was found to be less than 2 hours
for overhead sun conditions.
In summary, measurements of glyoxal are quite sparse and most of them from urban areas. Nevertheless, they
can lead, in conjunction with measurements of formaldehyde and other photochemical species like NO 2, to a
better understanding of VOC chemistry and source strengths.
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Figure 1-5: Hydroxyl radical reaction schemes for (a) isoprene, and (b) 2-methyl-3-buten-2-ol (MBO), from
Spaulding, et al. [2003]. From that CHOCHO to HCHO ratios between 0.04 and 0.1 can be derived.
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2

Instruments

This chapter describes, in the first three sections, the instruments used to derive the data for retrieving atmospheric HCHO and CHOCHO columns by means of the DOAS method. The latter will be discussed in the next
chapter 3. One characteristic, all these instruments have in common, is that they measure light scattered by the
earth‟s atmosphere in the ultraviolet (UV) and visible (vis) range as illustrated in Figure 2-1. In the fourth section, all instruments from which supplementary data have been utilised are introduced briefly. Instrumental
shortcomings will be discussed in detail in Section 5.1.

Figure 2-1: The wavelength range covered by the UV/vis instruments used in this study (GOME,
SCIAMACHY, and MAX-DOAS) together with spectral regions where the major trace gases are typically analysed.

2.1

Global Ozone Monitoring Experiment (GOME)

The Global Ozone Monitoring Experiment (GOME) aboard the second European Remote Sensing satellite
(ERS-2) is successfully monitoring the earth atmospheric composition since its deployment in space in April
1995 ([Burrows et al., 1997] and references therein). GOME is the first European passive remote sensing instrument operating in the ultraviolet, visible, and near infrared wavelength regions. Primary data products are vertical columns of ozone and nitrogen dioxide. Advanced products include vertical profiles of ozone and columns of
bromine oxide, chlorine dioxide, and other minor trace gases as well as tropospheric NO2 columns (e.g. [Burrows and Chance, 1992; Eisinger and Burrows, 1998; Hegels et al., 1998; Richter et al., 1998; Wagner and Platt,
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1998; Hoogen et al., 1999; Wittrock et al., 1999; Chance et al., 2000]). In June 2003, the tape recorder on ERS-2
permanently failed, and since then, only those GOME measurements are available that can be directly recorded
by a ground receiving station, reducing the coverage by about 70 percent.
The GOME instrument was proposed in 1988 by John P. Burrows and Paul Crutzen as a small scale version
(SCIAmini) of the Scanning Imaging Absorption Spectrometer for Atmospheric Cartography (SCIAMACHY,
see 2.2). GOME is observing the atmosphere in nadir viewing geometry only with four spectral channels, as
opposed to eight channels for SCIAMACHY. In addition, GOME performs a direct solar irradiance measurement
once per day and in order to enhance coverage of the polar regions the line of sight can be tilted under an angle
towards this region (polar view). The latter data however are not used in this thesis.

2.1.1 The GOME instrument
The GOME instrument is a double monochromator which combines a predisperser prism, a channel-separator
prism and in each of the four optical channels a holographic grating as dispersing elements. The four channels
comprise the wavelength intervals 237-316 nm, 311-405 nm, 405-611 nm and 595-793 nm (see Table 3). A
schematic diagram of the GOME optical layout is shown in Figure 2-2. Irradiance and radiance spectra are sampled with four linear Reticon silicon-diode arrays with 1024 spectral elements each – so-called pixels. In order to
reduce the dark current, Peltier elements attached to the diode arrays and connected to passive deep space radiators cool the detectors to about -40ºC.

Figure 2-2: Functional block diagram of the GOME spectrometer optical system [ESA, 1995]

Except for the scan mirror at the nadir view port, all parts of the instrumental set-up are fixed. Spectra are recorded simultaneously from 240 nm to 790 nm. The light which reaches the predisperser prism is split into two
branches. The first one is recorded with three broadband polarisation monitoring devices (PMD), which approximately cover the spectral range in the optical channels two to four: 300-400 nm, 400-580 nm and 580-750 nm,
respectively. The PMDs measure the amount of light under an instrument-defined polarisation angle to facilitate
correction of the instrument polarisation sensitivity in the level 0 (raw data) to level 1 (calibrated spectra) con-
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version. The second, moderately wavelength dispersed beam is focused by a parabolic mirror into the channel
separation prism.
The calibration unit adjacent to the spectrometer comprise of the sun-view-port and a compartment housing a
platinum-neon-chromium hollow cathode discharge lamp. The solar radiation is attenuated by a mesh (20 percent transmission) and directed via a diffuser plate (wet-sanded aluminium plate with chromium/aluminium
coating) onto the entrance slit of the spectrometer. As a result of residual periodic structures on the diffuser, spectral artefacts are present in the solar irradiances recorded by GOME which depend on the illumination angle and
therefore on the seasonally varying position of ERS-2 relative to the sun [Richter and Wagner, 2001].

2.1.2 GOME Viewing Geometries
The ERS-2 satellite moves in a retrograde, sun-synchronous, near polar orbit at a height of about 795 km. The
maximum scan width in the nadir viewing is 960 km and global coverage is achieved within three days (after 43
orbits), the orbit repeating time being 35 days. The local crossing time at the equator is 10:30 AM for the descending node. An across track scan sequence consists of four ground pixel types called East, Nadir, West, and
Backscan with typically 1.5 seconds integration time each as indicated in Figure 2-3. In the UV part of channel 1
(Channel 1A) and beyond 85° solar zenith angle, integration times are longer to compensate for lower light intensities.

Figure 2-3: The illustration to the left shows the nadir looking GOME instrument onboard ERS-2. In addition, the scan geometry is shown for two successive scan sequences. The forward scan consists of East (E), Nadir
(N), and West (W) pixels (320 x 40 km2 each) and is followed by a Backscan (B) (light grey). The satellite is
moving from North to South crossing the equator at 10:30 local time. The local overpass time changes with latitude. The difference is about one hour between 53°N (11.00 LT) and 53°S (10.00 LT). This can have an impact
on observations of photochemically active species as in this study. Usually, every tenth day GOME is measuring
in a narrow swath mode having a spatial resolution of 80 x 40 km2 for the forward scans but consequently at
reduced spatial coverage (see Figure 6-15).
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The PMDs are readout sequentially every 93.75 msec, which implies that for a nominal East-West scan (4.5 sec)
forty-eight PMD measurements are collected for each wavelength region. Using the maximum possible scan
width of 960 km, each PMD covers an area of 40×20 km² on the surface. This qualifies the PMD measurements
for detecting rapid changes in the observed surface reflectivity and cloudiness during scanning.

Table 3: Fact sheet on GOME onboard ERS-2 – channel 2 is applied in this study for the HCHO retrieval
[ESA, 1995; Burrows et al., 1999].
Channel

Wavelength [nm]

Integration

Spectral

Time [s]

Resolution [nm]

Polarisation Measurement Device
(PMD)

1A

237-283

12

0.20

1B

283-316

1.5

0.20

2

311-405

1.5

0.17

1

3

405-611

1.5

0.29

2

4

595-793

1.5

0.33

3

2.2

Scanning Imaging Absorption Spectrometer for Atmospheric Cartography (SCIAMACHY)

The SCIAMACHY (SCanning Imaging Absorption spectroMeter for Atmospheric CartograpHY) is a spectrometer designed to measure sunlight, transmitted, reflected and scattered by the earth‟s atmosphere or surface in the
ultraviolet, visible and near infrared wavelength region (240 nm – 2380 nm) at moderate spectral resolution (0.2
nm – 1.5 nm) [Bovensmann et al., 1999]. SCIAMACHY was launched on ENVISAT into orbit on March 1 st,
2002 and has an equator crossing time of 10 AM which is about half an hour earlier than GOME. As mentioned
above, SCIAMACHY is an enhanced version of the GOME instrument, but in many respects, the two experiments are quite similar. The absorption, reflection and scattering characteristics of the atmosphere are determined
by measuring the extraterrestrial solar irradiance and the upwelling radiance observed in different viewing geometries: In addition to the nadir measurements implemented in GOME, SCIAMACHY also performs solar and
lunar occultation measurements and limb scans. From these measurements, column amounts and to some extent
also vertical distributions of O3, BrO, OClO, SO2, HCHO, NO2, CO, CO2, CH4, H2O, N2O, pressure (p), temperature (T), aerosol properties, radiation, cloud cover and cloud top height can be retrieved [Afe et al., 2004;
Buchwitz et al., 2004; Noel et al., 2004; Richter et al., 2004; Buchwitz et al., 2005; Frankenberg et al., 2005; von
Savigny et al., 2005]. A special feature of SCIAMACHY is the combined limb-nadir measurement mode which
allows determining the tropospheric column amounts of several trace gases with better accuracy than with the
nadir mode only.

2.2.1 The SCIAMACHY Instrument
The ENVISAT satellite with SCIAMACHY flies like ERS-2 in a sun-synchronous, near polar orbit at a height of
about 800 km. The maximum scan width in the nadir-view is 960 km and global coverage is achieved within six
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days (after 86 orbits), the orbit repeating time being 35 days. SCIAMACHY consists of three basic parts: the
optical unit, the electronic unit, and the radiant cooler. In contrast to GOME, the instrument contains two scan
mirrors in the light path: one at the front of the elevation scanner module (ESM) and one at the front of the azimuth scanner module (ASM). In nadir mode, only the ESM mirror is used to scan in the east-west direction
(across track). When looking at the limb, both mirrors are used to perform the azimuth scan (east-west direction)
as well as the elevation scan (up-down direction). A telescope mirror produces a focus on the entrance slit of the
spectrometer. Afterwards, a predisperser prism of the spectrometer separates the collimated light into three spectral bands which are split into 8 different channels. A grating located in each channel further disperses the light
which is then focused on eight detector arrays (each with 1024 pixel). As in the GOME instrument, the predisperser is used as a Brewster window to extract a small fraction of the light polarised perpendicular to the instrumental optical plane (parallel to the entrance slit). The polarised light is distributed to the PMDs (see Table 4).

Table 4: Fact sheet on SCIAMACHY [Burrows et al., 1995; Bovensmann et al., 1999] – channels 2 and 3 are
used in this study for the retrieval of formaldehyde and glyoxal, respectively. The integration times are different
for different spectral bands, so that the ground pixel size for a certain trace gas column depends on the spectral
band it is retrieved from. In the case of HCHO and CHOCHO one has typically 0.5 sec (pixel size 30 km along
track and 60 km across track). For spectral fitting of HCHO in this study four pixels were averaged yielding a
spatial resolution of 60 x 120 km2.
Channel

Spectral Range [nm]

Spectral Resolution [nm]

Polarisation Measurement
Device (PMD)

1

240 - 314

0.24

2

309 - 405

0.26

0

3

394 - 620

0.44

1

4

604 - 805

0.48

2

5

785 - 1050

0.54

3

6

1000 - 1750

1.48

4

7

1940 - 2040

0.22

8

2265 - 2380

0.26
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2.2.2 SCIAMACHY viewing geometries
SCIAMACHY performs measurements in nadir, limb, and solar/lunar occultation geometry (see Figure 2-4). In
nadir mode, the atmospheric volume beneath the spacecraft is observed, scanning an area on ground corresponding to a maximum swath width of 30 km along track by 960 km across track. The edge of the swath width has a
line of sight (LOS) varying from 0° to a maximum of about 30.9° which has to be taken into account for radiative transfer modelling (see section 5.2.2).
In the limb mode, the spectrometer slit is projected parallel to the horizon in flight direction by a combination of
the ASM and the ESM mirrors. The ASM mirror scans the atmosphere through different tangent heights from 0
to 100 km in horizontal (azimuth) direction; whereas, appropriate movement of the ESM mirror results in a vertical (elevation) scan direction. A typical limb scan cycle comprises 34 horizontal scans at different tangent
heights, starting 3 km below the horizon. One of the main issues for these limb observations is the accuracy with
which the tangent heights can be reconstructed. The requirements on the knowledge of orientation and position
of the spacecraft are particularly strict for limb-viewing instruments, because of the large distance between the
satellite and the sampled air volume (about 3000 km). For instance, an angular difference of only 1 arcmin translates to a tangent height difference of about 1 km [von Savigny et al., 2005]. The individual spatial resolution is
typically 240 km within a 960 km swath width in the horizontal direction across track.
About 7 minutes after a measurement in the limb mode has been carried out, the same atmospheric volume is
measured in the nadir mode. In principle, this feature, called limb-nadir-matching, permits to separate the tropospheric trace gas amounts from the total column for a variety of atmospheric trace gases. Up to now, this has
been accomplished for NO2 (see e.g. PROMOTE, PROtocol MOniToring for the GMES Service Element).
Occultation measurements are performed using the ASM and ESM mirrors with the sun or moon in the full view
of the instrument. SCIAMACHY selects a target, the sun or the moon and tracks it as soon as it appears above
the horizon and until the line of sight reaches a maximum tangent height of 100 km. Spectra of the source radiation transmitted through the atmosphere are recorded during the complete sequence.

Figure 2-4: Measurement modes from SCIAMACHY: Only measurements using the nadir mode (A) have
been used in this study.
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2.3

Bremian DOAS Network for Atmospheric Measurements
(BREDOM)

The BREDOM is a ground-based network of high quality UV/visible spectrometers for atmospheric observation
that has been set up by the Institute of Environmental Physics (IUP), University of Bremen. BREDOM was
proposed in 2001 by John P. Burrows to extend the existing DOAS sites operated by the IUP Bremen (NyÅlesund and Bremen) to low latitudes. The most important aim is to provide long-term, continuous measurements of a number of stratospheric and tropospheric species at latitudes ranging from the Arctic to the equator
focussing on satellite validation. The instruments used for the network are NDSC-qualified ([Roscoe et al., 1999;
Vandaele et al., 2005]), and a close co-operation exists with the NDSC and other DOAS networks (from the
University of Heidelberg, the IASB, NIWA) and the SAOZ network of the CNRS, adding to the global atmospheric observation system.
The stations of the BREDOM are given in Table 5. The distribution of the stations is designed to provide a latitudinal cross-section covering Arctic, mid-latitude and tropical regions. This is particularly useful for satellite
validation like SCIAMACHY, as a broad range of atmospheric situations (summer / winter; high / low ozone,
NO2, H2O; vortex / non vortex conditions; changing albedo, cloud cover, ...) and also of different measurement
conditions (high / low solar elevation) is covered. In addition, the network is also well-suited for studies of stratospheric ozone loss, bromine loading and tropospheric pollution. In particular in tropical regions, biogenic and
biomass burning emissions and lightning produced NOx as well as troposphere to stratosphere exchange (see
section 1.3) can lead to large tropospheric ozone concentrations.
Table 5: Permanent BREDOM sites
Station

Latitude

Longitude

Status

Wavelength coverage

Ny-Ålesund

79°N

12°E

operational since spring 1995

320 – 565 nm

Bremen

53°N

8°E

operational since spring 1993

320 – 720 nm

Merida

8°N

71°W

operational since spring 2004

320 – 410 nm

Nairobi

1°S

36°E

operational since summer 2002

320 – 565 nm

One of the lessons learned from the validation of GOME data is the need for measurements at low latitudes (e.g.
in [Ladstätter-Weißenmayer et al., 1996]). Compared to Northern mid-latitudes and the polar regions, the density
of measurement stations at low latitudes is sparse and routine zenith-sky measurements of halogen oxides and
other minor trace species are not performed at all. However, such measurements are needed for several reasons:
First of all, the tropical regions are of paramount importance for the atmosphere as a whole as most of the vertical transport to the stratosphere takes place at these latitudes (see section 1.3). Therefore, satellite measurements
at low latitudes are of particular interest, and validation of these data has a high priority. In addition, the specific
measurement conditions at these latitudes, namely high sun and short light path through the atmosphere are particularly challenging for the satellite instrument. If these data can be validated with good accuracy, many error
sources can be minimised that are also important for data taken at other latitudes. For example, GOME measurements of minor trace species are subject to varying offsets that could be corrected if appropriate ground-truth
would be available at low latitudes.
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All stationary instruments of the network are measuring continuously. That is at Ny-Ålesund only outside of the
polar winter from mid of February to mid of October. Using the zenith-viewing direction for stratospheric species and the horizon viewing measurements for tropospheric retrievals, stratospheric column amounts of the trace
gases Ozone, NO2, BrO and OClO are retrieved routinely, and tropospheric columns and profiles of NO2,
HCHO, IO, CHOCHO and H2O can also be determined.
A BREDOM travelling instrument has participated in several campaigns e.g. at OHP (NDSC campaign June
1996, [Roscoe et al., 1999]), Kaashidhoo (INDOEX campaign February and March 1999, e.g. [Burkert et al.,
2003]), the Po valley (FORMAT campaign July/August 2002 and August/September 2003, [Heckel et al., 2005]),
Andøya (NDSC campaign February/March 2003, [Vandaele et al., 2005]) and Cabauw (DANDELIONS campaign June/July 2005). Some of the data obtained during these campaigns will be presented in this study.

2.3.1 The MAX-DOAS instrument
One major aim of this thesis was to redesign the „classical‟ zenith-sky DOAS in order to provide information
also on the tropospheric amounts of the absorbers.
The standard set-up as used for several decades (e.g. [Noxon, 1975; Solomon et al., 1987]) has its highest sensitivity in the stratosphere, in particular during twilight. This is the result of the large enhancement in stratospheric
light path at dawn and dusk combined with a relatively short tropospheric path. When measurements at twilight
are analysed relative to noon measurements as often is the case, the tropospheric contribution effectively cancels
as long as concentrations do not vary over time. However, in the presence of clouds, tropospheric absorbers can
contribute significantly to the signal [Erle et al., 1995; Platt et al., 1997; Pfeilsticker et al., 1998; Wagner et al.,
1998; Pfeilsticker et al., 1999; Winterrath et al., 1999] but they are difficult to quantify as the exact light path is
not known.
The sensitivity of the instrument towards tropospheric signals can be strongly increased by pointing the telescope
to the horizon instead of the zenith. Depending on tropospheric visibility, the light path in the lower layers can
become very long. At the same time, the light path through the stratosphere is in good approximation independent of the instrument pointing. Thus, by taking measurements at different viewing directions, vertical profiles
with several pieces of information in the troposphere can be retrieved as discussed in chapter 5.3.
The instrumental challenge was therefore to change the existing instruments in a way that allows both zenith-sky
and horizon measurements in a fully automated way both in very cold and hot climates over long periods of
time.
After successful tests in April 1998 in Ny-Ålesund and during the INDOEX campaign on the Maldives (February/March 1999) [Wittrock et al., 1999], the set-up which is now used at all BREDOM stations was developed in
co-operation with Sixten Fietkau [Fietkau, 2006] and Thomas Medeke [Medeke, 2006]. It facilitates not only
zenith-sky observations, but also measurements at lines of sight from -5° (for mountain sites) to 30° above the
horizon. The viewing directions are selected by a computer controlled mirror inside the telescope housing as
described below, providing a rugged and versatile set-up.
All stations of the BREDOM network are now equipped with Multi-Axis Differential Optical Absorption Spectroscopy (MAX-DOAS) instruments. These instruments are basically UV/visible spectrometers observing scattered light in different viewing directions.
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The instruments consist of at least one grating spectrometer equipped with a cooled CCD (charge-couple device)
detector and a separate telescope unit connected to the main instrument via a quartz fibre bundle. The spectrometer is temperature stabilised to avoid wavelength drifts. Although the installed CCD is a two-dimensional detector, it is operated in full vertical binning for optimal signal-to-noise ratio and to avoid problems with pixel-topixel variation on the chip. The quartz fibre bundle efficiently depolarises the incoming light and also provides
flexibility for the instrument set-up. The telescope unit (see Figure 2-5 below) has two viewing ports, one to the
zenith and one to the horizon. The viewing direction or line of sight (LOS) is selected via a motorised mirror. In
the lower part of the housing, two calibration lamps (a mercury-cadmium line lamp and a white light source) are
integrated for calibration measurements. To limit the field of view of the instrument, a small lens is installed in
front of the quartz fibre bundle. To prevent direct sunlight from entering the telescope, additional shades are
mounted on both the zenith and the horizon ports (not shown in the figure).

Figure 2-5: Schematic (left) and photo (right) of the telescope used for the BREDOM instruments.

During operation, the instrument scans sequentially several viewing directions from the horizon to the zenith,
taking about 1 minute of measurements in each direction. The angle selection depends on location and the focus
of the measurements. The integration times are automatically chosen from a test measurement and increase towards twilight. At night, calibration measurements (line lamp for wavelength calibration, white light source for
throughput monitoring, dark measurements for dark current characterisation) are taken. As the calibration unit
can be separated by a shutter, the calibration is also possible during polar day.
To optimise spectral coverage and resolution, three of the four BREDOM stations (Bremen, Ny-Ålesund and
Nairobi) are equipped with two spectrometers, one for the UV and one for the visible part of the spectrum. The
instruments share the telescope unit through a quartz fibre bundle that splits into two ends on the spectrometer
side.
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2.3.1.1 Stratospheric Observations (zenith-sky DOAS)
For stratospheric observations, usually, the zenith viewing direction is applied. If the species of interest is known
to be negligible in the troposphere, any viewing direction can be used and measurements towards the bright part
of the sky have been used in some studies of e.g. OClO in Antarctica to improve the signal [Arpag et al., 1994;
Miller et al., 1997]. The sensitivity of the instrument is largest at twilight as a result of the long light path in the
stratosphere. This is illustrated below in the Figure 2-6, where a simplified light path is shown for high and for
low sun.

Figure 2-6: Sketch of a zenith-viewing measurement. Towards high solar zenith angles (low sun) the effective light path through the stratosphere is increasing.

In the real atmosphere, the situation is more complex as a result of the curvature of the atmosphere, refraction
and the effects of multiple scattering (see section 4.1). However, the basic idea remains and measurements of
stratospheric constituents are therefore based on comparison of data taken at dawn and dusk with a reference
taken around noon. If the instrument is stable enough, a background spectrum from another day can be used to
improve consistency or signal (important for high latitudes where the range of solar zenith angles (SZA) available is small during some times of the year).
An interesting aspect of the above sketch is that the light path in the lower troposphere (red) is the same for
measurements at high and low sun. Thus, a constant tropospheric contribution will cancel when comparing noon
and twilight measurements of the same day, making the measurements even more adequate for stratospheric
research. However, if the tropospheric concentrations vary over the day or if the tropospheric light path changes
e.g. due to clouds, the stratospheric measurements can be affected.
While sensitivity is highest at twilight, this time of measurement is not always desirable for other reasons: Many
atmospheric species of interest undergo rapid photochemistry, and concentrations can change strongly during
twilight making interpretation difficult. On the other hand, in combination with model calculations, such changes
can provide additional information on the chemistry of the absorber. For satellite validation, the searched quantity is the column at time of overpass, and this is often not at twilight. For such cases, the measurements must
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either be interpolated (possibly using a chemical model) or a reduced sensitivity of the ground-based measurement at higher sun has to be accepted.

2.3.1.2 Tropospheric Observations (MAX-DOAS)
For tropospheric observations, the MAX-DOAS instruments use the measurements pointing to the horizon. As
illustrated in the Figure 2-7, the light path through the upper atmosphere (dark blue, above the scattering point)
does not depend on viewing direction, while in the lowest atmospheric layers, the light path (dark red) increases
as the viewing direction approaches the horizon.

Figure 2-7: Sketch of a horizon-viewing measurement. With smaller elevation angles the effective light path
through the lower layers in the atmosphere is increasing, while the path through the stratosphere remains constant.

The length of the light path in the lowest layers depends on the geometry (i.e. the elevation angle or line of sight)
but also on the mean free path of the photon. In the sketch, the scattering point is above the surface layer and the
light path is determined by geometry only. If scattering probability increases e.g. at higher aerosol loading or for
measurements in the UV (more Rayleigh scattering), the last scattering point is closer to the instrument and the
light path for the lowest viewing directions reduces. In the extreme case (fog, snow fall), there is no difference in
the light path. An important boundary condition for the interpretation of the measurements is the assumption,
that horizontal gradients can be neglected. In real measurements, this is not always the case and results can become ambiguous with respect to whether a signal variation results from vertical or from horizontal changes
[Heckel, 2003].
As the vertical sensitivity is a function of elevation angle, the combination of all measurements can be used to
retrieve vertical profiles of absorber concentrations which is one of the major aims of this study (see section 5.3).
The vertical resolution of such profiles depends on the number of viewing directions, SZA, aerosol loading and
surface albedo but is in the order of 3 to 5 layers for the lower troposphere. For such an inversion, a good estimate of the aerosol optical depth and vertical distribution is needed. This can be retrieved from measurements of
species with well-known vertical distribution such as O2 or O4, and in fact aerosol optical depth is another output
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of the inversion algorithm. If data are taken not only for different elevation angles, but also at various azimuth
angles, information on the aerosol phase function and thus aerosol composition can also be obtained [Wagner et
al., 2004].
For satellite validation, the tropospheric column is often the quantity of interest. This can be determined from the
ground-based measurements either by integrating the retrieved profile or - more quickly - by using a viewing
direction of 30°/18° elevation where the last scattering point is assumed to be above the layer with high concentrations of the trace gas of interest.

2.3.2 BREDOM Sites
2.3.2.1 Ny-Ålesund (79°N, 12°E)
In 1995, a DOAS instrument was set up in cooperation with the Alfred-Wegener-Institute for Polar and Marine
Research, Bremerhaven in the NDSC building at Ny-Ålesund in Svalbard [Wittrock et al., 1995]. This measurement station is part of the primary Arctic NDSC station. Polar night prevails from mid of October to mid of February, solar elevation angles change rapidly in spring and fall and there is polar day in summer. The focus of the
measurements at this site is on stratospheric chemistry in arctic regions, in particular ozone chemistry. As a result
of its geographical location, Ny-Ålesund experiences both time periods with the polar vortex located above the
station, and situations when non-vortex air is probed.
A second issue addressed by the Ny-Ålesund measurements is polar tropospheric halogen chemistry, in particular
bromine chemistry. Depending on the meteorological conditions, air masses from the polar ice cap are transported to Ny-Ålesund, and episodes of rapid ozone destruction in the boundary layer (low ozone events) can be observed frequently in spring. For further information on results obtained from measurements at this site, see e.g.
[Wittrock et al., 1996; Wittrock et al., 1997; Martinez et al., 1999; Wittrock et al., 2000; Mueller et al., 2002;
Oetjen, 2002; Sinnhuber et al., 2002; Tornkvist et al., 2002; Wittrock et al., 2004].
Originally, the DOAS instrument in Ny-Ålesund was a simple zenith-viewing telescope with a grating spectrometer using a 1024 pixel cooled Reticon diode array as a detector. The telescope of the instrument is integrated in a
skylight, allowing all the other components to be inside the building.
In spring 1999, a flip mirror was integrated in the telescope, facilitating alternating zenith-sky and off-axis (horizon viewing) measurements. The latter were directed towards the fjord, and had an elevation angle of 4°. With
this viewing geometry, the light path through the troposphere is strongly enhanced, increasing the sensitivity of
the measurements towards tropospheric absorbers such as BrO.
In spring 2002, the telescope was replaced by an improved version, allowing sequential measurements in up to 4
directions above the horizon (3°, 6°, 10° and 18°) and to the zenith with a motorised mirror. At the same time,
the spectrometer and detector were replaced by a new system using a CCD detector to decrease noise at low sun.
In March 2003, a second spectrometer with a CCD was installed to extend the observed wavelength range to the
visible spectral range. Both spectrometers are connected to the same telescope.

2.3.2.2 Bremen (53°N, 9°E)
Since early 1993, DOAS zenith-sky measurements are continuously performed from the roof of the Physics
Department at the University of Bremen. In 1994, a second instrument was added to separate the UV and visible
parts of the spectrum, thereby improving the detection limits in the UV.
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Bremen is a typical mid-latitude location close to the North Sea. In winter and spring, it is occasionally influenced by polar air masses, but usually is situated well out of the polar vortex. In spite of the frequent supply of
clean air from the sea, measurements are affected by both local pollution from the nearby motorway, coal fired
power plants and an incinerating plant, and regional pollution by steel industry. Therefore, tropospheric NO 2
concentrations are usually high and very variable. In contrast, tropospheric ozone concentrations rarely exceed
the warning limits and are usually much lower than in other industrialised regions.
The current instrument in Bremen consists of two grating spectrometers, one for the UV (320 - 420 nm), and the
second one for the visible spectral range (400 - 720 nm). Both spectrometers are equipped with cooled CCD
detectors and are temperature stabilised to minimise the spectral drift. In January 2004, the instrument was relocated to the new building of the Institute of Environmental Physics, Bremen. Since then, it is equipped with the
MAX-DOAS telescope described in section 2.3.1. For further information on results obtained from measurements at this site see e.g. [Eisinger et al., 1997; Richter et al., 1999].

2.3.2.3 Mérida (8°N, 71°W)
A new atmospheric measurement station (MARS) has been established in cooperation with the Physics Department of the University of Mérida and the Forschungszentrum Karlsruhe in the vicinity of the city Mérida, Venezuela in March 2004. This station uses the advantage of the high altitude site Pico Espejo (4765 m) for measurements with a DOAS instrument and a microwave sensor. The Pico Espejo is accessible with the world's
highest cable car. Additional instruments (LIDAR, FTIR and UV-A/B spectrometers) will also be deployed at the
nearby Instituto Astrofisico at 3600 m altitude by the Alfred-Wegener-Institute, Bremerhaven and the University
of Bremen.
The Pico Espejo station is characterised by its high altitude (in fact it is the highest station for atmospheric measurements on the globe), facilitating stratospheric measurements in a tropical region that is largely unperturbed by
tropospheric pollution and the large tropospheric water vapour burden usually found at these latitudes. Therefore
it is an ideal site for both stratospheric research and the validation of satellite instruments such as GOME,
SCIAMACHY and MIPAS. Using the off-axis measurements of this DOAS instrument it is also possible to investigate trace gases in the free troposphere, and to study the effects of long-range transport of pollution e.g.
from the fires in Southern America.
The DOAS instrument in Mérida is located inside the MARS station building. It comprises again a temperature
stabilised grating spectrometer equipped with a cooled CCD detector and covers the spectral range 320 to 410
nm. Unfortunately, a spectrometer for the visible part of the light is not available at this site hence preventing the
detection of CHOCHO. The instrument is connected to a telescope, which is located outside the building, with a
quartz fibre bundle and a number of electrical and control connections. The telescope is that one described in
section 2.3.1. The off-axis port is directed to the South towards the Llanos (see Figure 2-8). The instrument is
fully automated and can be controlled remotely through an internet connection to Bremen. To ensure continuous
operation during power failures, it is connected to an UPS (uninterruptible power supply) shared with the microwave instrument.
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Figure 2-8: The view from space of Venezuela and Colombia. The red dot marks the position of the measurement site within the Venezuelan Andes. The arrow denotes the viewing direction of the instrument towards
the Llanos, a very flat area (prairies) with biomass burning mainly from January to March. Beyond that and
south of the Orinoco river the tropical rain forest starts. (www.worldwind.com)

2.3.2.4 Nairobi (1°S, 37°E)
In July 2002, a DOAS instrument was installed on the UNEP (United Nations Environment Programme) headquarter building in Nairobi, Kenya. Nairobi is a tropical high altitude (1798 m) site that is strongly affected by
local urban pollution (Nairobi has more than 2.5 million inhabitants) and sometimes by transport of air masses
from biomass burning regions.
Unlike the meteorological station at nearby Mount Kenya, this site is not ideal for stratospheric measurements,
but rather has a focus on tropospheric pollution in tropical regions.
The DOAS instrument in Nairobi is located in a temperature controlled office room inside the UNEP building. It
has the same main feature than the set-ups described above. The off-axis port of the telescope is directed to the
South (see Figure 2-9) towards a forest and downtown Nairobi behind it. In January 2004, a second spectrometer
covering the visible part of the spectrum was added to the instrument which allows the detection of CHOCHO.
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Figure 2-9: The view from space of Kenya, Uganda and Tanzania. The red dot marks the position of the
measurement site within Kenya. The arrow denotes the viewing direction of the instrument towards the South.
(www.worldwind.com)

2.3.2.5 Temporary Sites
All temporary sites were equipped with at least one spectrometer covering the UV range (320 – 410 nm) and
sometimes also with a second one for the visible range and the MAX-DOAS telescope described in section 2.3.1.
Usually, supplementary instrumentation e.g. for meteorological parameters were available at these sites. Only
those sites are shown here from which data sets have been analysed within this study.

2.3.2.5.1 Summit (72°N, 38°W)
A MAX-DOAS instrument was operated at the Summit research station in the interior of Greenland from July
2003 to March 2005. This station is located at a very special high altitude (3200 m) Arctic site characterised by
low temperatures, very low water vapour column and a clean troposphere.
The focus of the measurements was stratospheric chemistry, although some interesting tropospheric chemistry is
also taking place on and within the snow. With its year-round snow and ice cover, Greenland is also a very interesting site for satellite validation and the study of albedo effects on the data retrieval.
The DOAS instrument at Summit was located inside a measurement container shared with the RAMAS microwave instrument which is also operated by the IUP Bremen [Golchert et al., 2005]. The telescope on top of the
container was heated to avoid snow accumulation.

2.3.2.5.2 Zugspitze (47°N, 11°E)
Due to logistical reasons it was not possible to set up the Mérida instrument before spring 2004. Hence, this
instrument was installed near to the top of the Zugspitze in the Schneefernerhaus, Germany before. Measurements were carried out in the wavelength range from 320 to 410 nm from January to June 2003. The telescope
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was located on a balcony of the Schneefernerhaus with the off-axis port directed to the Southwest into a valley
near to Garmisch-Partenkirchen. Even though the altitude of this site is about 2.650 m, it is frequently influenced
by polluted air from the nearby urban Munich region.

2.3.2.5.3 Alzate (46°N, 9°E)
During two large measurement campaigns within the European FORMAT project, one in summer 2002 and a
second in autumn 2003, MAX-DOAS measurements of HCHO and NO2 were carried out with the Bremen campaign instrument. The FORMAT (Formaldehyde as a tracer of photo oxidation in the Troposphere) project was
an EU funded three-year project focussing on measuring, modelling and interpreting HCHO in the heavily polluted region of the Po-Valley in Northern Italy (see Figure 2-10). Its most important objective was to improve
and validate techniques which are used to measure formaldehyde.
The instrument was located in a container near to rural Alzate about 50 km north of Milan, which is one of the
most polluted areas on the globe. The MAX-DOAS telescope was installed on the roof of the container and directed to the Southwest. The first campaign was mainly focussed on intercomparison of different measurement
techniques, which provided the opportunity to validate our instrument and furthermore the retrieval algorithms
with other experiments installed at the same site [Heckel, 2003; Heckel et al., 2005]. Unfortunately, only spectra
in the UV were measured which prevents the retrieval of CHOCHO from this data set.

Figure 2-10: Map of the measurement area, showing the Po-Valley in northern Italy. The location of the
measurements presented here was Alzate, 50 km north of Milan. Within the frame of the FORMAT campaigns in
2002 and 2003 additional instruments were placed in Bresso and close to Voghera (from Heckel et al. [2005]).
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2.3.2.5.4 Cabauw (52°N, 5°E)
As part of the DANDELIONS project, MAX-DOAS measurements of different trace gases have been carried out
in Cabauw, Netherlands from May 9 to July 17, 2005. DANDELIONS (Dutch Aerosol and Nitrogen Dioxide
Experiments for vaLIdation of OMI and SCIAMACHY) is a Dutch national project. The overall objective is the
validation of OMI, SCIAMACHY and AATSR (see section 2.4.1) measurements of aerosols and NO2 over the
Netherlands. One additional objective is to verify the quality of ground-based MAX-DOAS observations by the
intercomparison of different set-ups and by comparison to a NO2 LIDAR experiment. The site in Cabauw comprises, besides the usual meteorological experiments, a 213 m high mast built for investigation on relations between the state of the atmospheric boundary layer, land surface conditions and the general weather situation for
all seasons. Cabauw is a rural site but close to the cities of Utrecht and Rotterdam. It is operated by the Royal
Netherlands Meteorological Institute (KNMI). The following Table 6 shows some of the participating instruments, partly used in this study for the interpretation of the MAX-DOAS data.
The Bremian MAX-DOAS experiment was located inside a container with the telescope fixed to a small mast
outside. The off-axis port was directed to the Southwest parallel to a street with usually low traffic about 50
metres away.
Table 6: Overview on instruments, which have participated in the DANDELIONS field campaign from May
to July 2005.
Instrument

Group

Products

MAX-DOAS

IUP Bremen

NO2 (HCHO, CHOCHO)

MAX-DOAS

IUP Heidelberg

NO2

MAX-DOAS

IASB/BIRA Brussels

NO2

NO2-LIDAR

KNMI

NO2

in situ monitor

KNMI

NO2 near to the surface
NO2 (CHOCHO, HCHO), absorb-

SCIAMACHY

ing aerosol index
NO2, aerosol optical depth

OMI
Boundary layer LIDAR

KNMI

aerosol extinction

ozone and radio sondes

KNMI

T, p, relative humidity, ozone
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2.4

Supplementary Data Sets

This section describes briefly the experiments and their data sets, which have been used in chapter 5.4 and 6 to
interpret the results from the DOAS observations.

2.4.1 ATSR-II and AATSR
The Along Track Scanning Radiometer (ATSR, see e.g. http://earth.esa.int/ers/atsr/ ) consists of two instruments,
an Infra-Red Radiometer (IRR) and a Microwave Sounder (MWS). The ATSR instruments were designed to
provide the following types of data and observations:


Sea surface temperature with an absolute accuracy of better than 0.5 K with a spatial resolution of 50 km
and under conditions of up to 80 percent cloud cover.



Images of surface temperature with 1 km resolution and 500 km swath, relative accuracy about 0.1 K.

The IRR uses spectral channels which are very similar to those on recent NOAA meteorological satellites, with
many improvements in accuracy. The ATSR-2 and Advanced ATSR (AATSR) instruments are developments
from the original experimental ATSR-1 instrument which, in addition to the ATSR-1's infrared channels, carry
extra channels in the visible at 0.55µm, 0.67µm and 0.87µm for vegetation remote sensing and an according
calibration system. The ATSR-2 instrument, launched in April 1995, is currently flying as part of the payload of
the ESA ERS-2 satellite (together with GOME), while AATSR is part of ESA's ENVISAT platform (together
with SCIAMACHY).
“The major purpose of AATSR is to provide continuity of the crucial sea surface temperature data sets which
have been produced by ATSR-1 and ATSR-2. Therefore, the key scientific parameters which were optimised for
ATSR are retained for AATSR: Details of the scan, the optical system, the basic spectral bands (see Figure 2-11),
the thermal calibration system, spatial resolution and swath have been kept as close as possible to those of the
original instrument to ensure continuity.” (from http://earth.esa.int/ers/eeo4.10075/ERS1.5.html )

Figure 2-11: Spectral coverage of the AATSR instrument onboard ENVISAT (source ESA).
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In this study, the fire product using the ATSR fire algorithms was used [Arino et al., 1995; Goloub and Arino,
2000; Simon et al., 2004]. This algorithm utilises the ATSR night time radiation data from the bands at 1.6 µm,
3.7 µm, 11.0 µm, and 12.0 µm to detect hot spots on the surface. In algorithm 2 which has been used here a hot
spot is detected, if the temperature of the measured radiation at 3.7 µm is larger than 308 K. The detection capabilities depend on the fire temperature, and can be estimated as follows: 0.1 ha at 600K to 0.01 ha at 800K, for a
background temperature of 300K. The temperature of the fire and the area alight are not taken into account in the
processing. The spatial resolution is given as 1 km.
The advantages of the ATSR fire product are:


Due to night time detection there are no artefacts caused by solar reflection.



High radiometric sensitivity allows detection of small fires, too.

Known limitations:


ATSR frames overlap (some fires might be detected twice).



Sometimes warm surfaces will be counted as fires.



Global underestimation of the hot spot number because of the solely night time detection.

The following Figure 2-12 shows averaged fire counts as detected by ATSR-2 from 1997 to 2001.

Figure 2-12: Mean fire counts per month obtained from ATSR-2 from 1997 to 2001. The data have been averaged after gridding the original monthly data sets to a 0.5° x 0.5° spatial resolution. Main burning areas are
regions with wooded grassland and woodland (according to the classification of the Global Land Cover Facility,
University of Maryland). The ATSR detects also flames from anthropogenic activities like oil drilling (e.g. in
Arabia and the North Sea).

2.4.2 AVHRR and MODIS
On the NOAA-7, NOAA-9, and NOAA-11 satellites, the Advanced Very High Resolution Radiometer (AVHRR,
see e.g. http://geo.arc.nasa.gov/sge/jskiles/top-down/OTTER/OTTER_docs/AVHRR.html) sensor has measured
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emitted and reflected radiation in five channels (bands) of the electromagnetic spectrum: a visible (0.58 to 0.68
µm) band that is used for daytime cloud and surface mapping; a near-infrared (0.725 to 1.1 µm) band used for
surface water delineation and vegetation cover mapping; a mid-infrared (3.55 to 3.93 µm) band used for sea
surface temperature and night time cloud mapping; a thermal infrared (10.5 to 11.5 µm) band used for surface
temperature and day and night cloud mapping; and another thermal infrared (11.5 to 12.5 µm) band also used for
surface temperature mapping. The Moderate Resolution Imaging Spectroradiometer (MODIS, see
http://daac.gsfc.nasa.gov/MODIS/index.shtml) sensor onboard TERRA and AQUA satellites have quite similar
features and were in operation for the years 2001 to 2005.
The first AVHRR channel is in a part of the spectrum where chlorophyll causes considerable absorption of incoming radiation, and the second channel is in a spectral region where spongy mesophyll leaf structures lead to
considerable reflectance. This contrast between responses of the two bands can be shown by a ratio transform;
i.e., dividing one band by the other. Several ratio transforms have been proposed for studying different land surfaces. The Normalised Difference Vegetation Index (NDVI) is one such ratio, which has been shown to be highly
correlated with vegetation parameters such as relative biomass and greenness [Chen and Brutsaert, 1998; Boone
and Galvin, 2000]. If sufficient ground data is available, the NDVI can be used to calculate and predict primary
production, dominant species, and grazing impact and stocking rates [Diallo and Diouf, 1991; Oesterheld and
DiBella, 1998; Ricotta and Avena, 1998]. It is also highly correlated with climatic variables, such as the El Niño
Southern Oscillation (ENSO, see section 1.4) [Li and Kafatos, 2000] and precipitation.
In order to identify regions with the potential for biogenic emissions, data for the normalised differential vegetation index (NDVI) have been utilised in this study (see section 5.4). The equation to calculate the NDVI is:

NDVI 

I IR  I red
I IR  I red

(2.1)

where IIR is the intensity in the infrared and Ired the intensity in the visible. The NDVI index values can range
from -1.0 to 1.0, but vegetation values typically range between 0.1 and 0.7. Higher index values are associated
with higher levels of healthy vegetation cover, whereas clouds and snow will cause index values near zero, making the vegetation appear less green.
The NDVI from the following satellite sensors have been used in this study:


NOAA AVHRR – bands 1 (0.58-0.68 µm) and 2 (0.72-1.00 µm)



Terra MODIS – bands 1 (0.62-0.67 µm) and 2 (0.841-0.876 µm)

The following Figure 2-13 shows an example of the NDVI obtained from the AVHRR instrument.
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Figure 2-13: Averaged NDVI calculated from AVHRR data from 1997 to 2001. Regions with high greenness
such as tropical rain forests in South America and Africa have values above 0.7.

Another parameter measured by the AVHRR and MODIS sensor which is utilised in this study is the aerosol
optical depth (AOD) at 550 nm above oceans (see section 5.4). The algorithm to derive the AOD is described in
detail in [Mishchenko et al., 1999; Geogdzhayev et al., 2002; Mishchenko et al., 2003; Geogdzhayev et al.,
2004]. In general, the same channels as for the NDVI are used in the algorithm assuming spherical aerosols with
a power-law size distribution. The refractive index is wavelength independent and includes some aerosol absorption.
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3

Absorption Spectroscopy

Absorption spectroscopy is a widely used technique for measurement of atmospheric trace gases. Beginning in
the 1920s with the work of Dobson et al. [1929] this method has been further developed and employed to a variety of different target species, observation geometries and instrumental platforms. In the following the fundamentals of spectroscopy and in particular absorption spectroscopy will be briefly described. In addition, the
characteristics of the sun as light source are discussed in section 3.1. Section 3.2 introduces the DOAS equation,
while in 3.3 different aspects of the reference or background spectrum are considered. The chapter closes with a
short overview on the Ring effect in section 3.4.
The absorption of light is applied to analyse matter in spectroscopic measurements. Every substance features a
characteristic emission and absorption spectrum. Solid or liquid materials have a continuous spectrum. For gases,
continuous as well as discrete spectra with sharp spectral lines can be observed. These lines can be so close together that they only appear as discrete lines when they are observed with an instrument with very high resolution. Otherwise, they seem to be continuous why they are called bands. Those bands are present in the spectra of
molecules since the lines due to electronic transitions are superposed by lines that are caused by energy changes
from the movement of the atomic nuclei and by rotation.
There are three categories of energy transitions, respectively spectral lines in molecular spectra:
1.

Electronic structures: The electrons of molecules can be excited into different energy levels. Transitions
between those levels require light of the visible and the ultraviolet spectral range.

2.

Vibrational structures: For every electronic energy level several vibrational states exist which are
caused by the movement of the atomic nuclei relative to each other. The distances between those energy
levels correspond to wavelengths from microwaves to the far infrared spectrum.

3.

Rotational structures: The complete molecule can be excited to a rotation around an axis. This causes
the vibrational energy levels to split into a number of rotational states with transitions in the infrared
spectrum.

According to Planck‟s law, a body emits a continuous spectrum of light depending on its temperature. Light can
also be emitted when the atoms or molecules relax from an excited state. In absorption spectroscopy, a material
is placed into the path of rays of a light source with a continuous spectrum. By means of the positions of the
discrete absorption lines or bands in the spectrum, the absorber can be identified and by means of the magnitude
of the absorption, the amount present in the light path can also be quantified.
In this study, the method of the differential optical absorption spectroscopy (DOAS) is applied to scattered sun
light to characterise the absorption of trace gases in the earth‟s atmosphere. Here, differential means that only the
high frequency part of the spectrum is analysed. Hence only gases with sufficiently narrow spectral lines can be
detected; e.g. Ozone or NO2. The observed structures are mainly caused by vibrational transitions on top of electronic transitions.
DOAS can be employed to a variety of applications in the remote sensing of the atmosphere as well as in laboratory experiments (e.g. [Deters et al., 1996; Orphal et al., 2000; Martin et al., 2004; Volkamer et al., 2005]). In the
atmosphere the evaluation of direct as well as scattered light is possible with DOAS. As direct light sources the
sun, the moon (e.g. [Schlieter et al., 1997; Wagner et al., 2000]) and several stars [Roscoe et al., 1994] can be
observed in occultation but also artificial light sources for so-called Long-Path measurements close to the ground
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are employed (e.g. [Platt and Hausmann, 1994; CamyPeyret et al., 1996; Lorenzen-Schmidt et al., 1998; Pundt et
al., 2005]). Scattered light can be detected in several viewing geometries from the ground both in zenith and offaxis direction (e.g. [Brewer et al., 1973; Noxon, 1975; Mount et al., 1987; Richter, 1997; Leser et al., 2003;
Wittrock et al., 2004]), from aircrafts (e.g. [Pfeilsticker and Platt, 1994; Wang et al., 2005]), balloon (e.g. [Renard et al., 1997; Ferlemann et al., 1998]), and satellite (e.g. [Chance et al., 1997; Hegels et al., 1998; Richter et
al., 2004]).
In this work, scattered light from the sun is observed from space and by ground-based multi-axis instruments. In
the next chapter, the basic features of this light source are described.

3.1

The Sun as a light source

The gaseous body of the sun consists mainly of hydrogen but also of protons and helium. The energy that is
released in the form of solar radiation is created by nuclear fusion in the interior of the sun. There, four protons
unite to one helium atom. By means of electromagnetic radiation in the inside and by convection further outside,
this energy is transported to the surface of the sun.
The part of the sun visible by the earth is called photosphere. This photosphere is not the surface of the sun but a
thin layer of the solar atmosphere with a temperature of about 5800 K. The photosphere can be regarded as a
blackbody which emits a continuous spectrum according to Planck‟s law. The spectrum of the sun comprises
wavelengths from the long radio waves to the gamma radiation. The maximum of the spectral intensity is located
in the visible range, more precisely at about 460 to 480 nm. 43 percent of the overall radiation is emitted in visible, 49 percent in near infrared and 7 percent in ultraviolet wavelengths (see Figure 3-1).
Already the extraterrestrial spectrum of the sun displays strong absorption lines which are named Fraunhofer
lines after their discoverer Joseph von Fraunhofer. These absorptions result from atoms and ions in the photosphere and the outer parts of the chromosphere. Many of the Fraunhofer lines are considerably stronger than
most of the absorption lines in the earth‟s atmosphere in particular in the visible and ultraviolet wavelength region beyond 300 nm (see Figure 3-1).
The radiation from the sun varies with time e.g. due to the occurrence of sunspots. These are dark regions in the
photosphere marked by relatively low temperatures (3000 – 5000 K) and intense magnetic activity. Sunspot
activity varies with a frequency of about eleven years. This is the so-called solar cycle. The variability of the
solar irradiance due to this phenomenon depends strongly on the wavelength region. While it is for light less than
150 nm more than 100 percent, the effect beyond 300 nm is quite small (less than 1 percent).
The above description of the sun is mainly based on material from the book by Philips [1992].
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Figure 3-1: The spectrum of solar radiation outside the earth‟s atmosphere and at sea level (calculated for US
Standard atmosphere at 30° SZA) compared to the black body radiation at 5800 K. The atmospheric absorption
features are mainly due to O, O2, O3, H2O and CO2. Minor trace gases like those analyzed in this study are indiscernible in this illustration.

3.2

DOAS equation

While passing through matter, the intensity I of radiation at a given wavelength

 is attenuated according to the

Beer-Lambert-Bouguer law (This law was independently discovered – in various forms – by Pierre Bouguer in
1729, Johann Heinrich Lambert in 1760 and August Beer in 1852):

I     I 0    exp s    

(3.1)

where I0 is the incident intensity, s is the path length,  is the number density and  the absorption cross-section
at a given wavelength. This equation has to be modified for the atmosphere since the atmosphere is a mixture of
many different absorbers i. Also scattering on molecules, water droplets and aerosols have to be considered.
These effects also decrease the intensity of the light. In addition the number density of an absorber is height
dependant. The absorption cross-section of a gas depends on temperature and on pressure in the atmosphere and
consequently also on the height. This results in:



I     I 0    exp    ds  i  s    i   , s  
i


where the integral is taken along the light path s through the atmosphere.
In general, three different scenarios of scattering in the atmosphere are distinguished:
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(3.2)

1.

Elastic scattering on molecules in the air (diameter ~10 -10 m) is described by the Rayleigh theory which is
valid for particles with a diameter that is small compared to the wavelength of the incident light. The scattering cross-section  Ray is proportional to  .
4

2.

The diameter of aerosols (~ 1 µm) and water droplets (~10 µm) is in the same range as the main wavelengths from the sun. Then the incident radiation is elastically scattered. From Mie theory elastic scattering
cross-sections are derived as:  Mie

3.



k

with k between 0 and 2.

Raman scattering is an inelastic scattering on molecules in the air which causes the so-called Ring effect.
This effect is described in section 3.4.

Consequently, the complete Beer-Lambert-Bouguer law for a measurement in the atmosphere can be expressed
as follows:


 i  s   i   , s   

 i


   s     , s  
Ray
I     I 0    exp    ds  Ray


  Mie  s   Mie   , s  






s


,
s






Ring
Ring



(3.3)

where I0 is the extraterrestrial sun spectrum, i , Ray , Mie, Ring is the number density of the absorbers or the scattering particles,  i , Ray , Mie, Ring the scattering or absorption cross-sections for the absorber i, and Rayleigh, Mie, and
Raman scattering. If the concentrations of the absorbers and scatterers are unknown, this equation cannot be
solved for the atmosphere since the contributions of the single processes cannot be separated. In order to derive
the quantities of interest (the absorber concentrations), some assumptions have to be applied:
1.

The height dependency of the absorption cross-sections  i will be neglected. This is possible when in the
retrieval cross-sections are applied which are recorded for the temperature and pressure that is present in the
height of the absorber layer. Thus, the summation and the integral in equation (3.3) can be exchanged. The
resulting quantity is called slant column density SC :

SCi   i  s   ds

(3.4)

and is the total amount of the absorber i per unit area integrated along the light path.
2.

The Ring effect will be treated as an additional absorber according to Solomon et al. [1987] (see chapter
3.4).

3.

At this point the so-called DOAS concept is introduced into the derivation. The absorption cross-sections are
separated into two parts  i and  i , that are fast and slowly varying with the wavelength, respectively:
0

 i   i '  i0
4.

(3.5)

The components with the low frequency variations like the absorption cross-section  i and the Rayleigh
0

and Mie scattering which follow simple power laws are substituted by a polynomial P:
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P   ap p

(3.6)

p

5. Together this yields:



I     I 0    exp   i '    SCi   a p  p 
p
 i

6.

(3.7)

For the application to measurements the logarithm of this equation is used:

ln I     ln I 0      i '    SCi   a p  p
i

(3.8)

p

or

 I   
p
    i '    SCi   a p 
p
 I0     i

 ( )   ln 

(3.9)

where  is the optical depth.
With known reference spectrum I0 and known differential absorption cross-sections  i , the slant column densities SCi of the different trace gases and the coefficients ap of the polynomial can be retrieved by the means of a
linear least squares fit [Richter, 1997]. Equation (3.8) is the so-called DOAS equation.
The slant column densities SCi derived from the DOAS retrieval are usually converted into vertical column densities (VCi) which are defined as the vertically integrated trace gas concentration:

VCi   i  h   dh

(3.10)

where h is the altitude.
This conversion can be achieved by geometric calculations for observations of direct light e.g. from the moon
[Schlieter, 2001]. For measurements of scattered light, as those used here, one has to take the different light paths
(the effective light path) through the atmosphere into account, which requires the application of radiative transfer
models. This aspect is illustrated in the next chapter 4.
It should be noted that equation (3.8) is restricted to weak absorptions which is valid in this study. Otherwise, it
cannot be assumed that the measured differential optical depth   is proportional to the mean slant column density Si (e.g. [Platt et al., 1997; Marquard et al., 2000]):

 i
 SCi

3.3

(3.11)

Reference spectrum

For the satellite measurements presented in this study the solar radiance spectra recorded by GOME and
SCIAMACHY respectively are used as the reference I0. Thus the DOAS retrieval yields the absolute slant column density SCi in this case (see Figure 3-2).
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Figure 3-2: Absolute slant columns for formaldehyde in GOME orbit 70906032.

On the other hand, for ground-based applications it is not possible to record an extraterrestrial solar spectrum
with the same instrument. Instead, a zenith spectrum taken at the smallest solar zenith angle on the day of measurement or a specific spectrum from a selected day is used as reference. Using a reference recorded with the
same instruments leads to the compensation of all multiplicative instrumental features. However, there is an
unknown amount of atmospheric absorption already present in the reference spectrum which has to be accounted
for. For all viewing directions of the MAX-DOAS measurements, in general the noon zenith spectrum I0NZ is
used as reference.
Thus, the DOAS equation has to be restated for ground-based applications:

I  


NZ
p

exp


'

SC

SC

a









i
i
i
p
I 0NZ   
p
 i

which yields the differential slant column densities DSCi  SCi  SCi

NZ
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(see Figure 3-3).

(3.12)

Figure 3-3: Differential slant columns for glyoxal above Cabauw for different lines of sight (LOS – the angle
of the viewing direction above the horizon). As reference the noon zenith-sky spectrum (11:30 UT) was taken. In
case the off-axis port is directed towards the sun, only zenith-sky measurements are carried out to avoid damage
of the optical components.

3.4

Ring effect

Comparisons of scattered and direct sun light exhibit a difference in the depth of the Fraunhofer lines: For scattered light, those lines are less pronounced. This effect was first observed by Grainger and Ring [1962] and was
consequently named Ring effect. This filling-in of the Fraunhofer structures is widely accepted to occur due to
inelastic rotational Raman scattering on molecules (e.g. [Fish and Jones, 1995; Joiner et al., 1995; Vountas et al.,
1998; Stam et al., 2002]).
Classically, the Raman effect can be explained as follows: Light with a frequency much higher than the frequencies of the rotation or vibration of the movement of the nuclei falls onto the molecule. At the same time the light
induces a dipole moment by moving the electron cloud in the pulse frequency of the incoming wave. This oscillating electronic dipole can again emit electromagnetic waves with the exciter frequency (elastic Rayleigh scattering) or waves with a different energy and consequently different frequency (inelastic Raman scattering). This
gain or loss of energy is connected to a change in the rotational or vibrational state of the molecule. This effect
can be observed in a simple experiment: Molecules exposed to monochromatic light feature, in the scattered light
spectrum, some equidistant lines next to the Rayleigh line at the exciting frequency. The distance between those
Stokes or Anti-Stokes lines corresponds to the distances of the vibrational and rotational energy levels (see also
Figure 3-4).
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Besides the filling-in of the Fraunhofer lines, of course, also the absorption structures caused by the earth‟s atmosphere are modified. This is called the molecular Ring effect which can lead to an underestimation of the slant
column densities.
In the data retrieval the Ring scattering cross-section is treated as an absorption cross-section. Consequently a
„slant column‟ of the Ring is obtained in the least square fit of the DOAS equation (see section 5.1.3).

Figure 3-4: Ring Effect: Raman scattering from outside and inside of the Fraunhofer lines leads to a reduction of the intensities in the line centres (from Kühl [2005]).
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4

Radiative Transfer

For the analysis and further interpretation of the results obtained by applying the DOAS equation (3.8) to UV/vis
measurements, the air mass factor concept has been developed (e.g. [Noxon, 1975; Solomon et al., 1987; Perliski
and Solomon, 1993]). The air mass factor (AMF) is defined as the ratio of the effective optical path through the
atmosphere, i.e. the ratio of the slant column SC to the vertical column VC:

AMF ( ,  , ,  ) 

SC ( ,  , ,  )
VC

(4.1)

This definition implies that the AMF contains all information about the viewing geometry (where  is the solar
zenith angle,  the relative azimuth, and  the elevation angle of the line of sight) and all the meteorological
parameters which might have an impact on the effective light path. In order to calculate the AMF, a radiative
transfer model (RTM) is required. In this study, the RTM SCIATRAN (e.g. [Rozanov et al., 1997; Rozanov et
al., 2002]) developed at the Institute of Environmental Physics, University of Bremen is used and will be described in the next section.

4.1

Radiative Transfer Model SCIATRAN

The solar radiation is modified by various effects in the atmosphere: Photons are absorbed by molecules or they
are elastically scattered on molecules and aerosols. For inelastic scattering, not only the direction of the radiation
is changed but also the energy and consequently the wavelength. Changes in the ground albedo as well as clouds
result in modification of the multiple scattering. Considering refraction causes rays to deflect to the denser medium, i.e. into the direction of the ground. Emission can be neglected since it takes mainly place in the infrared
spectrum.
The diffuse radiance I from the sun in the earth‟s atmosphere at the location r into the direction es is described by
the radiative transfer equation that accounts mathematically for the above mentioned effects. In its general, coordinate-independent form it can be written as:

dI (r , es )
  (r ) I (r , es )   (r ) B(r , es )
ds

(4.2)

Equation (4.2) is a partial differential equation of first order. The left hand side is the change in radiation over a
path length s. The first term on the right hand side describes the attenuation of the radiation due to absorption
and scattering. The extinction coefficient  presents the sum of the absorption and the scattering coefficient. The
second term accounts for the gain by scattering where B is the source function. This equation can only be solved
when a coordinate system is defined.
The procedure for the full-spherical radiative transfer model SCIATRAN [Rozanov et al., 2000] is as follows.
Two coordinate systems are required: One which describes the location r globally and another one for the local
direction of es. For the global orientation spherical coordinates are applied with the point of origin in the centre
of the earth and the z-axis always pointing into the direction of the sun. The coordinates are defined as r

 (r , , ) . The direction at r is described by two angular variables es  ( ,  ) . Here, the z-axis is perpendicular to the surface.
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In order to solve the radiative transfer equation in the described coordinate systems it is converted into an integral form. For that, both sides of equation (4.2) are integrated along a characteristic sc which is a line - this line
of sight is bent due to refraction - between the location r and the top of the atmosphere or the ground. Only the
diffused radiation Idif will be considered:

I dif (r , es )  I e
0
dif

 0

sc

  dse

 ( s )

0

sc

BES   dse ( s ) BMS

(4.3)

0

The meaning of the three terms on the right hand sight is:
1.

The first component describes the diffuse radiation I dif at the end of the characteristic sc. Depending on the
0

viewing geometry this is the upper or lower limit of the atmosphere. The diffuse radiation also accounts for
the ground albedo.
In general, the optical density  is given by:

   ds ( s)

(4.4)

In equation (4.3) is  0 the optical density along the complete line of sight. Overall, the first term of the radiative transfer equation describes the extinction on the line of sight.
2.

The second term represents the gain through single-scattering of the direct light beam into the direction of
the line of sight. This is described by the source function BSS:

BSS (r ,  R ) 

 sT

F0 P(r ,  R ) exp    ds ( s) 


4
 0


 (r )

(4.5)

with  R is the angle between the solar ray and the line of sight. This angle varies under refraction. The single-scattering albedo  expresses the ratio of scattering to the overall extinction. The incident solar flux at
the top of the atmosphere is  F0 . The phase function P describes the weighting of the scattering in the direction of the angle  R . The exponent is again the optical density but this time along the sun beam through
the atmosphere to the point of scattering and after that along the line of sight.
3.

The fraction which is gained through diffuse radiation is described in the third term. The source function BMS
of the multiple-scattering is given by:

BMS (r , ,  ) 

 (r ) 2  ˆ
dˆ  d sin ˆP(r ,  ) I dif r ,ˆ, ˆ

4 0
0





(4.6)

The coordinates with tilde represent the global or local coordinates somewhere on the line of sight. These
can be calculated from the original coordinates r and es [Rozanov et al., 2000]. The angle  is the scattering
angle.

In general the source function is given by:

B  BSS  BMS
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(4.7)

Since the source function BMS for multiple-scattering is a function of the wanted diffuse radiation Idif an iterative
scheme is applied to solve this radiative transfer equation. Rozanov et al. [2001] are using the Picard iterative
approximation. As a first guess for the intensity the radiation field for a pseudospherical atmosphere is calculated
with the previous model version GOMETRAN [Rozanov et al., 1997]. Pseudospherical means that for the diffuse radiation field the atmosphere is assumed to be plane-parallel but for the attenuation of the direct and the
single-scattered radiation the sphericity of the atmosphere is considered. In GOMETRAN the radiative transfer
equation in its integro-differential form (equation (4.2)) is transformed into a system of equations by separating
the angular variables. This system is solved using the method of the finite-differences. The solution is used to
calculate the source function BMS. After only a few iterations convergence is reached. The first two terms in
equation (4.3) are calculated separately since they are independent of the iteration.
The spherical version of SCIATRAN applied in this work is the so-called CDIPI-version (Combined DifferentialIntegral Approach involving the Picard Iterative Approximation).

4.2

Calculation of air mass factors

The AMF is calculated by running the model SCIATRAN twice: First, the intensity is calculated with the absorber i of interest, second, without. Then the AMF is derived by applying the equation:

AMFi  ,  , ,   

 I  ,  , ,   
1
ln  i

VODi  I  i  ,  , ,   

(4.8)

where I+i and I-i are the intensities with and without the absorber i,  is the solar zenith angle,  the relative
azimuth, and  the elevation angle of the line of sight. The vertical optical density VODi from the ground to the
top of atmosphere h0 is defined by:

VODi      dhi  h   i   , h 
h0

0

(4.9)

where h is the altitude,  is the number density of the absorber and  the absorption cross-section at a given
wavelength.
Again, equation (4.8) is only valid for an optically thin atmosphere: The effective light path has to be the same
for an atmosphere with as well as without the absorber. In addition it should be noted that for the calculation of
the AMF the shape of the trace gas profile must be known.
This approach to calculate the AMF was utilised in this study for analysing the satellite data (see section 5.4) and
for most of the sensitivity studies presented in section 5.2.

4.3

Calculation of block air mass factors

Block air mass factors are defined as the AMF for one single, thin layer j in the atmosphere. This implies that the
radiative transfer within this layer is independent from the absorber density in this and in the adjacent ones
[Palmer et al., 2001]. Then equation (4.1) can be rewritten as:

SC ( )   BAMFj    VC j
j
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(4.10)

where VCj is the individual column for each layer j and dependence on  ,  and  has been omitted.
The block air mass factors BAMFj are calculated in a somewhat different way than the total AMF. SCIATRAN is
able to compute weighting functions for absorbers, aerosols and some other parameters. These weighting functions give the absolute change in intensity for a relative change of 100 percent of a parameter. For an optically
thin atmosphere, the weighting functions can be easily converted into BAMFj for each individual layer:

BAMFj ( )  

WFN Ij ( )
I 0 ( )   ( )   j

(4.11)

where WFNI is the intensity weighting function, I0 is the absolute intensity at the top of the atmosphere,  is the
absorption cross-section of the absorber of interest, j is the air density at layer j.
Similar approaches have been introduced in recent studies (e.g. [Palmer et al., 2001; Martin et al., 2002; Eskes
and Boersma, 2003; Bruns et al., 2004; Nüß, 2005]. Block air mass factors were applied for the first time to
MAX-DOAS observations of atmospheric trace gases (see section 4.3) within this study.
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5

Data analysis

This chapter describes the algorithms developed in this study to retrieve tropospheric formaldehyde and glyoxal
from ground-based and satellite measurements. The individual steps involved in analysing the spectral data obtained from the different instruments are discussed in the first section. This includes the spectral DOAS fitting to
generate the slant column densities for both trace gases. In section 5.2 a number of sensitivity studies are described which have been carried out to characterise the influence of different meteorological parameters on the
radiative transfer for both, satellite and ground-based observations. Section 5.3 introduces the profile retrieval
algorithm BREAM developed for MAX-DOAS observations within this thesis, while in 5.4 the implementation
of more-dimensional AMF-tables for the satellite retrieval is treated. This chapter closes with considerations on
the error of the data products.

5.1

Spectral fitting

An overview is presented, which comprises the aspects that are relevant for the DOAS fitting (see section 3.2 for
the mathematical background) of both satellite and ground-based data in this study. This includes general reflections on e.g. the wavelength range for the DOAS fit but also the handling of instrumental shortcomings like
polarisation features in satellite observations.

5.1.1 Absorption cross-sections
The quality of the retrieval of the slant columns of the different compounds depends strongly on the quality of
the reference absorption cross-sections used in the fitting procedure. This is particularly valid for the wavelength
calibration as well as for the absolute cross-section values. Both have been significantly improved in recent
years, e.g. by using Fourier Transform Spectroscopy (FTS) for the measurements (e.g. [Fleischmann et al., 2004;
Volkamer et al., 2005]) and in recording the cross-sections for various temperatures (e.g. [Voigt et al., 2001]).
The latter permits provision for the temperature dependency of the absorption of trace gases in the DOAS retrieval: Usually two absorption cross-sections, one for low, the other for high temperatures are included in equation (3.8). This is recommended at least for ozone in the UV since the temperature dependency not only scales
the absorption bands but also leads to appearance or disappearance, respectively, of bands.
In general, there are two options for the absorption cross-sections utilised for the DOAS analysis:
1.

Using high accuracy high spectral resolution cross-sections (see above) and convolving them with the instrumental slit function: That is the way the ground-based data are analysed in this study, since laboratory
measurements of trace gases of interest with the field instrument are not available. The slit function is usually measured once per day using the mercury-cadmium lamp inside the calibration unit of the MAX-DOAS
telescope (see section 2.3.1).

2.

Using cross-sections measured with the instrument itself: In the case of GOME and SCIAMACHY, Ozone
and NO2 have been measured at several temperatures with high accuracy. The use of these cross-sections is
recommended and has been implemented here for the analysis of the satellite data. Due to some systematic
inaccuracies in the wavelength assignment, GOME cross-sections have to be shifted slightly in the analysis.

The number and also the species types of the absorption cross-sections included into the fitting procedure depends on the wavelength region chosen which will be discussed in the next section (5.1.2). An overview on the
cross-sections employed is given in Table 7.

71

Table 7: References on cross-sections used in this study. For information on Ring and vibrational Raman
scattering (VRS) see section 5.1.3.
Instrument

GOME

SCIAMACHY

BREDOM

[Burrows et al., 1999] (wave-

[Bogumil et al., 2003]

[Bogumil et al., 2003]

[Bogumil et al., 2003]

[Vandaele et al., 2002]

[Fleischmann et al., 2004]

[Wilmouth et al., 1999]

[Greenblatt

[Greenblatt

Absorber
O3

length corrected)
NO2

[Burrows et al., 1998] (wavelength corrected)

BrO

[Wilmouth et al., 1999]

O4

[Greenblatt

et

al.,

1990]

et

al.,

1990]

et

al.,

1990]

(wavelength corrected)

(wavelength corrected)

(wavelength corrected)

H2O

[Rothman et al., 1992]

[Rothman et al., 1992]

[Rothman et al., 1992]

HCHO

[Meller and Moortgat, 2000]

[Meller and Moortgat, 2000]

[Meller and Moortgat, 2000]

CHOCHO

not applicable

[Volkamer et al., 2005]

[Volkamer et al., 2005]

Ring

[Vountas et al., 1998]

[Vountas et al., 1998]

[Vountas et al., 1998]

VRS

[Vountas et al., 2003]

[Vountas et al., 2003]

not necessary

5.1.2 Wavelength region
In order to decide on a specific wavelength region for the DOAS retrieval of a certain species, one has to find the
best compromise between a couple of boundary conditions:
1.

Using the strongest differential absorption lines of the species of interest.

2.

Few other absorbing compounds in the wavelength region.

3.

Little correlation between different cross-sections.

4.

Avoiding strong Fraunhofer lines.

The following two figures (Figure 5-1 and Figure 5-2) present an overview on the cross-sections for the trace
gases relevant within this thesis.
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Figure 5-1: Absorption cross-sections in the UV wavelength region: All trace gases relevant for the formaldehyde retrieval. The cross-sections are shown with the spectral resolution of the SCIAMACHY instrument.

Figure 5-2: Absorption cross-sections in the visible wavelength range: All trace gases relevant for the glyoxal
retrieval. The cross-sections are shown with the spectral resolution of the SCIAMACHY instrument.

All absorption cross-sections are shown in vacuum wavelengths and scaled to the highest value in the selected
wavelength region. Since these trace gases are present at very different amounts in the atmosphere the following
Table 8 shows realistic values of the differential optical density (DOD), i.e. a typical slant column (SC) for a
solar zenith angle of 60° multiplied by the differential absorption cross-section (   ) to illustrate which absorber
dominates the absorption feature.

73

Table 8: Typical values for slant column, differential absorption cross-section and differential optical density
in the wavelength regions utilised in this study (for 60° SZA).
Trace Gas

  (UV)

SC (UV)
2

[molec/cm ]

DOD (UV)

  (vis)

SC (vis)
2

[molec/cm ]

[cm2/molec]

DOD (vis)

[cm2/molec]

Ozone

1 – 3·1019

2·10-21

0.02 – 0.06

1 – 3·1019

1·10-22

0.002 – 0.006

NO2

1016 – 1017

1.5·10-19

0.0015 –

1016 – 1017

4·10-19

0.004 – 0.04

1000 -10.000

6·10-7

0.015
1000 – 5000

O4

40

2

[10 molec /c
5

BrO

3·10-6
5

-40

40

[10 cm /
molec ]

5·1013 –

2·10-17

–

2

[10 molec /c

2

m]

1.5·10

5

[10 cm /

5·1015 –
3·10

CHOCHO

m]

molec ]

0.001 – 0.003

–

–

–

–

1·1022 –

5·10-27

5·10-5 –

7·10-20

0.00035 –

16

0.0025

–

–

–

5·1014 –

5·10-19

0.00025 –

0.0021

–

–

–

3·1015
Ring

0.006

2

5·1023
HCHO

0.0006 –
5

-40

14

–

H2O

0.003 – 0.015

0.1 – 1

0.07

0.007-0.07

0.1 – 1

0.0015
0.008

0.0008 –
0.008

Table 8 points out that the dominant „absorbers‟ in the UV are ozone and the Ring effect while in the visible,
nitrogen dioxide and water vapour are the most important. The expected absorption features for the trace gases of
interest in this study – formaldehyde and glyoxal – yield differential optical densities one to two orders of magnitude smaller than the dominant absorbers. This underlines the need to very carefully selected retrieval settings
in order to obtain the best sensitivity for the fitting of HCHO and CHOCHO.

5.1.2.1 Formaldehyde
The formaldehyde molecule shows a pronounced spectral structure at wavelengths between 270 and 357 nm.
Since the ozone absorption is getting very large below 335 nm the three absorption bands between 337 and 357
nm were selected for the retrieval in this study (see Figure 5-1). They correspond to the lower-most vibrational
transitions at the visible end of the energetically lowest (ﬁrst) electronic transition (n →π*) around 303 nm
[Dieke and Kistiakowsky, 1934]. The uncertainty of the absolute cross-section applied here has been quoted to
be about five percent [Meller and Moortgat, 2000].
In order to avoid the high correlation between HCHO and BrO absorption features in the spectral range from 337
to 346 nm it is essential to add the absorption band of HCHO at 353 nm. As pointed out in section 5.1.8 this is
currently not feasible for the SCIAMACHY measurements.
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5.1.2.2 Glyoxal
The glyoxal molecule exhibits three pronounced absorption band systems in the visible wavelength region be-





tween 420 and 460 nm. The most prominent one is that at 455 nm: A A u  X A g   n . Since the Ring effect
1

1

*

is significantly increasing for wavelengths below 433 nm the absorption feature around 428 nm was not considered in the CHOCHO retrieval presented here. During this study it became clear that the water vapour crosssection [Rothman et al., 1992] is not sufficiently accurate and leads to significant permanent features in the residual (see Figure 5-8). A better water vapour cross-section is not available, but fortunately this feature is inbetween the glyoxal bands and should not influence the retrieved CHOCHO slant column. However, there is a
need for a more reliable absorption cross-section of water vapour in this spectral region.
The uncertainty of the absolute cross-section of glyoxal applied here has been quoted to be about five percent
[Volkamer et al., 2005].

5.1.3 Ring effect
As pointed out in section 3.4 the optical depth of the Fraunhofer lines for scattered sunlight is reduced due to
inelastic rotational Raman scattering, mainly by the molecules N2 and O2, called Ring effect [Grainger and Ring,
1962]. Due to the large abundance of molecular nitrogen and oxygen in the atmosphere, the Ring effect can
cause spectral structures of up to a few percent optical thickness (especially in the UV region, i.e. in the HCHO
fitting window), which is then one or two magnitudes larger than the optical densities of the trace gases of interest retrieved by DOAS (see Table 8 in section 5.1.2). The Ring effect is even more important for satellite measurements where the direct sunlight which contains the original unattenuated Fraunhofer lines is used as reference
spectrum. Thus, for an accurate retrieval, an optimal correction of the Ring effect is essential. Here, the required
cross-section is calculated by the radiative transfer model SCIATRAN (see chapter 4) which simulates the rotational Raman scattering on oxygen and nitrogen molecules in the atmosphere [Vountas, et al., 1998].
A similar effect examined in this study is the vibrational Raman scattering (VRS) by liquid water. That this process might have an impact on DOAS retrievals from satellite observations was proposed the first time in
Wittrock et al. [1999]. In the following Vountas et al. [2003] have quantified the VRS by implementing a simple
ocean reflectance model (according to [Sathyendranath and Platt, 1998; Vasilkov et al., 2002]) into the radiative
transfer model SCIATRAN. In case of the BrO retrieval, deviations up to 30 percent depending on water type
and solar zenith angle were found. Dinter [2005] has carried out a sensitivity study on the possible influence of
VRS on the HCHO retrieval and found a very small impact. This has been scrutinised here and an example of the
results is shown in Figure 5-3. For both SCIAMACHY and GOME HCHO retrieval the deviation is less than
three percent on average and therefore VRS is not included in the standard formaldehyde retrieval from the satellite instruments.
In addition, possible consequences of VRS on the CHOCHO retrieval were checked. Here, inclusion of the VRS
cross-section in the analysis introduces large offsets into the retrieval results even above land. Thus, VRS was
not accounted for in the standard glyoxal retrieval.
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Figure 5-3: Fit results for HCHO from SCIAMACHY observations with and without taking into account vibrational Raman scattering.

5.1.4 Doppler shift of solar irradiance
As mentioned in section 2.1 and 2.2, GOME and SCIAMACHY irradiance measurements are not performed
through the nadir viewing port, but rather via a diffuser plate. They are conducted in flight direction while the
satellites leave the dark part of the orbit. Therefore, the solar measurements suffer from a Doppler shift, which is
about 0.008 nm in the UV wavelength region. The nadir measurements are not Doppler shifted as they are orthogonal to the movement of the satellite; as a result, there is a distinct spectral shift between radiance and irradiance measurements of both GOME and SCIAMACHY which is a problem for the self-calibration of the
DOAS measurements (see section 3.3) as discussed in the next section 5.1.5.

5.1.5 Sampling
As a result of last minute changes in the optical layout of GOME, the spectral resolution in the UV channels is
slightly better than expected. While this gives sharper spectra with more details, it also reduces the number of
measurements per FWHM (full width half maximum) of the slit function. In fact, the sampling of the slit function is now less than two for some spectral regions, violating the Nyquist theorem [Nyquist, 1928] and recommendations by Roscoe et al. [1996] making a perfect reconstruction of the signal impossible. This does not have
an effect if all data are taken on the same grid, but once they have to be interpolated, errors cannot be avoided.
Unfortunately, the spectral shift between radiance and irradiance measurements (see section 5.1.4) makes interpolation of one of the two necessary, and as a result, strong high frequency residual structures appear in all
GOME fits using the solar spectrum as a background.
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There are three possibilities to treat the undersampling problem:
1.

Smoothing of all spectra (loss of information), see section 5.1.14.

2.

Using earth-shine instead of irradiance measurements as background (loss of zero absorption in the background).

3.

Simulating the effect of the undersampling and applying a correction function [Slijkhuis et al., 1999; Chance
et al., 2005].

All three methods can be applied with the available fitting software, the latter being the one used in this study.
However, in all fits some residuals of the undersampling remain. For SCIAMACHY, undersampling is less of a
problem but still noticeable. The ground-based measurements use a sampling ratio of at least 6 and therefore are
over-, and not undersampled. Roscoe et al. [1996] have proposed a sampling of at least 4.5 to fit trace gases
without interpolation errors.

5.1.6 Diffuser plate structures
In addition to the problems described in section 5.1.4, a second effect of the diffuser plate used in the GOME
measurements of the irradiance became apparent when several years of data became available [Richter and Wagner, 2001]. When comparing the seasonal variation of NO2 columns above Bremen, some patterns that are not
related to the normal seasonal variation of NO2 are visible. The effect depends strongly on the wavelength region
used for the fit (completely different patterns are observed for the fit in the UV and in the visible) and can result
in deviations up to 50 percent in tropical regions for many absorbers. It turned out that this effect acts as a constant offset on the slant columns and not on the vertical columns. Using one fixed solar background spectrum
instead of the usual daily one solves the problem indicating that the solar irradiance spectra are the source of the
effect. The most probable explanation is the systematic variation in the azimuth angle between the diffuser and
the sun as a function of season in combination with a pronounced angle dependence in the wavelength dependence of the diffuser reflectivity. The latter has been measured for the SCIAMACHY ESM diffuser which is similar to the one used in GOME and it has been confirmed, that the effect is significant. In response to this problem,
a second diffuser (on the back of the ASM, see section 2.2.1) was added to SCIAMACHY briefly before launch
which does not exhibit such problems.
There are several ways of compensating this effect:
1.

Using one fixed background spectrum: But over time, instrumental aging increases the errors in the analysis
and introduces drifts (see also section 5.1.7).

2.

Using an earth-shine spectrum as background: But this introduces the uncertainty of the absorber amount in
the background-spectrum.

3.

Correcting the measurements by subtracting the amount measured over a specific region (e.g. a reference
sector in the Pacific) and adding the expected value (for example from model predictions): But this introduces a priori assumptions in the analysis.

None of the three approaches is ideal and the method chosen depends on the particular problem. In this study
approach three was selected for the following reasons:


One aim of this study is to provide a consistent data set for the whole GOME time series since 1995. This
forbids the first approach.
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Even if the other attempts have similar limitations, the third one is easier to handle because there is not a
risk of unexpected features in the selected background spectra.

Consequently, a region in the Eastern Pacific (10°S to 10°N, 180°W to 140°W) was chosen, where one can assume only background concentrations for both, formaldehyde and glyoxal. In the case of formaldehyde the
background value was set to 3x1015 molec/cm2 for the slant column according to measurements from Heikes et
al. [2001], that for glyoxal was chosen to be 1 x1014 molec/cm2.

5.1.7 Etalon
Contrary to prior expectations, the GOME instrument is subject to strong etaloning on the detectors. This is
caused by residual water vapour on the satellite that is forming growing ice layers on the detectors. Interference
in this layer creates sinusoidal structures in the spectra that have amplitudes of several percent and occur at
wavelengths that are comparable to those of ozone in the Chappuis bands. The effect is particularly strong after
switching off the coolers which is necessary from time to time because of instrumental problems of the satellite
or GOME. But even several months after the restarting of the coolers the etalon structures are still changing.
There are two options to deal with the etalon
1.

Using background spectra that are timewise as close as possible to the measurement spectra.

2.

Using a high degree polynomial in the DOAS retrieval (see equation (3.8)) to correct for changes in etalon.

In this study, both methods are applied since it became obvious that the polynomial chosen in the beginning
(degree 3) introduces offsets in the GOME HCHO results for the measurements since 1999. This is most probable due to the etalon effect or to degradation (see section 5.1.6). Therefore a higher polynomial of 5 has been
chosen to correct this. In addition daily sun spectra were used for the retrieval whenever possible. Because one
should expect similar problems with the SCIAMACHY instrument the same polynomial was applied to the
SCIAMACHY HCHO retrieval. In the CHOCHO fitting window a polynomial of degree 3 was found to be sufficient to avoid any etalon effects.
The ground-based instruments have not shown any etalon structures on the detectors. However, the mirror used
to scan the off-axis directions was identified to introduce broad-band signatures into the spectra. This has been
accounted for in using a polynomial of degree 5 in the HCHO fit and degree 3 in the CHOCHO fit, respectively
(see section 5.1.13).

5.1.8 Polarisation correction
As all optical instruments, GOME and SCIAMACHY have a different sensitivity towards light polarised parallel
to the optical axis as towards light polarised perpendicular to this axis. Primarily, this sensitivity is changing
slowly with wavelength and is not of concern for the DOAS retrieval. However, some components of the instrument exhibit sharp changes in sensitivity for the different polarisations, and introduce wavelength dependent
signatures in the measured spectra if not corrected. The most prominent of those is the dichroic that is separating
channels two and three in both satellite instruments. The basic philosophy of the polarisation correction in the
satellite instruments is, that they measure the light as it comes from the atmosphere, and that the polarisation
degree is determined using the PMDs and some other information. Using pre-flight calibration measurements,
the effects of polarisation are calculated using the so called eta and chi functions (Figure 5-4), and then corrected
in the spectra. Unfortunately, the dichroic has changed over time, in particular due to outgassing, and the pre-
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flight calibration curves do not longer apply. As a result, the effects of polarisation cannot be corrected completely, and all attempts to do so have introduced additional artefacts.

Figure 5-4: Polarisation response functions (eta) for GOME (A) and SCIAMACHY (B) in the spectral channels 2 and 3 relevant for this study. The proposed HCHO fitting window is marked in green. Due to the strong
anomaly at 350 nm a UV-shifted window (marked in blue) was chosen for the SCIAMACHY HCHO retrieval.

So far, a good way to deal with this problem has not been found, and in general, those wavelength regions exhibiting the polarisation structures have to be avoided for fitting weak absorbers. This is the case for the HCHO
retrieval in SCIAMACHY as well as for the CHOCHO retrieval in GOME. While a slightly UV-shifted window
similar to that chosen by Afe [2005] for BrO was applied to SCIAMACHY channel 2 spectra to derive HCHO,
up to now a successful approach could not be found to analyse CHOCHO in the channel 3 from GOME.
The ground-based instruments do not have any problems with polarisation features since the quartz-fibre bundle
used to transmit the light from the telescope to the spectrometer efficiently depolarises the incoming light (see
section 2.3.1).

5.1.9 Solar I0-correction
When using the DOAS equation, the implicit assumption is made, that using intensities and cross-sections convolved with the same slit function is appropriate. However, this is not strictly true: the DOAS equation is only
valid for a very narrow slit function. In reality, there is a difference between applying the convolution before or
after the absorption. This difference depends strongly on the spectral structures of the light source; for a smooth
light source, the effect is small, for the solar spectrum, which has strong Fraunhofer lines in the UV and visible
part of the spectrum, the effect is significant for strong absorbers having highly structured spectra (e.g. [Johnston, 1996; Richter, 1997; Wagner, 1999]).
This effect is called I0-effect. A correction can be applied to the data by observing the effect on synthetic spectra.
For ground-based measurements of BrO, this can make a difference of up to 30 percent at 90° SZA [Aliwell et
al., 2002]. In the case of the measurements presented here, the I0-effect can usually be neglected, as most measurements are taken at smaller SZAs and/or were carried out in the visible with less structured spectra. Case studies yielded deviations always less than 5 percent. Therefore all results presented here were calculated without
considering the I0-effect.
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5.1.10 Wavelength dependence of air mass factor
The light path through the atmosphere (and thereby the air mass factor) depends on scattering and absorption,
and therefore on wavelength (see section 1). In general, one of the basic assumptions in the DOAS analysis is
that it is possible to separate the spectral analysis from the simulation of the light path. Consequently, only one
air mass factor is necessary for the whole fit. However, strictly speaking, a separate air mass factor is necessary
for each wavelength. For strong absorptions, this is a significant effect and has to be accounted for in the analysis
by using cross-sections that are weighted with the appropriate wavelength dependent air mass factor [Richter,
1997]. This effect can be neglected because in general data for SZAs less than 80° were analysed in this study.

5.1.11 Stray light correction
Every spectrometer exhibits a specific level of stray light. Therefore in the results presented here a stray light
correction has been applied. Usually the stray light correction simulates the effect of a constant and sometimes
also a linearly changing offset in the measurements. Even if stray light is a simple function in intensity, it is
complex in optical thickness as

ln
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I0
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I
c
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but in first approximation

ln

where I is the measured intensity, I0 the background intensity and c the assumed offset (stray light).
Therefore, if stray light correction is applied, an additional cross-section is created from the current spectrum I
having the form cM/I, where cM is the maximum value of I in the selected spectral window multiplied by an empirical factor. A factor of the order of 0.03 is usually appropriate, and in general, the magnitude of this factor
does not have a large impact on the results. In addition, a second correction term was used to change the value of
cM linearly.
The stray light correction has proven to be useful for the results presented here, and can correct not only instrumental stray light but also inaccuracies in the Ring correction and other atmospheric effects like the vibrational
Raman scattering in liquid water which is described in section 5.1.3.

5.1.12 Fraunhofer Calibration
Although all spectra are pre-calibrated to the fitting (using the on-board spectral line lamp for the satellite instruments and the mercury-cadmium-lamp inside the telescope for the ground-based BREDOM instruments), the
accuracy of the wavelength attribution is not better than 0.03 nm in many parts of the spectrum. This small error
is large enough to introduce uncertainties in some fitting windows in particular in the UV (formaldehyde) and a
better spectral calibration is preferred. This can be achieved by aligning the background spectrum to an external
Fraunhofer atlas measured with high accuracy and at high spectral resolution. In this study spectral calibration on
the Kurucz Fraunhofer atlas was selected [Chance and Spurr, 1997]. This calibration also takes care of the necessary correction of the Doppler shift for the satellite spectra (see section 5.1.4).
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5.1.13 Polynomial
In principle, the polynomial should correct for the wavelength dependence of Mie and Rayleigh scattering only.
Therefore a low order polynomial (smaller or equal to 4) should be appropriate. However, in practice the polynomial also corrects for changes in detector etalon (see section 5.1.7), inaccuracies in the instrument calibration
or deficiencies in the knowledge of broadband absorption spectra (e.g. O 4 and liquid water). Therefore, in some
cases polynomials of larger order have to be applied. In this study a polynomial of degree 5 was chosen for the
HCHO retrieval and a polynomial of degree 3 in the case of CHOCHO.

5.1.14 Smoothing and averaging
Two types of averaging techniques can be applied to the measurements: averaging over time and averaging over
wavelength. When averaging over time, consecutive measurements are averaged to improve the signal-to-noiseratio (SNR), but spatial and/or temporal resolution is lost. For random noise (e.g. photon noise from the detectors) this type of averaging increases the precision of the measurements with the square root of the number of
averaged spectra. In this study the GOME spectra were not averaged. In order to reduce the scatter of the
SCIAMACHY data the spectra were averaged to a spatial resolution of 120 km across track and 60 km along
track. Usually, the ground-based data are averaged during the recording process over one minute for each viewing direction [Oetjen, 2002].
A second type of averaging is the spectral averaging, where intensities from neighbouring wavelengths are averaged. This procedure is usually referred to as smoothing of the spectra. When spectra are smoothed before the
fitting, the fit residuals are decreased significantly. However, the values at the individual wavelengths are no
longer independent, and as a result the accuracy of the fit does not improve. Therefore, spectral smoothing is
generally not recommended for the DOAS fit and has not been applied to any of the results presented here.

5.1.15 Clouds
In particular for satellite instruments, clouds have quite dramatic impact on the measured intensity. As the integration time of the instrument cannot be adjusted, it is set in such a way, that even the brightest clouds do not
lead to detector saturation. Therefore, only cloudy situations (or measurements above ice) use the full dynamic
range of the instrument, whereas all other measurements use rather low signals. This implies, that measurements
over clouds have a better signal to noise ratio, and might not be fully comparable to measurements over cloudfree scenes. Also, because of the spectral dependence of Mie scattering, instrumental stray light from the visible
part of the spectrum might be a problem in the UV for cloudy scenarios. Another effect of clouds is a significant
change in Ring effect, as Raman scattering is proportional to the Rayleigh scattering, and in the case of scattering from clouds the relative contribution of Rayleigh scattering is much smaller than for a cloud-free scene. Also,
the different spectral distribution of the photons will change the shape of the apparent Ring spectrum. In order to
avoid the limitations mentioned here a cloud criterion has been applied for all satellite measurements presented
in this study: Only pixels having cloud coverage less than 20 percent were utilised.
Clouds also have a large impact on air mass factors. This is investigated in section 5.2.2.5.

5.1.16 Spatial aliasing
In the satellite instruments, diode array detectors are used in the spectroscopic channels. Although the read-out of
such detectors is fast, it still takes some time during which the satellite moves ahead and the scene on the ground
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is changing. As those parts of the array that have not yet been read out continue to integrate signal, spatial
changes in intensity will be reflected in spectral changes in signal. This effect can be observed at the edge of
clouds or ice fields as apparent jumps in the spectra measured by GOME and SCIAMACHY. In most cases, the
changes will be small and varying smoothly with wavelength, and therefore do not have an effect on the DOAS
analysis. However, in principle, they can introduce noise into the measurements.

5.1.17 Surface albedo
Nadir viewing satellite instruments observe not only photons scattered in the atmosphere, but also photons reflected on the ground. This does not simply have an influence on the overall intensity, but also on the spectral
distribution. Some surfaces exhibit an albedo that changes smoothly with wavelength, but others show clear
spectral signatures, that can interfere with the trace gas retrieval in DOAS. Unfortunately, very little is known
about the spectral dependence of surfaces, in particular at the relatively high spectral resolution of GOME and
SCIAMACHY. This point is of particular importance in the visible part of the spectrum, where chlorophyll
[Bracher et al., 1999] and liquid water [Pope and Fry, 1997] have significant features.
For the retrieval of CHOCHO from SCIAMACHY these problems have been investigated in detail. After first
tests in CHOCHO fitting it became clear that water regions are quite problematic for the chosen algorithm. In
particular, scenes with very clear water (e.g. in the Southern Pacific, see Figure 5-5) yield unreasonable negative
results for the CHOCHO slant columns. In order to investigate the reason for that unexpected behaviour, pixels
above these regions with and without clouds have been averaged and then the ratio Icloud/Inocloud was calculated.

Figure 5-5: Composite of MODIS chlorophyll data from February 2005. Dark blue or violet colours indicate
regions with very clear water where the SCIAMACHY CHOCHO fit fails.

The ratio is shown in Figure 5-6 along with the differential absorption coefficient of liquid water [Pope and Fry,
1997]. From this plot it is clear that the absorption of liquid water can influence the DOAS retrieval. One way to
fix the problem is to add either the liquid water absorption or the residual from the clear water scenario into the
DOAS fitting procedure. When doing this, the slant columns above clear water got more reasonable but the fitting results above the continents became rather unstable. Therefore all results on SCIAMACHY CHOCHO presented in chapter 6 are derived neglecting the problems above water.
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Figure 5-6: Comparison of the differential absorption coefficient of liquid water with structures obtained by
investigating cloudy and non-cloudy pixels above clear water regions.

5.1.18 Southern Atlantic Anomaly
In the Southern Atlantic, close to the coast of Brazil, the Van Allen radiation belt has a fault about 200 km from
earth‟s surface and particles from the sun reach the upper atmosphere. In this region, satellite measurements are
subject to spikes and other anomalies, and large errors occur in the data, in particular for weak absorbers. This
problem is addressed by selecting the data by its chi-square and accepting the data gaps in this region. Chisquare is a measure of the quality of the DOAS retrieval. An example of the global chi-square pattern is given in
Figure 5-7. Because the signal-to-noise ratio is smaller in channel 2 SCIAMACHY data, this data gap is larger in
SCIAMACHY HCHO data sets as in those from GOME.
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Figure 5-7: Chi-square from the SCIAMACHY HCHO retrieval for July 2004. The fault in the Van Allen belt
induces strong noise into the DOAS results. In addition, the chi-square increases with higher solar zenith angles
in the southern hemisphere.

5.1.19 Overview on retrieval settings
As a consequence of the different aspects and boundary conditions detailed in sections 5.1.1 to 5.1.18 a set of
standard retrieval parameters was derived which is summarised in the following tables (Table 9 and
Table 10). Due to the anomaly in the polarisation response function (see section 5.1.8) the sensitivity of
SCIAMACHY to the HCHO absorption features is significantly reduced. Similar problems in GOME channel 3
prevent the retrieval of CHOCHO from GOME up to now.
It should be noted that the typical detection limit given in the tables refers to the slant column SC of one single
spectrum. For the ground-based measurements, the detection limit for the vertical column is enhanced as a result
of large air mass factors and the possibility to average over several spectra.
The following Figure 5-8 shows examples of the fitting of both, formaldehyde and glyoxal for the various instruments. It also illustrates that in addition to the formaldehyde glyoxal has been clearly identified in scattered
light spectra for the first time. All graphs show the residual after removing all contributions with the exception of
the trace gas of interest in conjunction with the scaled laboratory reference spectrum.
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Table 9: Formaldehyde fitting parameters and obtained fit quality.
GOME

SCIAMACHY

BREDOM

Wavelength range

337.5 – 359 nm

334.3 – 348.5 nm

335 – 357 nm

Polynomial

5

5

5

Stray light

Two terms

Two terms

Two terms

Absorber

Ozone (two

Ozone (two

Ozone (two

temperatures), NO2, BrO,

temperatures), NO2, BrO,

temperatures), NO2, BrO,

HCHO, O4, Ring

HCHO, Ring

HCHO, O4, Ring

Background

Daily solar irradiance

Daily solar irradiance

Daily zenith-sky noon

Undersampling corr.

Yes

Yes

No

Wavelength calibration

Kurucz

Kurucz

Kurucz

Typical residual at 60°

0.0007

0.001

0.0003

1.4·1016

2·1016

6·1015

HCHO Fitting
Parameters

solar zenith angle
[DOD]
Detection limit (SC)
[molec/cm2]

Table 10: Glyoxal fitting parameters and obtained fit quality.
SCIAMACHY

BREDOM

Wavelength range

436 – 457 nm

436 – 457 nm

Polynomial

3

3

Stray light

Two terms

Two terms

Absorber

Ozone, NO2, O4, CHOCHO, H2O,

Ozone, NO2, O4, CHOCHO, H2O,

Ring

Ring

Background

Daily solar irradiance

Daily zenith-sky noon

Undersampling correction

No

No

Typical residual at 60° solar

0.0005

0.0005

1·1015

1·1015

CHOCHO Fitting Parameters

zenith angle [DOD]
Detection limit (SC) [molec/cm2]
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Figure 5-8: Examples of the laboratory (thick lines) and observed (dashed lines) fit spectra for glyoxal (left)
and formaldehyde (right) using the different instrumental platforms. Large residual structures in the CHOCHO
retrieval between 442 and 448 nm are due to an incomplete removal of water vapour absorption.

5.2

Sensitivity studies for radiative transfer

When modelling the radiative transfer in the atmosphere, a number of parameters have to be set to realistic values. The most important ones are the viewing geometry, the position of the sun, wavelength, and the vertical
profiles of absorbers, of pressure and of temperature. However, surface albedo and the atmospheric aerosol loading also have an impact on the results. Here the influences of those parameters are investigated and quantified for
both, ground-based and satellite observations.

5.2.1 Radiative transfer modelling studies for ground-based
observations
For the investigation on the different parameters of the radiative transport the model SCIATRAN (section 4.1) in
its full-spherical version was applied. Most of the following work (section 5.2.1.1.1 to 5.2.1.1.5) was carried out
in the framework of the European projects QUILT and FORMAT and has been published in Atmospheric Chemistry and Physics [Wittrock et al., 2004; Heckel et al., 2005]. In addition an intercomparison exercise between six
different radiative transfer models including the calculation of AMFs under different conditions for the multiaxis geometry was organised as part of the QUILT project [Hendrick et al., 2005].
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5.2.1.1 Sensitivity studies for O4
O4 is a powerful indicator for the radiative conditions in the atmosphere. Its vertical profile is determined by
pressure and temperature and therefore can be computed from meteorological data. Thus, the value of O4 is
threefold:
1.

Validation of the radiative transfer model: Using realistic input parameters for the meteorological conditions
should enable the model to calculate O4 differential slant columns similar to those observed with the MAXDOAS instrument. This was confirmed for SCIATRAN in several studies [Rozanov, 2001; Wittrock et al.,
2004].

2.

Sensitivity studies such as presented in the following subsections can illustrate the influence of specific
parameters on the radiative transfer in a very intuitive way since in contrast to other absorbers the profile
and therefore the vertical column of O4 is exactly known.

3.

The comparison of modelled and measured O4 slant columns in principle yields information on parameters
influencing the radiative transfer and thus, can be used to retrieve this parameter. This is in particular true
for the aerosol (see section 5.2.1.1.4) where complementary measurements are usually sparse. The usage of
this piece of information is illustrated later in section 5.3 where the profile retrieval from ground-based observations is described.

In Ny-Ålesund (see section 2.3.2.1) at least weekly profiles for the absorber ozone and daily temperature and
pressure profiles of the atmosphere are available through ozone soundings and radiosondes, respectively, providing the opportunity to get realistic input data for the radiative transfer calculations. Above the burst height of the
balloon the profiles are continued by values from a model climatology provided by the MPI for Chemistry,
Mainz [Brühl and Crutzen, 1992]. These profiles are used as meteorological input for the radiative transfer model. In the following sections, the influence of multiple scattering, the relative azimuth, surface albedo, aerosols
and of the refraction on the O4 AMF and the resulting vertical column are investigated with model data. Such
sensitivity studies are necessary to determine which parameters need to be known to which extent in order to
derive realistic vertical columns from the measurements. The results are presented in the form of a ratio between
a reference air mass factor AMFRef of a standard scenario with the air mass factor AMF obtained with one of the
above mentioned parameters changed. This ratio indicates the error in the vertical column that is introduced
when setting the respective parameter to an inappropriate value.
For the reference AMF, the atmospheric profile from 3 April 2002 was used and a Fraunhofer reference spectrum
taken at 60° SZA in the zenith direction was assumed. All calculations shown have been executed at 370 nm (the
centre of the O4 fitting window in UV applications), an albedo of 0.5, a background arctic aerosol (see Figure
5-15) and full multiple scattering and refraction. It is important to note that the sensitivity studies are presented
in the form in which the AMF will be applied to the actual measurement. Therefore, not the absolute AMF but
rather the difference in AMF between a horizon measurement and the background zenith measurement at 60°
SZA is used for the comparison with the reference scenario. This relative quantity sometimes has a larger sensitivity to changes in model parameters than the absolute AMFs giving a better estimate for the real measurement
situation.

5.2.1.1.1 Multiple scattering
For a qualitative interpretation of MAX-DOAS measurements, simple geometric considerations with the help of
a simple single scattering approach have been used sometimes to estimate the air mass factors (e.g. in [Hön87

ninger and Platt, 2002]). However, in the troposphere multiple scattering cannot be ignored, and using a single
scattering approximation introduces large errors. This is illustrated in Figure 5-9 where for an elevation angle of
6° the underestimation of the vertical column increases from a few percent at high sun to more than 50 percent at
low sun depending on the relative azimuth. As it is expected, the influence of multiple scattering increases with
decreasing elevation angle (not shown here). The reason for the large impact of multiple scattering is twofold:
On the one hand, the air mass factor for the zenith-sky measurement increases with multiple scattering, thereby
decreasing the difference between horizon and zenith measurement. On the other hand, the air mass factor for the
horizon viewing mode is slightly increased by multiple scattering for high sun, but clearly decreased at low sun.
The combination of both effects results in the behaviour shown in Figure 5-9.

Figure 5-9: Effect of neglecting multiple scattering on the vertical column of O 4. For an elevation angle of 6°
the vertical column will be underestimated, if only single scattering is taken into account for the air mass factor.

5.2.1.1.2 Relative azimuth
When analysing the O4 columns measured under different elevation angles on a clear day, it is apparent that the
values do not only depend on solar zenith angle as is the case for zenith-sky measurements but also vary with the
relative azimuth angle. This becomes apparent from Figure 5-10, which shows measurements of differential slant
columns (DSCs) from 26 April 2003. As the instrument is pointed towards the NNW, the relative azimuth varies
over the day, and morning and afternoon measurements taken at the same SZA differ significantly.
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Figure 5-10: Diurnal variation of the measured O4 DSCs on 26 April 2003. As background the zenith-sky
noon spectrum from the same day was used. On this very clear day (only thin clouds in the late evening), the
azimuthal dependency of the measured O4 is clear. There is a gap in the off-axis measurements in the late afternoon to avoid direct sunlight.

In order to evaluate the impact of the relative azimuth between measurement direction and the sun, air mass
factors have been calculated for different elevation angles (3°, 10° and 18°) and then sorted accordingly to the
relative azimuth. The main effect is that the AMF is significantly smaller when looking towards the sun, in particular for higher elevation angles (see Figure 5-11). This is a result of the strong forward peak in Mie scattering
which reduces the effective light path in this geometry. The effect on the difference between the horizon AMF
and the zenith AMF can become quite large as shown in Figure 5-12. Here, the error of the vertical columns is
shown that is introduced when using a deviating azimuth instead of the correct relative azimuth of 90° in the
AMF calculations. The azimuth effect is relevant for all elevation angles, and is largest for higher elevations and
a small relative azimuth. For all azimuth angles pointing away from the sun, the error is smaller than 10 percent
for SZAs less than 93°. From the results of this test one can conclude, that it is preferable to point a horizon
viewing instrument away from the sun, and that it is essential to take into account the correct azimuth in the
AMF calculation.
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Figure 5-11: Absolute air mass factors for O4. Pointing the instrument towards the sun (0° relative azimuth)
leads to decreasing differences between horizon and zenith-sky AMF.

Figure 5-12: Effect of the relative azimuth angle on the calculated VC. Shown is the error introduced in the
vertical column of O4 if an azimuth angle different from the 90° of the reference case is used in the air mass
factor calculation.
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5.2.1.1.3 Albedo
Surface albedo changes have a significant impact on the intensity of the diffuse radiation field close to the surface. At most of the BREDOM sites (Bremen, Mérida, Ny-Ålesund), quite different albedo values can be found
depending on season and viewing direction, for example, when comparing snow-covered ground and open water.
To study the impact of albedo on the AMF, calculations with the albedo of freshly fallen snow (0.9) and a very
small albedo (0.01) are compared to a medium albedo of 0.5. For an elevation angle of 3° the vertical column
will be underestimated when a too small albedo is assumed and overestimated when the albedo is too high
(Figure 5-13). At an elevation of 18° the same trend can be observed for the directions pointing away from the
sun. For the direction towards the sun, i.e. 0° azimuth, using a wrong albedo has a big impact on the vertical
column. For relative azimuths larger than 45°, the error introduced by using an inappropriate albedo is generally
less than 20 percent.
Figure 5-14 shows the relative AMF, i.e. the difference between the actual AMF and the AMF of midday at 60°
SZA. As can be seen the difference is decreasing with increasing albedo. This results in a higher relative sensitivity of the off-axis measurements for a small albedo which at first glance is surprising. The reason for this unexpected behaviour is not so much the effect of high albedo on the low elevation measurements but an increased
sensitivity of the zenith-sky viewing direction. For high albedo the number of photons scattered close to the
ground is larger, making the zenith-sky measurements more sensitive to absorption in the troposphere. This reduces the difference in AMF between horizon and zenith-sky viewing directions. In summary, the impact of
albedo changes on the AMF is significant, in particular, when looking towards the sun. Good albedo estimates
are needed for the analysis (or have to be derived from the measurements themselves) and again it is simplifying
the analysis if the telescope is pointed away from the sun.

Figure 5-13: Effect of the albedo on the calculated VC. Shown is the deviation introduced in the vertical column of O4 if an albedo different from 0.5 of the reference is used in the air mass factor calculation.
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Figure 5-14: Differences of AMF for O4 calculated with different albedos. All relative azimuth angles from
previous figures are plotted but for clearness not indicated with extra symbols. All AMFs are related to the zenith-sky AMF at 60° solar zenith angle. Although absolute AMFs are getting larger for increasing albedo, the
inverse behaviour is true for AMF differences between off-axis and zenith-sky.

5.2.1.1.4 Aerosols

Figure 5-15: Profiles of the aerosol extinction coefficient
at 550 nm used for AMF calculations shown in Figure 5-16.
The optical properties of aerosols are determined by their
composition, their shape and the relative humidity. For the
impact on the AMFs, the vertical distribution of the aerosols
also plays an important role. In general, increasing the aerosol extinction reduces the light path for the lower viewing
directions but has little impact on the zenith directions
thereby reducing the difference in tropospheric absorption
path for the different viewing directions. For the sensitivity
studies, a simplified vertical extinction profile based on
measurements in Svalbard during the ASTAR-Campaign
2000 was used [Rathke et al., 2002; Treffeisen et al., 2004;
Yamanouchi et al., 2005]. In the troposphere, a marine aerosol type was chosen, aged volcanic aerosol for the stratosphere and above that meteoric dust. The standard extinction
coefficient is shown in Figure 5-15. The relative humidity was set to 50 percent in the lowermost 5 km of the
atmosphere. In this study, only the total extinction was changed: The background scenario is compared with very
strong extinction as would be observed in an arctic haze event and with no aerosols at all, i.e. zero extinction
coefficient throughout the whole atmosphere. The results are shown in Figure 5-16 for three elevation angles.
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For the lowest elevation, the light path increases with decreasing extinction, and using a high aerosol scenario
instead of the standard scenario will lead to a 10 percent overestimation of O4. Similarly, using a Rayleigh atmosphere in the air mass factor calculations will lead to a 10 to 20 percent underestimation of the real column.
For higher elevations, the sensitivity to aerosols decreases, but azimuth effects are more important. In particular,
the 0° azimuth direction (pointed towards the sun) is very sensitive to changes in the aerosol extinction mainly
because the air mass factor for this direction is very close to the one of the zenith-sky background measurement
(see Figure 5-11).
It was shown, that MAX-DOAS observations are quite sensitive to the aerosol content even in remote areas.
Thus, O4 slant columns can be used to retrieve aerosol parameters (see section 5.3), assuming that the other important boundary conditions for the radiative transfer calculations (e.g. the surface albedo) are well-known. This
result has initiated the idea to include an aerosol retrieval in the MAX-DOAS evaluations (see section 5.3).

Figure 5-16: Effect of the aerosol extinction profile on the calculated vertical column. Shown is the error introduced in the vertical column of O4 if aerosol scenarios different from the background aerosol of the reference
are used in the air mass factor calculation.

5.2.1.1.5 Refraction
As a result of refraction in the atmosphere, the solar disc can be seen during dusk and dawn for some time even
when it is geometrically below the horizon. In the SCIATRAN model, including refraction in the horizon view93

ing geometry is computationally expensive, and therefore the effect of neglecting refraction on the AMF was
evaluated. As can be seen in Figure 5-17, the error in the vertical would be well below 1 percent at SZAs smaller
than 80° depending on viewing geometry (elevation and azimuth) and increases for larger SZAs. Thus, in this
study refraction is of minor importance because vertical columns and/or profiles from HCHO and CHOCHO
have been analysed for smaller SZA.

Figure 5-17: Effect of neglecting refraction on the calculated VC. Only for solar zenith angles larger than 85°
the introduced errors are larger than 0.5 percent.

5.2.1.1.6 Conclusion
The results of the model studies for O4 show, that multiple scattering cannot be ignored, whereas refraction has
only a minor impact on the results. The relative azimuth between sun and viewing direction has a significant
effect and has always to be taken into account, in particular when the instrument is not pointed away from the
sun and/or for measurements at high latitudes. The effect is more pronounced when the realistic case of a zenithsky background spectrum with non negligible O4 content is considered. Both, aerosol extinction and surface
albedo can have a large effect on the air mass factors, and determining these parameters is crucial for a quantitative retrieval. The albedo can be adequately determined through weather observation or web camera pictures
whereas the aerosol scenario persists to be an element of uncertainty. However, the measurements from different
lines of sight can be used to get aerosol information which is one motivation for the development of the MAXDOAS retrieval algorithm described in section 5.3. In all sensitivity studies, only one parameter was changed at
a time to simplify interpretation. However, some of the parameters are clearly not independent from each other,
and for example the effect of surface albedo might vary with aerosol extinction. Also, absorbers with a different
vertical profile like formaldehyde and glyoxal will not behave exactly as O4 does. However, the qualitative behaviour will be similar, and O4 has the advantage of providing the opportunity to validate the model results as
stated above.
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5.2.1.2 Vertical resolution
Another set of sensitivity studies has been performed to investigate the possible information content on the vertical resolution which can be derived from MAX-DOAS measurements of tropospheric trace gases like HCHO
and CHOCHO. One example of the different studies is described in the following using data obtained during the
FORMAT campaigns in Alzate, Italy (see section 2.3.2.5.3). In situ measurements have shown that the boundary
layer near Milan is sometimes split into two sublayers. To answer the question, whether stratification like this
could be detected by the MAX-DOAS instrument, air mass factors have been calculated for three different
HCHO profiles shown in Figure 5-18 (left). The integrated vertical column for each profile was kept constant to
guarantee the comparability. The relative differences for the AMF compared to the AMF for one homogenous
layer (profile 1) are shown in Figure 5-18 (right). Deviations in the range of 10 to 20 per cent should be detectable also in experimental data. This result was the main motivation to develop the profile retrieval algorithm described in section 5.3.

Figure 5-18: Left: different assumed vertical HCHO mixing ratio profiles used for the AMF calculation.
Right: Relative differences between the AMFs (for 3° elevation) calculated for the selected profiles. The differences between the sensitivities for the different profiles clearly indicate the potential of the MAX-DOAS measurement for profile retrieval which has been realised and described in section 5.3.

5.2.2 Radiative transfer modelling studies for satellite observations
While AMFs can easily be computed with high accuracy by radiative transfer models such as SCIATRAN, it is
not obvious what to use for the input parameters such as absorber profile, aerosol content, and albedo, and thus
the error budget of the trace gas columns is dominated by the uncertainties of the AMFs. Similar to what has
been done for the ground-based viewing geometry (see section 5.2.1) the following sections investigate the impact of those parameters on the radiative transfer and thus on the results of the trace gas retrieval for space-based
observations. It is out of the scope of the following section to give a full review on the radiative transfer for
spaceborne observations. Here, only the most realistic scenarios are considered. A very comprehensive description of radiative transfer model results for satellite observations of NO2 which is retrieved in a similar wavelength range as CHOCHO one can find in Nüß [2005].

5.2.2.1 Vertical Absorber Profile
Usually, the sensitivity of nadir measurements in the UV/visible spectral domain decreases strongly towards the
surface (see e.g. Figure 5-24). To compensate for this effect, the vertical distribution of the absorber must be
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known, an information which cannot be derived from the satellite measurements themselves (with the exception
of ozone in the stratosphere, e.g. [Muller et al., 2003; Tellmann et al., 2004]) .
From the MAX-DOAS measurements at the BREDOM permanent and campaign sites and from literature, different types of HCHO profiles have been identified ([Schmidt and Lowe, 1982; Arlander et al., 1995; Junkermann and Stockwell, 1999; Kesselmeier et al., 2000; Heikes et al., 2001; Frost et al., 2002; Fried et al., 2003;
Kormann et al., 2003; Singh et al., 2004; Heckel et al., 2005], see also section 5.4) and utilised to investigate the
impact of the profile on the satellite AMF (see Figure 5-19). In the case of CHOCHO no profile information is
available neither from observations nor from modelling. However, as glyoxal has a similar fate as HCHO in
terms of sources and sinks in the troposphere the same vertical distribution is assumed. It is important to note
that only the shape of the profile is needed, whereas the absolute amount does not have an impact on the air mass
factor within a very large concentration range. Therefore, volume mixing ratios of several ppb V for CHOCHO
are unlikely but do not affect the AMF calculation.

Figure 5-19: Profile types utilised to calculate the satellite AMF for formaldehyde and glyoxal in this section
and in section 5.4.

At first glance the profiles look quite similar. However, the biogenic profile peaks close to the ground based on
findings from e.g. [Kesselmeier et al., 2000], while the other profiles show a more or less constant volume mixing ratio (VMR) in the boundary layer. In general, there is agreement between measurements and model predictions (e.g. [Martin et al., 2004]) that the volume mixing ratio of HCHO is decreasing with altitude. It should be
noted that under certain conditions, e.g. rapid convective transport due to biomass burning, other profile shapes
are imaginable. But observations of that are sparse. Consequently, the focus here will be on the most likely scenarios.
Figure 5-20 shows the AMF for both, HCHO and CHOCHO assuming the aforementioned profiles, an albedo of
0.06, a rural aerosol type, a ground level of 0 km and a visibility of 10 km. These settings are used in the following as standard. In general, the sensitivity in the UV is between 20 percent and more than 100 percent lower for
small and for large SZAs, respectively, compared to the visible. This is mainly caused by the wavelength dependency of the Rayleigh scattering. Actually, that means that the detection limit for CHOCHO in higher latitudes is much better than for HCHO (in terms of differential optical density) at least for low albedo. The devia96

tions between the different profile types are comparatively small but nevertheless reach 20 percent for the difference of the background and the biogenic profile at higher SZAs and should not be neglected. Since the fraction
of the trace gas amount in the boundary layer is highest for the biogenic profile this yields the smallest AMF. It
should be noted here that in case of NO2, the profile is of greater importance for the interpretation of the satellite
measurements (e.g. [Nüß, 2005]). This is caused by the higher variability: Anthropogenic sources yield a large
peak near to the ground while e.g. thunderstorms generate NO 2 high up in the troposphere. In addition, NO2
exhibits a longer lifetime compared to HCHO and CHOCHO which boosts the relevance of transport and the
associated more complex vertical profiles.

Figure 5-20: AMF in the visible (446 nm, CHOCHO) and the UV (336 nm, HCHO) for different profile
types.

5.2.2.2 Surface Elevation
Surface elevation plays a role in air mass factor calculation which is exemplarily illustrated in the following
Figure 5-21. The differences are caused by several partly conflicting processes: On one hand, the amount of
surface-reflected photons is larger for raised ground. On the other hand, the fraction of photons reflected by the
atmosphere is increasing with the thickness of the air mass.
In general, spaceborne observations are more sensitive to trace gases in the boundary layer above high altitude
regions (e.g. Mexico City) than to regions at sea level. The deviation is from 3 up to 30 percent increasing with
SZA. The relative importance is comparable for the UV and the visible.
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Figure 5-21: AMF in the visible (446 nm, CHOCHO) and the UV (336 nm, HCHO) for different surface elevations and in this case a low aerosol content (visibility 23 km) in the boundary layer assuming the standard
profile shape.

5.2.2.3 Surface Albedo
The sensitivity of satellites to the lower troposphere depends strongly on the surface albedo caused by the different fraction of photons reflected back to the satellite, at least under conditions where the aerosol optical depth is
not too large. This makes the parameter albedo the single most important one for the interpretation of satellite
measurements of HCHO and CHOCHO.

Figure 5-22: AMF in the visible (446 nm, CHOCHO) and the UV (336 nm, HCHO) for different albedos assuming the standard profile shape.
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In the UV, the difference between the AMF for e.g. snow (0.8) and that for water surfaces (0.05) is more than
200 percent while in the visible deviations up to 150 percent occur. The relative differences are quite independent of the SZA mainly determined by the profile shape. Since the fraction of light passing the lower parts of the
atmosphere is decreasing with larger SZAs, the fraction of reflected photons is also getting smaller. This has
particularly an impact on the AMF for profiles with a peak near to the surface.
Overall, a good estimate is needed for surface albedo at the wavelengths used for the retrieval as a function of
location and season. Such a database has been derived from GOME data by Koelemeijer et al. [2003] and from
TOMS measurements by Tanskanen et al. [2003]. In this study, the first one is used in the visible, the latter one
in the UV (see section 5.4).

5.2.2.4 Aerosols
The effect of aerosols on HCHO columns measured by satellite is twofold: HCHO within or below an aerosol
layer will be seen with reduced sensitivity. HCHO situated above a reflecting aerosol such as a maritime type
will be seen with enhanced sensitivity (see Figure 5-23). Therefore, it is useful to know the vertical distribution
of aerosols and also the composition, as absorbing and reflecting aerosols will have different effects on the radiative transfer.
Here the impact of aerosols on satellite observations is investigated using the LOWTRAN database [Shettle and
Fenn, 1976]. This database uses three different aerosol types (rural, urban and maritime). The extinction is defined by the visibility (50, 23, 10, 5, and 2 km). The relationship between the total extinction and the visibility
for the human eye is given by the empirical Koschmieder equation:

V

3.912

 total

(5.3)

where V is the visibility in km and  total the total extinction at 550 nm. It should be noted that even though this
equation comprises the total extinction  total , the visibility is dominated by the aerosol content. A pure Rayleigh
atmosphere has a visibility of about 300 km (see e.g. http://irina.eas.gatech.edu/lectures/Lec26.html).
The following Figure 5-23 shows the satellite AMF for the urban and maritime aerosol having different visibilities. The optical properties of the rural aerosol are quite similar to those of the maritime type and therefore not
shown here. The relative humidity in the boundary layer was set to 70 percent.
The variation of the AMF for different aerosol types is from 6 to 60 percent in the UV increasing with decreasing
visibility. Actually, for high albedos the difference can reach up to 150 percent which should be taken into account for polluted regions in high latitudes during wintertime. Due to the wavelength dependency of the aerosol
extinction, the deviation is a bit smaller in the visible. However, sensitivity studies carried out in this study show
that for an urban aerosol with two kilometres visibility, the sensitivity of GOME and SCIAMACHY to HCHO in
the lowest kilometres is close to zero.
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Figure 5-23: AMF in the visible (446 nm, CHOCHO) and the UV (336 nm, HCHO) for different aerosol
types and visibilities (aerosol extinction). The visibility is always related to the extinction at 550 nm.

5.2.2.5 Clouds
The effect of clouds on the HCHO retrieval is similar to that of aerosols, only stronger: clouds effectively shield
the atmosphere below from view and enhance the sensitivity to any absorption above them, in particular close to
the cloud top which is illustrated in Figure 5-24 for a reflective cloud. Further information on the influence of
clouds on satellite or airborne observations can be found e.g. in Wang et al. [2005]. Figure 5-25 which has been
adapted from this study illustrates the different sensitivities for nadir and zenith-sky airborne observations in
case of cloudy and non-cloudy conditions. It is notable that for both viewing geometries the block air mass factors are close to zero below and in the lower part of the cloud, while they are strongly enhanced above and in the
upper part of the cloud.
Two different approaches can be used to account for the impact of clouds: either a simple cloud screening algorithm can be used to select only data below a certain cloud cover threshold or the impact of clouds can be modelled in detail based on measurements of cloud fraction and cloud top height and assumptions on the amount of
HCHO below and within the cloud. Here, a simple threshold technique was used based on the FRESCO cloud
cover product [Koelemeijer et al., 2001]. A rather large maximum cloud cover of 20 percent has been chosen to
avoid large data gaps in the Northern Hemisphere in winter and spring. The remaining impact on the retrieved
vertical column has been estimated according to Boersma et al. [2004] to less than 30 percent for most scenarios.
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Figure 5-24: The weighting function or block air mass factor for HCHO with and without a reflective cloud.
The sensitivity to HCHO above clouds is strongly enhanced, while there is no potential to detect trace gas
amounts below or in this cloud.

Figure 5-25: Block air mass factors for clear sky, low albedo (0.05, left), clear sky and high albedo (0.8, middle) and with a cloud (right). The shaded area indicates the position of the cloud between 0.4 and 1.5 km altitude
having an optical depth of 25. Solid lines are for the nadir viewing direction, the broken lines for zenith observation. All curves are for aircraft measurements at a flight altitude of 11 km (adapted from [Wang et al., 2005]).
According to the figure, a small signal should be observed in the zenith direction if there is a trace gas above the
cloud or in its upper part, but not if it is within or below the cloud. As the nadir weighting function decreases
much slower within the cloud, the ratio between the measurements in nadir and zenith direction can be used to
estimate if the trace gas is above, below or within the cloud.
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5.3

Profile retrieval from MAX-DOAS observations

As a major outcome of this work, a new algorithm for the analysis of ground-based MAX-DOAS measurements
was developed: BREAM – Bremian Advanced MAX-DOAS Retrieval Algorithm. The aim of this algorithm is
to derive vertical profiles as well as the tropospheric column of selected trace gases from the off-axis measurements. The following section 5.3.1 describes the mode of operation of BREAM. After that a characterisation is
presented (section 5.3.2) which is followed by a discussion of the contribution of the different error sources to
the overall error (section 5.3.3). In section 5.3.4, some validation results are shown exemplarily and this chapter
ends with a summary (Section 5.3.5).

5.3.1 Structure of BREAM
BREAM comprises three steps to calculate the tropospheric vertical profile for the trace gas of interest, each one
described in detail below. An illustrated overview of these three steps is given in Figure 5-26.
As direct input for the BREAM algorithm, the differential slant columns of the selected absorber and also of the
oxygen dimer O4 are retrieved applying the DOAS method to the measured spectra (see sections 3.2 and 5.1.19).
Examples of one day for slant columns including all viewing directions of HCHO and O 4 are shown in the upper
panel of Figure 5-27.
The first step of the retrieval is motivated by recent studies (e.g. [Wagner et al., 2004; Wittrock et al., 2004]) and
was already indicated in section 5.2.1.1: The measured slant column of the oxygen dimer O4 (O2-O2) can be used
to derive aerosol information, i.e. the extinction profile and to some extent also the aerosol type in the atmosphere. This is possible because the O4 profile can be exactly calculated from the temperature and pressure profiles. The knowledge of the aerosol properties is essential to retrieve the correct amount of other absorbers (e.g.
HCHO). As shown before, already a relatively small error in the aerosol extinction, can lead to large errors in the
calculated vertical column or the trace gas amount in a given layer ([Oetjen, 2002; Heckel et al., 2005] and section 5.2.1.1.4).
The BREAM algorithm uses the radiative transfer model SCIATRAN ([Rozanov et al., 2000; Rozanov et al.,
2001; Rozanov et al., 2002]) described in section 4.1 to calculate O4 slant columns based on meteorological data
like albedo, pressure and temperature and also applying an a priori aerosol extinction profile. Afterwards, in an
iterative process, this extinction profile in its total quantity as well as in its structure - i.e. the height of the
boundary layer - is scaled until measured and modelled differential slant columns of O4 are in agreement. The
quality of the agreement is evaluated by applying two parameters: The correlation between the measurement and
the modelled columns (which is mainly influenced by the height of the boundary layer) and the mean deviation
of those (mainly modulated by the extinction). In general, for cloud-free scenarios a correlation better than 0.9
and a deviation smaller than 10 percent between model and measurement can be obtained for all viewing directions. The error of the retrieved total aerosol optical depth (AOD, the integrated extinction profile) has been
estimated to be less than 0.05 (see section 5.3.4.1). The middle panel of Figure 5-27 shows the AOD retrieved
from the given O4 differential slant columns.
The second step comprises the calculation of so-called block air mass factors (see section 4.3) with respect to
the chosen absorber using the afore obtained aerosol information. Again SCIATRAN in its full-spherical mode is
applied. Block air mass factors are air mass factors for individual layer heights of the absorber. The overall air
mass factor is simply the average of the block air mass factors weighted by the distribution of the trace gas. The
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striking advantage of this concept is, that it allows describing the relation between the measurement and the
absorber‟s profile in the atmosphere as a linear system:

y  Kx

(5.4)

where

K

y
x

(5.5)

with y as the measurement vector, i.e. the set of differential slant columns under different elevation angles used
for the profile retrieval, x the desired profile and K as the weighting function matrix depending on the block air
mass factors.
As in many inversion problems, there is no unique solution to the inversion of equation (5.4) , because the problem is underdetermined or ill-posed. To solve this linear system the well-known and in atmospheric chemistry
long-established method of Optimal Estimation by Rodgers [Rodgers, 1976; Rodgers, 1990] has been utilised in
BREAM in the third step of the algorithm (see Figure 5-26). With this, the profile x is determined by adding a
priori information:

x  xa  (K TS 1K  Sa1 )1K TS (y  Kxa )

(5.6)

where xa is the a priori profile, and S  and Sa the error covariance matrices for the a priori and the measurements (the differential slant columns y=(y1, ..., yn) of the different viewing geometries), respectively. K is related
to the block air mass factors by:

Kij =

DBAMFi j  p j  R  N A
Tj

 h

(5.7)

where pj and Tj are the pressure and temperature in the layer j, respectively, R the molar or universal gas constant, and NA the Avogadro number. DBAMFij is the differential block air mass factor relative to the reference
measurement in layer j and corresponding to the i-th measurement yi. h is the thickness of the layer j.
The a priori profile xa and the covariance error matrices for a priori Sa and measurements S  are crucial parameters in the retrieval algorithm. Since the retrieval problem is underdetermined, one very simple a priori profile
for all three trace gases (HCHO, CHOCHO and NO2) is used according to findings given in 5.2.2.1 to avoid
solutions which are mathematically true, but physically meaningless: The profile is given in volume mixing ratio
with decreasing values from 0.1 ppbV in the surface level to 0.01 ppbV in the top level (between 5 and 10 km
depending on the measurement site). In case of the site Mérida (see section 2.3.2.3) a constant a priori profile is
chosen due to the very high altitude.
The error covariance matrices are set as follows:


The diagonal values of S  are allocated with the statistical errors from the trace gas DOAS retrieval. The
other elements are set to zero.



The diagonal values of Sa have been empirically determined to be 0.2 for HCHO and NO 2 while it is 0.1 for
CHOCHO. According to Schofield et al. [2004] and Hendrick et al. [2004] this matrix can act as a tuning
parameter for the retrieval. Increasing the values in the diagonal boosts the independency from the initial
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profile and thus the information content of the retrieval (see section 5.3.2). However, depending on the
DOAS retrieval errors sometimes unwanted oscillations in the retrieval occur. Extra-diagonal terms in Sa account for correlations between the trace gas content in adjacent layers and further stabilise the algorithm.
Based on Barret et al. [2003] the terms were added as Gaussian functions:

Saij  Saii Sajj exp( ln(2)(( zi  z j ) /  ) 2 )

(5.8)

where zi and zj are the altitudes of i-th and j-th level, respectively.  is the half width at half maximum of the
Gaussian function. The value was determined empirically to be 25 m for all trace species.
The output of the retrieval is the profile of the selected absorber. A typical example for the evolution of the
HCHO profile during the course of a day is given in Figure 5-27 in the lower panel: Formaldehyde is located
mainly in the lower layers, while the diurnal variation shows maximum values in the afternoon.
The method of the Optimal Estimation can only be applied for an optically thin atmosphere: The extinction of
the light is mainly caused by scattering in each layer and consequently the radiative transfer is independent of the
concentration of the absorber (see section 4.3). This constraint is fulfilled for virtually all absorbers that can be
retrieved via the DOAS method: NO2, all halogen oxides, formaldehyde and glyoxal, but fails e.g. for ozone in
the ultraviolet spectral range or for line absorbers such as H2O.
Similar approaches have been applied to zenith-sky measurements of mainly NO2 for several years [Preston et
al., 1997; Hendrick et al., 2004; Schofield et al., 2004] utilising measurements for a large set of SZAs. Bruns
[2004] has introduced an analogous method to retrieve NO2 profiles from airborne multi-axis DOAS
(AMAXDOAS) data. However, the algorithm BREAM comprises several modifications and conceptual differences:
1.

Using O4 measurements to retrieve information on the aerosol content in the troposphere.

2.

Using the same height grid (typically 50 m) for all retrieval steps to avoid any errors due to e.g. interpolation.

3.

Using differential block air mass factors which avoid any assumptions on the slant column in the reference
spectrum. However, one supposition is here that the profile of the trace gas of interest does not change for
the full set of measurements used for the profile retrieval.

4.

Adding extra-diagonal terms to Sa to account for correlations between the trace gas amounts in adjacent
layers.

5.

Calculating the differential block air mass factors with SCIATRAN for the exact viewing geometry of the
measurement: No interpolation in solar zenith angle, line of sight or relative azimuth.

The algorithm was designed to be quite flexible in terms of the viewing geometry, i.e. BREAM is also able to
analyse data from air- and spaceborne UV/vis measurements. As the full set of differential block air mass factors
is calculated within one SCIATRAN run, each profile requires merely one minute computing time on a standard
PC. This permits the analysis of long time-series.
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Figure 5-26: Flowchart of the different retrieval steps within BREAM (here illustrated for formaldehyde).
Various sensitivity studies about information content and stability of the profile retrieval have been performed
and some of them will be shown below. In general, it is an advantage in agreement with findings from Bruns et
al. [2004] to use several wavelength regions simultaneously to benefit from the different effective light paths at
different wavelengths. This is possible for e.g. NO2 but unfortunately not for HCHO or for CHOCHO (see crosssections in Figure 5-1 and Figure 5-2) and will not be demonstrated here.
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Figure 5-27: Example of input data and results for BREAM. The profile information was retrieved in temporal steps of one hour comprising in this case about three full scans of the viewing angle sequence.

5.3.2 Characterisation of the retrieval
In this chapter, the information content of the profile retrieval BREAM will be investigated:
The quality of the retrieval can be described with the averaging kernel matrix A. It is derived according to
[Rodgers, 1990; Rodgers, 1998; Rodgers, 2000] by:

A

x
 (K TS 1K  Sa 1 )1 K TS K
xtrue

(5.9)

where xtrue is the true atmospheric profile. Therefore the averaging kernels, the rows of the A matrix, give the
relationship between the retrieved profile x and the true atmospheric profile xtrue:
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x  xa  A(xtrue  xa )  Error terms

(5.10)

In an ideal case, A is equal to the identity matrix and the retrieved profile x tends towards the true profile xtrue.
Each row of the matrix A represents the averaging kernel of one layer of the height grid. The elements within
this row define the relative weighting of the true mixing ratio at each level compared to the retrieved mixing
ratio. Consequently, the rows of A are peaked functions and the retrieved profile is only a smoothed perception
of the true profile. Essentially, one way to calculate the vertical resolution in the layer j of the retrieval is to take
the full width half maximum (FWHM) of the main peak in the row j of the averaging kernel matrix A.

Figure 5-28: Averaging kernel matrix A for MAX-DOAS observations in Cabauw on 19 June 2005 using
measurements from 1° to 15° in 1° steps and from 30° elevation angle having a solar zenith angle of about 35°.
This plot illustrates the high sensitivity to the lowermost layers while for altitudes more than one kilometre there
is only very little height information. Here, the trace TA of A is about 2.8 (see text below).

Figure 5-28 shows exemplarily the averaging kernel matrix for one set of measurements of formaldehyde in
Cabauw (see section 2.3.2.5.4) on 19 June 2005. It illustrates the typical behaviour of the matrix for groundbased MAX-DOAS observations. The FWHM of the averaging kernels is rapidly increasing with altitude from
about 150 m in the lowest part of the troposphere to about 2 km above 1.5 km altitude. Thus, there is only limited profile information on the trace gases in the free troposphere at least for measurement sites near to sea level.
Consequently, possible amounts of the trace gas in higher layers due to convection will be retrieved as an offset
in the volume mixing ratio in altitudes above the boundary layer.
The trace of the matrix A (TA) determines the number of pieces of independent information with respect to the
height layers, i.e. the degrees of freedom of this measurement. A typical scanning time for the ground-based
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MAX-DOAS observations within BREDOM (around 20 minutes) together with a moderate aerosol content
yields a number for TA of about two to three. The whole range includes results from about 1.5 for low visibility,
i.e. high aerosol up to about five when also large solar zenith angles (SZA > 75°) with very good visibility are
considered. The latter one is caused by the rapid changes in the effective light paths for different lines of sight at
high solar zenith angles. As pointed out in the sections 5.2.1.1.4 and 5.2.2.4, aerosols reduce the sensitivity in
particular in the lowest layers. Thus, the „degrees of freedom for signal‟ [Rodgers, 2000] are also scaled down.
Data subsets with different combinations of viewing angles of 19 June 2005 in Cabauw have been investigated to
illustrate the effect of the number of lines of sight on the information content within the retrieval algorithm. It
turns out that the usage of 1° steps in elevation angle (in total 16 measurement points: 1° to 15° and 30°) yields a
gain of about 0.8 to the information content compared to scans comprising four off-axis angles. This has been
confirmed by using data sets from other sites. Contrariwise, the effect on the tropospheric column is small: The
difference is less than 3 percent for the aforementioned measurement cycles.

5.3.3 Error analysis
The total error of the retrieved profile has three components:
1.

The error due to the measurement noise introduced by the covariance matrix S  .

2.

The error due to smoothing of the true profile. This is related to the averaging kernel matrix A.

3.

The error due to systematic errors in the forward model.

The first part is the most intuitive one. The measurement error is defined as:

Sm  GSG T

(5.11)

where G is the so-called contribution function matrix, which expresses the sensitivity of the retrieved profile to
changes in the measured trace gas differential slant columns and is defined as:

G

x
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y

(5.12)

The smoothing error Ss is given according to [Rodgers, 2000] by:

SS  (A  I)Sxˆ (A  I)T

(5.13)

where I is the identity matrix. To estimate the actual smoothing error, knowledge of the true state is needed,
which is of course not available. Instead of that, the covariance of the ensemble of states about the mean state is
introduced: S x̂ . Thus, to estimate the smoothing error, the variability of the climatological profiles must be
known. Since there is not a climatology of highly resolved profiles for HCHO and a fortiori not for CHOCHO
available, a simple approach is taken here: Based on profile observations of [Junkermann, 2003] the variance has
been estimated to 30 percent of the scaled initial profile for all altitudes.
The last error term, the forward model error Sf is the propagation of errors due to inadequate modelling into the
retrieval. Possible error sources are e.g.: Aerosol loading, surface albedo, pointing errors.
Sf is defined by:

Sf  GK oSoK o TG T
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(5.14)

where G is again the contribution function matrix, Ko is the sensitivity to variations of the model parameter o,
and So is the covariance matrix of o. Since it is in most cases difficult to give a reasonable assumption of So,
sensitivity studies for the most important parameters were carried out to calculate the forward model error Sf.
The following Figure 5-29 illustrates the influence of some important parameters on the retrieved profile. The
calculations in this case have been carried out using MAX-DOAS observations of formaldehyde in Cabauw on
19 June 2005. However, the results presented here are believed to be representative for other sites and/or other
trace gases, too. In addition, the effects of temperature and pressure were investigated but found to play a minor
role in the profile retrieval (less than 2 percent for all altitudes). Thus, they are not shown in the graph.
The total forward model error can be estimated from the graph to less than 15 percent for a single layer, assuming the worst case: All errors change the profile in the same direction. For the tropospheric vertical column the
uncertainty has been estimated to be less than 8 percent, reflecting the fact that some parameter errors have different effects at different altitudes (e.g. aerosol). It is notable, that the error with respect to the albedo might
increase strongly for varying surface reflectance near to the measurement site, e.g. a mixture of snow and open
water which can be regularly observed in Ny-Ålesund in spring and fall. Therefore, it is preferable to have all
MAX-DOAS sites equipped with a web camera in order to obtain a good estimate of the albedo.

Figure 5-29: Ratio of the profile retrieved with a perturbed parameter to the profile retrieved with basic settings. These calculations have been carried out using MAX-DOAS observations of HCHO above Cabauw on 19
June 2005 during noon (see also Figure 5-28).
The following Figure 5-30 illustrates the error budget for a profile retrieved with the same differential slant columns utilised in Figure 5-28. From that, it becomes clear that the smoothing error is the main source of uncertainty for all height levels. For altitudes higher than 3 km the total error becomes larger than the expected natural
variability.
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Figure 5-30: Retrieved profile for HCHO observation on 19 June 2005. In addition, the absolute errors for the
retrieval are shown.

5.3.4 Validation of BREAM
In order to investigate the quality of the retrieval algorithm BREAM, different complementary data sets have
been utilised here to validate the calculated aerosol optical depths, trace gas mixing ratios at ground, vertical
columns and the profiles.

5.3.4.1 Validation of aerosol measurements
Figure 5-31 illustrates the quality of the retrieved aerosol data. A comparison of the aerosol optical density
measured by three different instruments during the first FORMAT campaign in 2002, is shown: Measurements
with a sun photometer from the nearby site ISPRA obtained from the AERONET as well as with a
MICROTOPS-instrument [Junkermann, 2003] together with the aerosol optical density retrieved from the O 4
measurements with a MAX-DOAS instrument. The general agreement between the three instruments is excellent. The deviation between MAX-DOAS and the sun photometer on 31 July 2002 might be explained with the
distance of about 50 km between the measurement sites and not very favourable weather conditions on that day.
A similar comparison has been carried out with data from Ny-Ålesund where also good agreement was found.
From these validation studies the conclusion is drawn that the assumption of 30 percent uncertainty for the aerosol extinction (see section 5.3.3) is reasonable and should reflect the maximum error introduced by this parameter into the retrieval.
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Figure 5-31 Comparison of different aerosol measurements at Alzate, Italy. The MAX-DOAS results have
been retrieved using BREAM.

5.3.4.2 Validation of trace gas mixing ratios near to the ground
The measurement campaigns in Alzate (see section 2.3.2.5.3) and Cabauw (see section 2.3.2.5.4) have provided
the opportunity to compare the results of BREAM with other instruments. This was possible in Alzate for NO2
and HCHO with in situ [Junkermann, 2003; Ordonez, 2003] and Long-Path DOAS [Hak, 2005] observations
while in Cabauw only NO2 was monitored with an in situ instrument [Brinksma, 2005] near to the ground. In the
following only those MAX-DOAS retrieval results will be shown where the first retrieval step (see section 5.3.1)
yields a good correlation (> 0.9) between observed and modelled O 4 which signified good weather conditions
without clouds. The temporal resolution was fixed to one hour. The mixing ratio of the three lowermost layers (0
– 125 m) have been averaged and then compared to results from the other measurement techniques.
Figure 5-32 shows the various measurements of the HCHO mixing ratio close to the ground in Alzate in 2002
and 2003. In general, a good agreement was found. The day-to-day as well as the diurnal variation is captured by
all instruments in a similar way. The MAX-DOAS measurements yield the largest absolute values, while from
the Long-Path observations somewhat higher amounts than from the in situ instrument which applies the fluorimetric Hantzsch reaction technique were derived. This might be explained with a negative gradient towards the
surface in the lowermost part of the boundary layer [Junkermann, 2003]. Another possible explanation is a local
source in the viewing direction of the MAX-DOAS instrument: A small forest was located near to the measurement site in the same direction as the off-axis port of the instrument. However, one should take into account, that
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even between in situ measurements at one site only a reasonable agreement was found in several studies. E.g.
[Hak et al., 2005] have reported 11 percent deviation between five different Hantzsch instruments, while the
difference between Hantzsch and optical methods was found to be 15 percent. This intercomparison has been
carried out during the first FORMAT campaign at the site Bresso airport (see Figure 2-10).

Figure 5-32: HCHO mixing ratios obtained during the FORMAT campaigns in 2002 and 2003 from a
Hantzsch in situ, a Long-Path DOAS, and a MAX-DOAS instrument. On clear days a correlation better than
0.85 was found, with MAX-DOAS having about 8 and 15 percent higher values on average than the Long-Path
and the Hantzsch instrument, respectively.

Figure 5-33: NO2 mixing ratios obtained during the FORMAT campaign in 2002 from an in situ, a Long-Path
DOAS, and a MAX-DOAS instrument.

Figure 5-33 shows a similar comparison for NO2. Here again the day-to-day variation agrees reasonably for all
instruments. But in contrast to HCHO the MAX-DOAS yields in average lower values than the other techniques
possibly caused by the strong positive gradient of NO2 towards the surface. In general, compared to formaldehyde, nitrogen dioxide shows much higher short-time variability due to local sources (e.g. traffic near to the

112

measurement site). Thus, one cannot expect a very good agreement between the different measurement techniques used here.
As part of the DANDELIONS campaign in Cabauw from May to July 2005 in situ measurements of NO2 were
carried out. Figure 5-34 shows the results of both, in situ and the Bremen MAX-DOAS instrument during that
campaign. The findings are quite similar to those of the FORMAT campaign. The general agreement is quite
reasonable, but some of the short-time variation cannot be captured by the MAX-DOAS measurements.

Figure 5-34: NO2 concentrations near to the surface as observed from in situ and from MAX-DOAS.

5.3.4.3 Validation of tropospheric columns
A mobile FTIR system denoted SOF (Solar Occultation Flux) was applied by Chalmers University, Gothenburg
measuring total vertical columns of HCHO during the FORMAT campaigns. On two days the system carried out
measurements near to Alzate which provides the possibility of the direct comparison to the MAX-DOAS data.
The vertical columns of the MAX-DOAS data set have been derived by integrating the retrieved profiles. Again
the correlation between both techniques is excellent.
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Figure 5-35: Vertical columns of formaldehyde derived from SOF and MAX-DOAS observations. The spatial
distance was up to 40 km. These graphs have been adapted from the final FORMAT report.

113

5.3.4.4 Validation of profiles
During the FORMAT campaigns several airborne measurements of HCHO were performed, some of them near
to the measurement site in Alzate. Here two profiles measured with the Hantzsch technique aboard a small microlight aircraft were used to validate the profile retrieval (see Figure 5-36).

Figure 5-36: Formaldehyde profiles derived with BREAM and obtained from an in situ Hantzsch instrument
aboard an microlight plane [Junkermann, 2003]. Only MAX-DOAS measurements within a temporal offset of 30
minutes to the airborne measurements were taken into account. The spatial distance was about 20 km. The error
bars denote the smoothing and the measurement error in this case.

In general, the MAX-DOAS profiles match the in situ profiles quite well. This includes the overall shape and the
magnitude of the formaldehyde mixing ratios. The agreement is somewhat poorer in the lowest layers but due to
the spatial distance of the measurements a perfect correlation is not expected.

5.3.5 BREAM summary
Section 5.3 has shown that one of the major aims of this study, the development of a profile retrieval algorithm,
has been reached with success:


The utilisation of O4 observations significantly reduces the uncertainty of the profile retrieval due to the
aerosol settings.



The total error of BREAM has been quantified and was found to be less than 20 percent for altitudes lower
than 1.5 km



It was shown that depending on the focus of the measurements the step size of the elevation angles of the
MAX-DOAS observation should be set to 1° between 1° and 15° for profile retrievals, while for the analysis
of tropospheric columns in total 4 steps between 2° and 30° seem to be appropriate.



Comparisons with other measurement techniques have shown a very good agreement with respect to the
ground values, the vertical column, and the profile shape.

In summary, it can be said that profiles from MAX-DOAS measurements are suitable to study tropospheric pollutants. Unlike active systems (e.g. Long-Path DOAS), an automated operation is possible. At this point, the only
imposed constraint to the retrieval is the necessity of more or less cloud-free situations.
The following Table 11 gives an overview on the standard settings for BREAM as used in this study.
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Table 11: Standard settings and typical properties of BREAM in this study. The height of the boundary layer
gives the limits in altitude to which the aerosol extinction profile is scaled.
HCHO

CHOCHO

Height grid

0 – 5 km agl, 50 m resolution

0 – 5 km agl, 50 m resolution

Height of boundary layer

0.8 to 2 km

0.8 to 2 km

a priori

0.1 at ground, 0.01 at top

0.1 at ground, 0.01 at top

a priori variance

0.2

0.1

HWHM 

25 m

25 m

Temporal resolution

1 hour

1 hour

Information content scan

3

2.5

Information content 4 viewing

2.2

1.8

Error vertical column

8%

10 %

Error VMR at ground level

15 %

15 %

angles

5.4

Implementation of AMF look-up tables for satellite observations

As shown in section 5.2.2, the AMF for satellite observations depends strongly on several meteorological boundary conditions. Compared to the standard AMF used in previous studies [Wittrock et al., 2000], deviations by a
factor of up to four are possible. This is particularly true for the source regions as they not only have the largest
values close to the surface but in addition, are often correlated with regions of enhanced aerosol burden. In order
to obtain a realistic global picture of HCHO and CHOCHO, it is therefore necessary to account for all the parameters mentioned above in the radiative transfer calculations. The most practical way to do this is to create
pre-calculated tables of AMF for a set of SZAs which depend on time and location and are interpolated to the
conditions of an individual measurement. In order to be able to investigate the satellite measurements even on a
regional scale, the spatial resolution for the AMF tables was selected to 1° x 1° in latitude and longitude.
The use of tabulated AMF is not a new approach. It has already been successfully applied to NO2 by Martin et al.
[2003], Eskes and Boersma [2003], and Nüß [2005] and also for HCHO by Palmer et al. [2001]. However, with
the exception of Nüß [2005], all previous studies have used a modelled or no aerosol scenario, which can lead to
significant inaccuracies. On the other hand, in most recent studies the vertical distribution of the trace gas of
interest was taken from a 3D-CTM (3-dimensional chemistry and transport model) which then was also compared to the GOME results. Although the algorithm developed here can also be applied in this way, a different
approach has been realised here for several reasons:
1.

Vertical distributions of HCHO from the LMDz/INCA-Model ([Hauglustaine et al., 2004], see section 6.4)
were not available until very recently, and could therefore not be used in the data evaluation. For future stud115

ies, this can be easily implemented in the algorithm. For glyoxal, there are so far only preliminary results
from 3D-CTMs (see chapter 0).
2.

Previous studies comparing measurements and model results for the vertical distribution show only vague
agreement with large deviations for individual comparisons (e.g. [Frost et al., 2002; Kormann et al., 2003]).

3.

The spatial resolution of current models is low (typically 2.5° to 3° both, in longitude and latitude). Therefore, point sources such as cities like Milan or Hong Kong cannot be represented properly by the models
(see e.g. Figure 6-14).

4.

In contrast to the situation for NO2, atmospheric measurements of HCHO show very similar vertical distributions over a wide range of boundary conditions. The largest values are observed close to the surface in a
well-mixed boundary layer [Junkermann, 2003]. Above this layer, concentrations typically decrease towards
the tropopause. Only under special dynamical conditions such as outflow from the Indian monsoon different
profiles have been observed [Kormann et al., 2003].

Thus, this study uses only three standard profiles based on observations reported in literature, which are assigned
to the individual pixels and times based on external information described below. The profiles are shown in Figure 5-19 and a brief description is given here:
1. The standard profile with 450 pptV in the boundary layer and a linear decrease to 50 pptV at 10 km (e.g.
[Heikes et al., 2001; Frost et al., 2002])
2. The urban profile with 1.5 ppbV in the boundary layer and decreasing amounts to 100 pptV at 10 km (e.g.
[Kormann et al., 2003; Heckel et al., 2005].
3. The biogenic profile with a peak of 3 ppbV at the surface, decreasing to 2 ppbV to the top of the boundary
layer, than further sloping to 150 pptV at 10 km (e.g. [Kesselmeier et al., 2000]). This profile was also
used in case of biomass burning since it is known, that formaldehyde and other oxygenated volatile organic compounds comprise one-half of the initial organic emissions from fires in temperate and boreal
ecosystems (e.g. [Goode et al., 1999; Yokelson et al., 1999; Goode et al., 2000; Yokelson et al., 2003]).
Thus, high values near to the surface are very likely.
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Figure 5-37: Flowchart for the preparation of the AMF look-up tables. Different relative humidities were not
applied in step 2 in this study. However, the extension of step 2 to further external information is easy and foreseen for the future.

In general, the algorithm is designed to be flexible with respect to the inputs used and comprises two steps (see
Figure 5-37). Most time-consuming is the first step, which is the computation of air mass factors with the radiative transfer model SCIATRAN (see section 4.1) based on the selected boundary conditions for albedo, SZA,
surface height, aerosol properties and profile shape of the absorber. These are listed in Table 12.
In the second step, the different scenarios are assigned to a geographical location/time using external information (see both, Table 11 and Table 12). Particularly, the data sources discussed in chapter 2.4 are used: ATSR
for biomass burning counts and AVHRR for the normalised differential vegetation index (NDVI) and the aerosol
optical depth (AOD) above oceans. Further data sets comprise EDGAR CO2 emissions and albedo databases.
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As pointed out in section 5.2.2.3 the albedo is the single most important parameter in radiative transfer for satellite observations. Thus, the use of an albedo climatology will significantly improve the accuracy of the HCHO
and CHOCHO columns on average. Here two different albedo databases were applied: [Tanskanen, et al., 2003]
in the UV for the interpretation of HCHO, while [Koelemeijer, et al., 2003] is applied in the visible wavelenth
region for the analysis of CHOCHO. One reason for the implementation of the [Tanskanen, et al., 2003] database
is, that it provides daily global maps for the surface albedo which in principle reduce the uncertainty due to this
parameter. However, in order to have a consistent view on both trace gases in this study, all results presented in
chapter 6 were analysed with monthly averages of the albedo. One should note that for individual measurements
quite large errors can be introduced if the actual surface albedo differs from the one in the climatology as a result
of snow coverage, land use change or variations in albedo below the resolution of the data base (1° x 1°). This is
in particular true since the data bases do not include year-to-year variation.
The other important parameter in the retrieval is the aerosol content in the atmosphere (see section 5.2.2.4). Unfortunately, there is very little information available on the global distribution of aerosols, and the large variability in space and time makes this input particularly difficult to assess. Measurements available show large deviations – e.g. [Myhre et al., 2005] have reported differences up to a factor of three for the retrieved aerosol optical
depth of various satellite instruments even above oceans. In [Kinne et al., 2003] a global comparison among
models, satellite data, and ground data was carried out. They found largest differences near to expected source
regions in case of biomass burning (black carbon) and dust.
For the HCHO and CHOCHO data presented here a simple approach was selected to calculate the AMF based on
the aerosol parameterisation of the LOWTRAN model [Shettle and Fenn, 1976] (see section 5.2.1.1.4). Three
types of aerosols were distinguished: a maritime aerosol over the oceans, an urban aerosol over industrialised
regions and areas with biomass burning and a rural aerosol elsewhere (currently, 70% relative humidity has been
assumed for all cases). Complementary data have been used to distinguish between these aerosol types and in
addition, four different visibilities: 5, 10, 23 and 50 km.
Table 13 gives an overview how the data sets were applied to assign the pre-calculated AMF. The lowest visibility (5 km) was selected for highly polluted regions (e.g. Northeastern China) taking into account the EDGAR
emission data base [Olivier and Berdowski, 2001] for CO2, and for areas with intense biomass burning (e.g.
Indonesia in September 1997) according to the ATSR data. A somewhat higher visibility (10 km) was assigned to
areas having moderate values for CO2 and fire counts while a small CO2-treshold was used to identify regions
with a visibility of 23 km. Data from the Global Aerosol Climatology Project (GACP) [Geogdzhayev et al.,
2002; Mishchenko et al., 2002] were utilised to estimate the visibility above oceans taking into account the
Koschmieder equation (5.3).
Figure 5-38 shows the visibility as obtained for September 2000. In general, the pattern is very similar to
MODIS satellite observations of the aerosol optical depth (fine-coarse-mode) recently published [Tie et al.,
2005]. However, there are discrepancies particularly in tropical regions without biomass burning, where MODIS
data show higher values of the AOD than assumed here. This point has to be investigated in more detail in future
studies.

Table 12: Overview on parameters used to calculate the three-dimensional fields of air mass factors for the
satellite observations.
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Parameter

Source for assignment to the

Values for Radiative Transfer Model

Interpolation

[Tanskanen et al., 2003] in UV

0.02, 0.04, 0.06, 0.08, 0.10, 0.15,

Nearest neighbour

(HCHO), [Koelemeijer et al.,

0.20, 0.40, 0.60, 0.80, 1.00

global field
Albedo

2003] in visible (CHOCHO)
SZA

Measurement

5,15, 25, 35, 45, 55, 65, 70, 72.5, 75,

Linear

77.5, 80, 82.5, 85°
Surface Height

Aerosol

TerrainBase Global DTM

0 - 2400m, 400 m layers, 3.6 km, 4.8

Version 1.0 [Row et al., 1994]

km, 6 km

EDGAR CO2 [Olivier and

LOWTRAN: urban, rural, maritime

Berdowski, 2001], Global

Visibility: 5, 10, 23, 50 km

Nearest neighbour

Nearest neighbour

Aerosol Climatology Project
(GACP) [Geogdzhayev et al.,
2002; Mishchenko et al.,
2002], ATSR Fire Counts see
section 2.4.1, Terrain Base
Vertical Profile

ATSR Fire Counts, AVHRR

Background, biogenic, urban

Nearest neighbour

Shape

and MODIS NDVI, see sec-

Measurement

1° x 1°

Linear

Measurement

Year and month

Nearest neighbour

tion 2.4.2
Latitude /
Longitude
Time
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Table 13: Thresholds for the assignment of pre-calculated AMF.
Parameter

Value

Threshold

Source

Aerosol type

Maritime

Altitude < 0 m asl

TerrainBase

Urban

CO2 > 1 Tg CO2/year

EDGAR emission data base

or fire counts per month > 5

ATSR

Visibility

Rural

elsewhere

5 km

Fire counts per month > 100

ATSR

or CO2 > 30 Tg CO2/year
10 km

23 km

Profile Shape

Fire counts per month > 5

ATSR

or AODOcean > 0.55

GACP

or CO2 > 9 Tg CO2/year

EDGAR emission data base

0.15 < AODOcean < 0.55

GACP

or CO2 > 1 Tg CO2/year

EDGAR emission data base

50 km

elsewhere

Biogenic & burning

NDVI > 0.6

AVHRR

or fire counts per month > 5

ATSR

Urban

CO2 > 1 Tg CO2/year

EDGAR emission database

Background

elsewhere

Figure 5-38: Visibility used for the AMF table in September 2000. Purple (1): 50 km; blue (2): 23 km; green
(3): 10 km; yellow (4): 5 km.
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Adaptation of other data sources such as new emission inventories (e.g. from the Model of Emissions of Gases
and Aerosols from Nature (MEGAN) [Guenther et al., 2005], the successor of the emission database for nonmethane hydrocarbons from [Guenther et al., 1995]) or model output (see section 6.4) is simple and foreseen for
future studies.
In order to illustrate the effect of the three-dimensional AMF on the results, exemplarily the results obtained for
GOME measurements of HCHO in September 1997 are shown here in Figure 5-39 and Figure 5-40. The largest
changes occur above polluted areas with low visibility e.g. biomass burning regions in Indonesia and Australia
and industrialised areas in North America: Here the standard AMF [Wittrock et al., 2000] leads to an underestimation of the HCHO amounts of up to 80 percent. On the other hand, the total column above areas with high
albedo and/or high surface level is overestimated by up to 60 percent. These differences depend on season and
larger values are expected for polluted scenarios in wintertime having a high surface albedo.

Figure 5-39: 2D-Plot of the air mass factors for the GOME measurements of HCHO in September 1997.

In summary, the adaptation of more-dimensional fields of AMF to the satellite retrieval of tropospheric trace
gases is crucial to receive realistic results. In contrast to other studies, which have implemented modelled trace
gas profiles into the calculation of the AMF, the main focus is to have a flexible interface to use external information to create realistic distributions of albedo and aerosol conditions. The other advantage of this approach is
to reduce the impact from model assumptions as measurements are used.
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Figure 5-40: Graph of the air mass factor ratio between the standard AMF which has been applied in
[Wittrock et al., 2000] and the new AMF tables exemplarily for GOME measurements of HCHO in September
1997. The values range from 0.4 to 1.8.

5.5

Error analysis

The total error of the DOAS measurements of HCHO and CHOCHO comprises a number of different error
sources, both, random and systematic, correlated and not correlated, and most of them described in detail in
previous sections. However, the aim of this section is to give a compact overview on the different errors for the
observation platforms utilised here. Thus, in the following the different error sources will be briefly characterised
and finally quantified in Table 14. Some of the statements given here are based on the work by [Boersma et al.,
2004].

5.5.1 Random measurement error
This error is determined by the total signal intensity and the absorption strength. In the limiting case of shot
noise, the random error is the smallest possible error that can be achieved with this measurement. As the error is
random, averaging in space and time reduces the uncertainty following Poisson statistics (square root of the
number of measurements).

5.5.2 Air mass factor errors
The air mass factor error is the contribution from the uncertainty in the light path which is dominated by the
uncertainty in the input parameters, but not the calculation of the light path itself. The most important factors are
surface albedo, cloud cover, aerosol loading and profile and the vertical profile of the absorber itself (see section
5.2). Most of the air mass factor uncertainties are systematic and therefore not necessarily reduced by averaging.
However, some components such as cloud cover do have a substantial random component which is less important when looking at monthly or annual averages. This applies for the satellite observations presented here.
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5.5.3 Offset errors
For weak absorbers, the DOAS retrieval often suffers from uncertainties in the absolute values. Even small effects such as the angle dependent reflectivity of the diffuser plate in the GOME instrument (section 5.1.6) or
changing etalons on the detectors after cooler switches (section 5.1.7) can introduce large offsets in the results.
This error component is difficult to quantify and varies over time. One approach to reduce the impact of these
factors is to normalise the columns over an area with known atmospheric amounts of the absorber, if needed also
as a function of latitude. This significantly homogenises the data set and is routinely done for NO2 [Richter and
Burrows, 2002], BrO [Richter et al., 2002], and HCHO [Wittrock et al., 2000; Palmer et al., 2003] GOME data
analysis. The disadvantage of this method is that the absolute reference point is lost and a free parameter is introduced, thus reducing the informational content of the measurements. Also, it is often difficult to find the information necessary to actually apply the normalisation as little is known on the global distribution of HCHO
and in particular CHOCHO. For the GOME HCHO and the SCIAMACHY CHOCHO time series, a region over
the eastern Pacific (10°S to 10°N, 180°W to 140°W) was chosen, where only background concentrations can be
assumed for both, formaldehyde and glyoxal. In the case of formaldehyde, the background value was set to
3x1015 molec/cm2 for the slant column according to measurements from [Heikes et al., 2001], that for glyoxal
was chosen to be 1x1014 molec/cm2. For the SCIAMACHY formaldehyde retrieval, the reference region was
extended to the full latitude range due to the possible interference with BrO and ozone in the, compared to
GOME, smaller formaldehyde fitting window (see section 5.5.4).

5.5.4 Correlation errors
The most problematic error sources in the DOAS retrieval are correlations between the absorption spectrum of
the species of interest and other effects such as calibration functions, interfering cross-sections, absorbers not
accounted for or surface reflectance structures. Depending on the physical variability of the interfering effects,
artefacts can be introduced in the retrieval of weak absorbers, leading to offsets and also factors which vary in
space and time. Prominent examples are the impact of absorption by liquid water (section 5.1.17) and of vibrational Raman scattering in sea water that leads to spectral features in the earth shine radiances. These feature can
interfere with those of weak absorbers (e.g. [Vountas et al., 2003] and section 5.1.3).
As pointed out in the last section, the small fitting window for the SCIAMACHY HCHO suffers interference
with ozone and BrO. This leads to decreasing formaldehyde columns for increasing SZAs beyond a threshold of
about 65° depending on ozone and/or BrO amounts. Therefore, global fields of SCIAMACHY formaldehyde
have been derived with the following limitations: Only measurements for SZA less than 60° were investigated
which limits the spatial coverage to latitudes of 30° in the winter hemisphere. In addition, the region chosen as
reference was extended to the full latitude range instead of using a small area near to the equator as for GOME
HCHO.

5.5.5 Other systematic errors
The temperature dependence of the absorption cross-section and inaccuracies of its absolute value are additional
systematic errors in the data evaluation which have to be taken into account. However, as can be seen from Table
14 they are of minor importance. The error due to the temperature dependence of the HCHO cross-section
[Meller and Moortgat, 2000] has been estimated to be three percent. Temperature dependent cross-sections of
glyoxal are not available. Thus, a similar dependence was assumed here. The error of the absolute cross-sections
has been assessed to 5 percent by the authors [Meller and Moortgat, 2000; Volkamer et al., 2005].
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Table 14: Overview on errors in the HCHO and CHOCHO retrieval (typical values for SZA smaller than 70°
or 60° for SCIAMACHY). The values in the last two rows are given for characteristic applications of the trace
gas observations: one hour averages for MAX-DOAS observations / monthly average for satellite observations.
This reflects also the results presented in chapter 6.
BREDOM

SCIAMACHY

GOME

HCHO

CHOCHO

HCHO

CHOCHO

HCHO

Absorption cross-section

5%

5%

5%

5%

5%

Temperature

3%

3%

3%

3%

3%

Spectral calibration

2%

2%

5%

2%

2%

2·1015

2·1014

2·1015

Reference column [molec/cm2]
Aerosol

5%

5%

15 %

15 %

15 %

Clouds

5%

5%

30 %

30 %

30 %

Albedo

2%

2%

10 %

10 %

10 %

LOS BREDOM/

5%

5%

10 %

10 %

10 %

Fitting error for single spectrum (SC) [molec/cm2]

3·1015

5·1014

1.0·1016

5·1014

6·1015

1 hour BREDOM/

1.5·1015

2.5·1014

4·1015

2·1014

2·1015

1·1015

1.5·1014

7·1015

4·1014

3·1015

Profile shape satellite

1 month satellite (SC) [molec/cm2]
Overall error of the analysis for the VC
[molec/cm2]
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6

Results

This chapter gives an overview on the results on formaldehyde and glyoxal. In the first section 6.1, selected data
sets from the ground-based instruments are presented together with a first validation study for the satellite measurements. A more detailed view on the results from the BREDOM sites and their possibilities to validate spaceborne observations will be given by Fietkau [2006] and Medeke [2006]. The second part 6.2 is on the global
picture obtained from the satellite instruments and the next one (section 6.3) compares results from this study to
other work published so far. The last part 6.4 is a detailed comparison of GOME HCHO with model data.

6.1

MAX-DOAS observations of formaldehyde and glyoxal

In section 5.3, it was shown that the MAX-DOAS observations can be used to derive trace gas profiles. The
BREAM algorithm has been applied to various data sets obtained from the permanent BREDOM and the campaign sites. Results will be presented in the following sections.

6.1.1 Selected MAX-DOAS results
6.1.1.1 Cabauw
Here, ground-based MAX-DOAS measurements are presented from a campaign in Cabauw in summer 2005 (see
section 2.3.2.5.4). The spectra have been analysed for formaldehyde and glyoxal. The quality of the fit has already been illustrated in Figure 5-8. These measurements depict the first ever detection of glyoxal with the
MAX-DOAS technique.
Using the profile retrieval algorithm BREAM, time series of tropospheric columns have been generated for the
two species for the whole measurement campaign (see Figure 6-1 and Figure 6-2). Over this time period, the
average tropospheric column of Glyoxal was about 4.2 x 10 14 molec/cm2. The tropospheric columns of formaldehyde are more variable than the ones for glyoxal probably due to the impact of direct emissions from anthropogenic sources in the heavily polluted area. On average, a tropospheric column of 5.7 x 10 15 molec/cm2 is retrieved. However, similarities can be observed: Enhanced formaldehyde is always associated with an increase in
glyoxal, e.g. 25/26 May or around 20 June, although this increase is not as pronounced as for HCHO.
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Figure 6-1: Vertical columns of formaldehyde during the DANDELIONS campaign.

Figure 6-2: Vertical columns of glyoxal during the DANDELIONS campaign.

For 18 June, the slant columns of O4, nitrogen dioxide, glyoxal and formaldehyde are shown for three consecutive days in Figure 6-3. The slant columns of O4 reveal most of the time good weather conditions. Especially, on
19 June the effect of the changing relative azimuth angle between the telescope and the sun can be observed
quite nicely in the off-axis slant columns (see also section 5.2.1.1.2) which indicates very good visibility. The
variation of tropospheric NO2 over these three days is completely different from both formaldehyde and glyoxal
whereas the latter two species exhibit an analogous increase during this time period. This can again be interpreted as signature of the differences in sources and atmospheric life-time: NO2 is mainly produced from NOx emitted by combustion processes, in particular from traffic and power generation. Road traffic on nearby streets can
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have a large impact on NO2 measurements, as can transport of air masses from industrial regions such as nearby
Utrecht, Rotterdam and The Hague. It is evident from GOME and SCIAMACHY measurements (e.g. [Stohl et
al., 2003; Huntrieser et al., 2005]), as well as from airborne campaigns that NO2 can be transported from the
source regions over regional and even continental distances, whereas both HCHO and CHOCHO have relatively
short life times. One would therefore expect that NO 2 levels are more affected by transport patterns whereas
HCHO and CHOCHO depend more on local photochemistry.

Figure 6-3: Differential slant columns for O4, NO2, HCHO, and CHOCHO from 18 to 20 June 2005 above
Cabauw.
The evolution of the HCHO and CHOCHO profiles in Cabauw during the three days is illustrated in Figure 6-4.
Glyoxal volume mixing ratios of up to 0.14 ppb V and formaldehyde volume mixing ratios of up to 3.8 ppb V are
found. The maximum VMRs are present in the afternoon and close to the ground for both species. The similarities for both species indicate that the sources of glyoxal and formaldehyde are quite alike. NO 2 in contrast has
two maxima, one in the morning and one in the evening, probably as result of road traffic during the rush hours.
Compared to the hydrocarbons, the surface maximum is even more pronounced, again in agreement with sources
close to the ground.
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Figure 6-4: Profiles of CHOCHO and HCHO above Cabauw from 18 to 20 June 2005. The mixing ratios
were retrieved with BREAM utilising the differential slant columns shown in Figure 6-3.
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6.1.1.2 Arctic Sites
Measurements from both Arctic sites, Summit (section 2.3.2.5.1) and Ny-Ålesund (section 2.3.2.1) have been
investigated for formaldehyde. While in Summit no clear evidence for HCHO was found, the Ny-Ålesund data
exhibit quite regularly significant amounts of HCHO from March to September each year. One example for the
usually quite smooth diurnal variation of the formaldehyde profile is given in the next Figure 6-5. In general,
formaldehyde amounts of more than 600 pptV close to the ground were found with the maximum values in May
and June of each year. This is in reasonable agreement both in seasonal variation and in magnitude to FTIR
measurements from Notholt et al. [1997] and Albrecht et al. [2002] and to findings from Riedel et al. [1999] for
Antarctica. However, the FTIR measurements usually show larger vertical columns of about 7.0x1015 molec/cm2
than the MAX-DOAS measurements: Maximum columns of about 4.5x10 15 molec/cm2 have been derived with
BREAM. Jacobi et al. [2002] have reported up to 150 pptV formaldehyde for the Summit site. This is close or
below the detection limit of the MAX-DOAS instrument.

Figure 6-5: HCHO profiles above Ny-Ålesund on 13 May 2004 calculated with BREAM. The maximum
amount is usually observed around noon: Here the VMR is 650 pptV, the vertical column about 2.9x1015
molec/cm2.

6.1.1.3 Mountain Sites
MAX-DOAS measurements from Mérida (section 2.3.2.3) and Zugspitze (section 2.3.2.5.2) were analysed for
formaldehyde and significant amounts have been found regularly. In Mérida, a clear seasonal cycle was observed
with largest amounts of HCHO from January to particularly March. This is known as the main biomass burning
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season in the nearby Llanos. During that period, VMR of up to 1 ppbV close to the altitude level of the instrument was observed, while it was half of the amount in maximum during the rest of the year.
Although the Zugspitze site is about two kilometres lower than the Pico Espejo station, with 300 pptV (in March)
to 800 pptV (in June) somewhat smaller amounts of formaldehyde were retrieved. This is presumably due to
missing or at least minor biogenic and biomass burning sources. Both data sets will be presented in detail by
Medeke [2006] applying trajectory analysis to identify both, main precursors and their source regions.
The following Figure 6-6 shows exemplarily formaldehyde volume mixing ratios close to the measurement site
in Mérida in conjunction with the monthly mean fire counts above the Llanos in Venezuela. Due to the prevailing
wind direction (East) air masses from the biomass burning regions could be detected from the MAX-DOAS
instrument on top of the Pico Espejo.

Figure 6-6: VMR of HCHO at 4.8 km asl with mean ATSR fire counts above Llanos in Venezuela.

6.1.1.4 Nairobi
MAX-DOAS data from the African site Nairobi (section 2.3.2.4) have been investigated for both, formaldehyde
and glyoxal. Due to several instrumental problems, the data set has many gaps. Thus, in particular for CHOCHO
only a limited data set is available up to now. However, on several days in particular during the dry season in the
beginning of 2004 both trace gases could be clearly identified. One example is given in Figure 6-7.
The CHOCHO values in that graph are scaled with a factor of 10. In general, the variation is quite similar for
both trace gases in analogy to the observations in Cabauw (section 6.1.1.1). But HCHO shows peaks in early
morning and late afternoon. As pointed out by Fietkau [2006], this is frequently correlated with the traffic volume in downtown Nairobi. Thus, these peaks are presumably caused by direct emissions of cars.
In contrast to previous expectations, the measurement site is not suitable for investigating biomass burning
events. Due to the prevailing easterly winds, air masses from biomass burning regions have not been observed
until now. Otherwise, this site provides the opportunity to study the photochemistry in a highly polluted urban
region near to the equator.
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Figure 6-7: Diurnal variation of formaldehyde and glyoxal above Nairobi on a clear day on 31 March 2004.

6.1.2 Validation of satellite observations
One of the aims of this study is to provide techniques and data sets to validate scientific data products like
HCHO and CHOCHO from satellite observations. In section 5.3.4, the ability of BREAM to retrieve VMRs,
profiles and tropospheric columns was demonstrated. For satellite validations mainly the tropospheric column is
of interest and here, a first attempt has been made to apply the ground-based measurements to validate tropospheric formaldehyde and glyoxal columns. One important reason for validation is the problem of degradation:
The characteristics of the satellite instrument change with time in space. Thus, an absolute value at least for the
minor trace gases is not available. Consequently, regular comparisons with data from ground-based stations are
necessary.
Tropospheric columns of nitrogen dioxide are easier to detect than formaldehyde or glyoxal due to the greater
abundance. Therefore exemplarily, results will be shown for NO 2 first to prove the high accuracy of the algorithm. Here again, results from the measurement campaign in Cabauw will be presented. The upper and lower
panels in Figure 6-8 show ground-based NO2 measurements compared to satellite data and to in situ measurements, respectively. For the satellite data, pixels with less than 30 percent cloud cover and values within a 50 km
radius around Cabauw have been applied leaving only 20 data points for the whole time series. A correlation of
0.72 between ground-based and satellite-based results is found. The satellite rather depicts the lower range of the
ground-based results. The MAX-DOAS concentrations of NO2 are averaged over the lowest layers of 50 m
thickness from the profile derived with BREAM. Here, days with clouds are included. The excellent agreement
of the tropospheric columns and of the NO2 concentrations is demonstrating the ability of the MAX-DOAS to act
as a link between in situ and satellite observations.
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Figure 6-8: Upper panel: Comparison between SCIAMACHY NO2 and the VC retrieved with BREAM from
MAX-DOAS observations above Cabauw. Lower panel: Comparison between in situ-measurements and the
concentration close to the surface retrieved with BREAM at the same site.

Figure 6-9: Vertical columns of formaldehyde above Alzate in 2002 and 2003. The MAX-DOAS results have
been derived with the BREAM algorithm described in 5.3. For the satellite observations only pixels were selected within 100 km distance to the ground measurement site.

Measurements for the two FORMAT-campaigns at Alzate in 2002 and 2003 are presented in Figure 6-9. For the
year 2002, GOME formaldehyde columns and for 2003, SCIAMACHY columns are included. The overall
agreement is good despite the sparse data points especially for SCIAMACHY in 2003.
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Figure 6-10: Vertical columns of formaldehyde above Nairobi from 2003 to 2005. The MAX-DOAS results
have been derived with the BREAM algorithm. For SCIAMACHY, monthly means have been calculated using
only ground pixels within 100 km distance to the ground measurement site.

Due to instrumental problems, there are data gaps in the ground-based time series over Nairobi (see Figure 6-10).
However, particularly in the beginning of 2003, the seasonal variation of the SCIAMACHY columns agrees well
with the ground-based data for formaldehyde. Also for the rest of the time period of almost three years, the overall magnitude of the columns shows quite good consistency.
In Figure 6-11, the tropospheric columns of formaldehyde as well as glyoxal which have been already shown in
the previous section 6.1.1.1 are compared to the monthly mean of SCIAMACHY at Cabauw. Again the overall
magnitude shows reasonable agreement for both trace gases, which gives confidence in particular into the first
ever retrieval of glyoxal on a global scale.
In general, tropospheric columns of formaldehyde are twice as high in Alzate as at the two other sites: Cabauw
and Nairobi. The following section 6.2 will give an overview of the global pattern for formaldehyde.
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Figure 6-11: Validation of HCHO and CHOCHO above Cabauw. Again, for SCIAMACHY monthly means
were calculated.
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6.2

HCHO and CHOCHO – The global view

6.2.1 GOME HCHO
To investigate the global behaviour of the HCHO, vertical column densities have been calculated using the AMF
look-up tables described in section 5.4. To account for the degradation of the GOME instrument which results in
offsets of the retrieved HCHO slant columns, monthly averages have been normalised to a reference region in
the Pacific (see also section 5.5.3). For this, it is assumed that the formaldehyde column in that region has only
small seasonal and year-to-year variation. The following Figure 6-12 shows the global view of the mean vertical
columns derived from GOME monthly averages from April 1996 to March 2003 comprising seven full years of
GOME data. As the east and centre pixel exhibit offsets compared to the centre and west ones for the later years
– which is again a consequence of increasing degradation of the scan mirror – only the latter are included in the
composite pictures shown here.

Figure 6-12: Mean GOME HCHO columns from April 1996 to March 2003. Only centre and west pixels
having a cloud fraction less than approximately 20 percent are included. The data are gridded to 0.5° x 0.5°.

Large areas with high amounts of formaldehyde can be found over South America, Africa and Indonesia. Over
these regions, the mean columns reach values of more than 1.5x10 16 molec/cm2. But also Europe, Asia and eastern North America exhibit significantly elevated columns of formaldehyde.
In the following, Figure 6-13 to Figure 6-19 offer a closer look: For six regions on the globe, formaldehyde together with the seven-year mean of nitrogen dioxide from GOME [Richter et al., 2005] as indicator for anthropogenic sources is presented. The mean fire counts from the ATSR (see section 2.4.1) and the normalised differential vegetation index (NDVI) from the AVHRR (see section 2.4.2) will be applied to attribute biomass burning
and biogenic sources, respectively.
In Africa (see Figure 6-13), highest vertical columns of formaldehyde are associated with the rain forest whereas
moderate values seem to be mainly influenced by biomass burning. Also, some elevated levels of formaldehyde
above the oceans can be observed, particularly towards the west from the Congo region following the prevailing
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wind direction in that region (see section 1.2). There is no indication for anthropogenic sources of formaldehyde
when comparing the formaldehyde pattern with the NO 2 graph which only displays increased NO2 around the
urban region of Pretoria.

Figure 6-13: Mean values above Africa. The highest amounts of HCHO show up near to Brazzaville in the
rain forests of Congo while the Sahara area and other desert regions exhibit very low values, even lower than
those above the oceans. Downwind of the main source regions near to the equator, fairly high amounts of formaldehyde can be found. A detailed study on HCHO and other trace gas columns above Africa for September
1997 has been carried out by [Meyer-Arnek et al., 2005] applying trajectory analysis to identify different source
regions for HCHO precursors.

In the mean GOME NO2, the larger cities in Asia can be easily discerned (see Figure 6-14): Xianggang (formerly
known as Hong Kong), Shanghai, Peking, Seoul, Osaka, and Tokyo. The pattern for formaldehyde cannot be
allocated so clearly: While on the one hand hot spots can be assigned to areas with known strong pollution like
Chengdu or Xianggang (see also Figure 6-15) on the other hand these regions are also very biologically active
according to the NDVI. A precise classification towards biogenic or anthropogenic sources seems to be difficult
for Asia without regional modelling. In addition, quite large amounts of formaldehyde are retrieved over the
South China Sea.
As biomass burning does not occur often in Europe with the exception of some forest fires in summer (see Figure 6-16), the rather weak formaldehyde signal can be assigned to heavily polluted regions as for example the Po
Valley or the Netherlands / north western Germany. In agreement with results from airborne measurements during the MINOS campaign [Kormann et al., 2003; Ladstätter-Weißenmayer et al., 2003] which took place at the
Mediterranean in August 2001 increased formaldehyde is also observed over the Mediterranean Sea.
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Figure 6-14: The mean values above Asia show quite interesting features. Vertical columns of HCHO above
the rain forests, e.g. in Thailand and Malaysia are significantly smaller than over their counterparts in Africa. On
the other hand in China, several regions show up with high values, which are known to feature extensive air
pollution. China is shown in more detail in Figure 6-15.

Figure 6-15: Formaldehyde above China from GOME narrow swath mode mesurements only which are performed usually every tenth day during nominal operation. This mode exhibits a much better spatial resolution
(80x40 km2). Small regions of elevated formaldehyde can be associated directly to possible sources, e.g. very
polluted areas as the region of Xianggang (formerly known as Hong Kong) or the Red Basin near to Chengdu.
The latter holds about 110,000,000 inhabitants and is girded by high mountain ranges. The disadvantage of the
narrow swath mode is the poor global coverage: Each pixel in Figure 6-15 holds about 10 to 20 overpasses for
the full time period from 1996 to 2003. A detailed study using the narrow swath mode has been carried out for
NO2 [Beirle et al., 2004].
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Figure 6-17 shows the results for Indonesia and Australia. Although only a slight increase of NO 2 is observed
over the urban regions of Bangkok, Singapore and Jakarta, a strong signal of formaldehyde can be assigned to
these regions. But these are also areas with very strong biomass burning and a high NDVI. Again, in analogy to
the interpretation of Figure 6-14, it is difficult to separate between anthropogenic and biogenic emissions over
Indonesia. On the other hand, the rain forests in Borneo and New Guinea can be easily identified in the formaldehyde graph. In Australia over Brisbane, Sidney and Melbourne, emissions of NO 2 can be compared to columns
over urban regions in Indonesia. Only along the north coast of Australia, formaldehyde from biomass burning
activity and biogenic emissions can be observed which is surprising: One of the dominant tree species on the
Australian continent is eucalyptus, a member of the myrtaceae family. These trees are known to be very efficient
isoprene emitters [Kesselmeier and Staudt, 1999].

Figure 6-16: Mean values above Europe. In general, the HCHO amounts above Europe are close to the detection limit of the measurements. However, the multiannual mean shows some regions with enhanced values of
formaldehyde: Belgium, The Netherlands, the Po valley near to Milan and some other small areas mostly in the
eastern part of Europe. While the latter is probably related to isoprene emission from forests, the other areas
feature strong anthropogenic sources, which contribute to the total formaldehyde signal.

High values of formaldehyde occur above the southeast of North America near to the Gulf of Mexico (see Figure
6-18). These observations agree well with recent studies by e.g. [Abbot et al., 2003] and are believed to reflect
the high isoprene emissions in the growing season. One of the main species in that region is the oak tree. These
trees have been investigated in several studies and are known as efficient emitters of both, isoprenes and monoterpenes (e.g. [Wiedinmyer et al., 2005] and references therein). A small region with high amounts of HCHO is
the rain forest southeast of Mexico City which is also a hot spot for biomass burning.
Figure 6-19 displays mainly the biogenic formaldehyde signal from isoprene and other biogenic VOCs over rain
forests. The biomass burning regions on that continent exhibit medium amounts of HCHO e.g. in the Llanos,
which is located east and southeast of Mérida (see sections 2.3.2.3 and 6.1.1.3).
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Figure 6-17: Mean values above Australia and Indonesia. Largest amounts of formaldehyde are found above
Indonesia. It is remarkable that rain forests above Papua New Guinea and Kalimantan show less amounts of
HCHO than there counterparts on Sumatera.

Figure 6-18: Mean values above North America. High values occur above the southeast near to the Gulf of
Mexico. This pattern is in good agreement to recent studies e.g. from [Abbot et al., 2003] and is believed to reflect the high isoprene emissions in the growing season of that region. The values above Canada and the West of
North America are in general low and close to or below the detection limit. Smaller regions with significant
amounts of HCHO are the rain forests in the southeast of Mexico City.
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Figure 6-19: Mean values above South America. The large scatter in East Brazil and above Argentina is due
to the Southern Atlantic Anomaly (SAA, see section 5.1.18). Largest amounts of HCHO are found above the
tropical rain forests in Brazil. Other interesting features are the bulk of formaldehyde west of Mérida and high
values between the Galapagos Islands and the coast of Colombia and Ecuador, respectively.

In summary, it can be concluded that biogenic emissions from forests are the dominant sources for formaldehyde
on a global scale. Formaldehyde produced from anthropogenic sources is only of minor importance but nevertheless, can be identified from the multiannual averages which is in contrast to findings from e.g. [Palmer et al.,
2003]. Therein, the authors state that the GOME footprint is too coarse to resolve anthropogenic emissions. Although biomass burning seems to contribute quite significantly in some regions, the strongly elevated formaldehyde is mainly attributed to the large rain forests along the equator. On the other hand, forests in Canada / Alaska
or Siberia which are mainly needleleaf forests (see Figure 6-20) are not a significant source of formaldehyde
precursors. Figure 6-21 assigns the mean GOME HCHO columns to the global land cover: The largest contributions originate from the evergreen broadleaf forests (i.e. the rain forests) as expected, but even woodland, wooden grassland, deciduous broadleaf forest and cropland show up with elevated levels of formaldehyde well above
the background amounts.
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Figure 6-20: Illustration of the global land cover, see also Figure 6-21. Black rectangles indicate regions selected for the model comparison in section 6.4.3.
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Figure 6-21: Mean formaldehyde columns for different land cover types according to the classification by the
Global Land Cover Facility (GLCF), University of Maryland Institute for Advanced Computer Studies [Defries
and Townshend, 1999; Hansen et al., 2000]. For this plot, the GLCF data product at 8 km resolution has been
regridded to 0.5°x0.5° and then used to assign the GOME HCHO columns.

Surprisingly, quite large amounts of formaldehyde were detected over the oceans and other large bodies of water
like the Mediterranean Sea, the Gulf of Mexico and west of Columbia and Ecuador. Besides problems of the
retrieval over water cannot be excluded completely, also transport and local sources could be responsible for the
enhanced formaldehyde. The lifetime of formaldehyde and also that of the main biogenic precursors, isoprene
and monoterpenes is estimated to be a few hours (e.g. [Kesselmeier and Staudt, 1999; Meyer-Arnek et al., 2005])
which rules out long range transport and rather indicates the possibility of e.g. in situ production from long-lived
hydrocarbon compounds in biomass burning plumes and/or airmasses with biogenic origin (e.g. MBO [Guenther
et al., 1995], ethene, propene, methanol [Heikes et al., 2002], some of them observed in significant levels above
the oceans [Singh et al., 2004]). Marine fluxes of biogenic VOCs (e.g. isoprene), with seaweed and phytoplankton as known sources (e.g. [Shaw et al., 2003]) are another possible explanation of elevated levels of formaldehyde above remote ocean sites. Even though the total fluxes of isoprene were estimated to be two to three orders
of magnitude smaller for the oceans than that of terrestrial origins (e.g. [Palmer and Shaw, 2005] and references
therein), the abundance of small amounts in marine air may significantly elevate formaldehyde above that level
generated by methane oxidation only [Lewis et al., 2001].
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Extremely low formaldehyde is observed over deserts and other arid regions implying either measurement artefacts due to the high albedo which is not very likely or a chemical explanation: Due to the very low relative
humidity over these regions, there is a lack of OH, consequently preventing production of formaldehyde.

6.2.2 SCIAMACHY HCHO and CHOCHO

Figure 6-22: Comparison of GOME and SCIAMACHY results for January to March 2003. The GOME data
have been selected to match SCIAMACHY nadir measurements.

In order to test the quality of the SCIAMACHY formaldehyde retrieval, several comparisons with GOME data
have been carried out. Unfortunately, the overlap between GOME and SCIAMACHY global observations is
limited to a few months. This prevents possible studies on different seasonal behaviour of the two instruments. In
addition, poorer spatial coverage and a smaller SNR of SCIAMACHY make validation of single orbits difficult.
Thus, Figure 6-22 shows a comparison of both instruments for formaldehyde above Africa only from January to
March 2003. This region was selected because it exhibits significant amounts of HCHO during that season. The
GOME data shown here are chosen to match the SCIAMACHY nadir observations. In general, the agreement is
reasonable having a correlation of 0.73 and somewhat smaller column values in source regions (up to about
1x1015 molec/cm2) for SCIAMACHY. Although this might be in part explained by the diurnal cycle of formaldehyde, an artefact due to the shifted fitting window is likely.
The yearly mean shown in Figure 6-23 reflects a similar global distribution of HCHO as that obtained from the
GOME measurements which gives confidence into the retrieval algorithm. Actually, the SCIAMACHY pattern
benefits from the better spatial resolution and small source regions are more accentuated. This is the case e.g. in
Asia near to the Himalayas, in China for strongly polluted areas and in particular in South America for the Andes.
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Figure 6-23: Yearly mean of HCHO derived from SCIAMACHY observations from August 2004 to July
2005. Small source regions are more accentuated than in GOME due to the better spatial resolution of the instrument. Again, desert areas as well as mountain sites exhibit the lowest amounts of HCHO. The small stripe a
few degrees north of the equator is probably an artefact due to the reference sector method applied to the
SCIAMACHY measurements of formaldehyde (section 5.5.3).

Very similar to GOME, several water bodies show up with increased amounts of formaldehyde: the Mediterranean Sea, the Arabic Sea, the Pacific west of Colombia, the Atlantic west of Congo. High values showing up in the
southern hemisphere near to 60°S are presumably an artefact due the poorer SNR in the SCIAMACHY measurements and/or an interference to ozone and BrO which are the dominant absorbers in the fitting window (section 5.1.2).
Figure 6-24 presents the first global picture of glyoxal. Even though other groups have found evidence for
CHOCHO in some regions (e.g. close to biomass burning areas in South Africa, [Kurosu, 2005]) from spaceborne OMI measurements, this is the first study showing significant levels of glyoxal in various regions on the
globe.
The three main regions with enhanced glyoxal and amounts larger than 1x1015 molec/cm2 are in South America,
Africa and Asia. At first sight, this pattern is quite similar to the global picture of formaldehyde. However, a
closer look reveals some differences: Increased amounts of glyoxal are rather limited to the source regions reflecting the short lifetime of glyoxal. In South America, high column values can be found at the Amazon Basin
which forms the world‟s largest tropical rain forest. Otherwise, the topography is reflected in the picture: At the
Andes itself and to the west but also the massif in eastern Venezuela show up with only background glyoxal as
expected. Also in Africa, enhanced glyoxal can be found at regions with tropical rain forests and biomass burning.
In Asia, glyoxal is mainly found at Cambodia, Thailand, Sumatra, Borneo and particularly Nepal/ northern India.
Here, the southern mountainside of the Himalayas is covered with rhododendron species. These plants belong to
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the family of the ericaceae and some of them produce a toxin (Grayanotoxin, [Zhang et al., 2005]) that belongs
to the diterpenes which are possible precursors of CHOCHO .

Figure 6-24: Yearly mean for CHOCHO derived from SCIAMACHY observations from August 2004 to July
2005. The pattern is quite similar to that of formaldehyde which supports prospects on similarities of precursors
for both trace gases.

Column amounts over water are influenced by liquid water absorption (see also section 5.1.17). This can lead to
negative values above clear water regions. However, as can be seen in Figure 6-24, several regions above water
bodies exhibit significant elevated levels of glyoxal. This includes regions which are known as biologically very
active: E.g. near to the equator, in front of the Arabian Peninsula and close to the coast of China. In analogy to
formaldehyde, the Pacific between the Galapagos Islands and the coast of Colombia yield high amounts of glyoxal of up to 8x1014 molec/cm2. Since it is very unlikely that the retrieval for both, HCHO and CHOCHO fails in
the same region, these observations are probably due to a large source of biogenic VOC here. Recently, Warneck
[2005] has pointed out in a box model study that glyoxal is a prominent oxidation product from ethene, acetylene, propane, propene and acetic acid in the marine troposphere.
Figure 6-25 illustrates the distribution of formaldehyde and glyoxal during a biomass burning event in Alaska in
June 2004. Significant amounts of both trace gases were found and correlate well with fire counts observed by
the AATSR instrument. In analogy to what has been stated above, glyoxal seems to be more limited to the source
regions than formaldehyde. The total amount of CHOCHO is about 5 to 7 percent of that of HCHO.
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Figure 6-25: Observation of formaldehyde and glyoxal during massive biomass burning in Alaska in June
2004.

In summary, glyoxal exhibits a very similar pattern as formaldehyde on the global scale. This gives confidence
into the retrieval algorithm developed here since the fate of both trace gases in terms of sources and sinks in the
atmosphere is quite similar (section 1.6.2). The ratio between both glyoxal and formaldehyde was found to be
about one to twenty for source regions like tropical rain forests which is in the same range as that found from
MAX-DOAS observations (section 6.1.1.1). Again, that is in this stage of investigation a brilliant result which
supports expectations by e.g. Volkamer et al. [2005].
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6.3

Comparison with recent studies

Formaldehyde has been measured in the atmosphere for several decades. The following Table 15 gives an overview on selected studies mainly on HCHO observation in mid- and low latitudes. The emphasis was placed on
measurments with a large spatial coverage. Some of them have been used to prove the findings from this study,
where the focus is on the GOME time series from 1996 to 2001 and on observations above water bodies.

6.3.1 Tropospheric distribution of formaldehyde during TROPOZ II
A very comprehensive study on the distribution of formaldehyde in the troposphere was carried out by Arlander
et al. [1995]. They have reported on airborne in situ measurements of formaldehyde as part of the TROPOZ II
campaign in January 1991. The data set includes 30 profiles between 70°N and 60°S covering the coasts of western Europe, East Africa, South America and eastern North America. Formaldehyde was measured from ground to
10 km altitude and a vertical decrease was found in all cases. This is in good agreement with finding from this
study (section 6.1.1). Here, we have calculated the vertical columns by integrating the airborne profiles of some
of the flight tracks and then compared them to the mean GOME observations of every January from the full time
series, i.e. 1996 to 2003. This seems to be appropriate since the year-to-year variation of the global formaldehyde
is small (see section 6.4.3).
For measurements near to the coast of Colombia which is one of the water bodies with elevated levels of formaldehyde, a vertical column of 8x1015 molec/cm2 was derived from the in situ measurements. This result matches
quite well the observations of GOME in the range of 7.5 to 9x1015 molec/cm2 (see Figure 6-19). While above the
South Atlantic close to Argentina, VCs in the order of 4x1015 molec/cm2 were obtained from GOME, the airborne measurements show up with 4.5x1015 molec/cm2. Very high values of formaldehyde in the boundary layer
(up to 2.5 ppbV) were found on flights near to Abidjan in West Africa probably due to biomass burning and biogenic emissions. The VCs were estimated to be in the range of 1.0 to 1.9x10 16 molec/cm2 which is again in good
agreement to typical values of 1.3 x1016 molec/cm2 obtained from GOME. These results again put trust into the
retrieval of GOME formaldehyde since even HCHO amounts near to the background and above oceans were
found in the same range as from these independent measurements.
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Table 15: Observations of Formaldehyde in the atmosphere with the main focus on mid- and low latitudes.
Authors

Time

Location

Instrument

Platform

Major findings

[Arlander et al., 1995]

Jan 1991

70°N – 60°S

in situ

airborne

Several ppbV in boundary layer close to source regions, always decreasing profile shape with 50 to 100 pptV in 8 to 10 km altitude

[Notholt et al., 2000], partly

1996 – 2003

Atlantic 60°N – 60°S

FTIR

ship

near to ITCZ, good agreement to [Weller et al., 2000]

unpublished
[Weller et al., 2000]

Oct.

–

Nov.

Atlantic 50°N – 40°S

in situ

ship

1996
[Martin et al., 2004]

Vertical columns between 3x1015 and 2x1016 molec/cm2, maximum

200 – 1100 pptV, maximum near to ITCZ, up to factor 3 compared to
model including CO and CH4 photooxidation

1999 – 2000

[Palmer et al., 2003]

July 1996

[Abbot et al., 2003]

Summer 1996 -

Texas

North America

in situ / GOME

ground-based/

Vertical columns 1–3x1016 molec/cm2, 60 percent of HCHO and 75

(UV/vis)

satellite

percent of NO2 in boundary layer (1-2 km), consistent to in situ

GOME (UV/vis)

satellite

Correlation GOME/model 0.83, emissions improved with GOME
HCHO, then correlation 0.84; lowest values in summer 1997

2001
TEMIS website

Jan 1997 – Dec

(KNMI, IASB/BIRA)

2001

[Marbach et al., 2005]

1997

global

GOME (UV/vis)

satellite

up to now, no publications on this time series, see section 6.3.3

global

GOME (UV/vis)

satellite

slant columns only, good correlation between biomass burning and
elevated HCHO columns

[Singh et al., 2004]

Feb – Apr 2001

Pacific Ocean

in situ

airborne

Profiles: 500 pptV in remote MBL, 50 to 150 pptV in upper troposphere

[Wagner et al., 2001]

Feb

–

Mar

Indian Ocean (INDOEX)

in situ

ship

1999

Different air masses with 200 to 500 pptV in MBL, enhanced values
in the outflow of the Indian subcontinent
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6.3.2 Polarstern cruise 1996
Here, GOME measurements of formaldehyde are compared to results from in situ [Weller et al., 2000] and FTIR
[Notholt et al., 2000] measurements carried out onboard the German research vessel Polarstern. The Atlantic
traverse ANT XIV/1 started in Bremerhaven, Germany (54°N) on 5 October 1996 and ended in Punta Quilla,
Argentina (50°S) on 10 November 1996. The itinerary of the cruise and the corresponding GOME formaldehyde
columns for the whole region are shown in Figure 6-26.

Figure 6-26: Itinerary of the Polarstern expedition ANT XIV/1. As background the mean GOME measurements of formaldehyde for October to November 1996 are shown.

The GOME measurements shown in Figure 6-27 were selected for the corresponding values from the FTIR
measurements. The in situ measurements were converted to vertical columns applying the background profile
shape of formaldehyde introduced in 5.2.2.1. In general, the GOME measurements show a reasonable agreement
to the vertical columns derived from the in situ experiment but there is a large difference up to a factor of three to
the columns obtained from the FTIR. Although the reason for that is not clear now, one explanation might be a
problem with the absolute values of the formaldehyde cross-section in the infrared. This would also account for
the differences found in Ny-Ålesund as described in section 6.1.1.2 .
As further information the HCHO columns obtained from the LMDz-INCA model (see section 6.4) for that region were added to Figure 6-27. There is an excellent agreement for latitudes 10°N to 50°N and those south of
30°S. However, the model underestimates amounts of formaldehyde near to the equator region by a factor of
two. This is in agreement with findings from Weller et al. [2000]. They have investigated the measurements of
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formaldehyde using a photochemical box model and claimed that the HCHO mixing ratios observed were significantly higher than predicted by the current photochemical theory based on the photooxidation of CH4 and CO.

Figure 6-27: Comparison between in situ, FTIR, and GOME observations together with model predictions of
formaldehyde for the transect illustrated in Figure 6-26.

6.3.3 Other satellite retrievals
Here other retrievals of GOME HCHO are described briefly and major findings compared to those from this
study. For SCIAMACHY further data sets are not available.
The focus of the HCHO evaluation of the Harvard group is the interpretation of data above North America. Several studies were carried out [Chance et al., 2000; Palmer et al., 2001; Abbot et al., 2003; Palmer et al., 2003;
Wiedinmyer et al., 2005], most of them already mentioned before. The authors use a slightly different approach
to calculate the slant columns from the GOME spectra: GOME radiances are fitted directly without smoothing or
filtering. The uncertainty was found to be about 4x10 15 molec/cm2 which is in the same range as estimated here
(3x1015 molec/cm2). In general, data for cloud fractions less than 40 percent were given. The slant columns are
converted to vertical columns using so-called shape factors, i.e. block air mass factors, derived with profile output from the GEOS-CHEM chemical transport model. The most comprehensive data set from this group was
published by Abbot et al. [2003] where the seasonal and interannual variability of formaldehyde above North
America was investigated (only for months March to October). The authors found summer maxima lowest in
1997 which is in good agreement to observations presented here (see Figure 6-36, upper panel). They account at
least part of the year-to-year variations in the formaldehyde to anomalies in mean surface air temperature reflecting the temperature dependence of isoprene emissions [Guenther et al., 1995]. The largest values, they report
(3.2x1016 molec/cm2), are about 20 percent higher than those found here. Even though the authors show enhanced levels of HCHO larger than 1x1016 molec/cm2 above the oceans in their figures no further interpretation
was given on this.
Marbach et al. [2005] have investigated in detail the ENSO year 1997 on a global scale. They derived HCHO
and NO2 from GOME spectra applying an analogue approach than that one presented here. However, in case of
HCHO only slant columns were given preventing any interpretation of the data set at higher latitudes. The over150

all pattern of the HCHO observations with largest values above South America, Africa and Indonesia is quite
similar to that found here. The authors report on good correlation between biomass burning and formaldehyde
for all regions mentioned above and conclude that biomass burning is a major source of HCHO. This is in contrast to the findings presented here, where biogenic emissions of VOCs are found as the dominant source of
HCHO on a global scale.
As part of the TEMIS project, GOME formaldehyde data from 1997 to 2001 were made available to the public.
Slant columns of HCHO were retrieved from GOME spectra using the WinDOAS software [Vandaele et al.,
2005]. The wavelength region of 337.5 to 359 nm used for the DOAS retrieval is very similar to that chosen
here. The results are scaled to the monthly mean values in the 180°W to 150°W reference sector. In a second step
the FRESCO algorithm [Koelemeijer et al., 2001] was applied to GOME data to derive cloud fraction and cloud
top pressure. The outcome of that step is then used for calculations of the air mass factors to convert the HCHO
slant columns to vertical columns. The formaldehyde profile shape necessary for the radiative transfer modelling
is given by the chemistry transport model TM4. The following Figure 6-28 and Figure 6-29 shows the TEMIS
results and the GOME columns obtained in this study, respectively, exemplarily for September 1997.

Figure 6-28: GOME HCHO for September 1997 from the TEMIS project. The data are gridded to 0.25° x
0.25°.

The overall agreement between both data sets is excellent. The correlation for September 1997 is 0.78 on the
grid of 0.25° x 0.25° with a slope of 0.97 and a small offset of 5x1014 molec/cm2 towards the Bremen data set
which might reflect the different assumptions for the reference region.
However, some differences should be pointed out:
1.

In general, the TEMIS data product exhibits somewhat smaller values above water and deserts.

2.

The scatter above high latitudes is a little bit higher for the TEMIS HCHO.

3.

Values above regions with low visibility or high cloud coverage (e.g. Indonesia) are in general larger for
TEMIS which might be due to model predictions for the formaldehyde profile in those cases: Although the
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GOME instrument observes very small amounts of HCHO because the signal is shielded by clouds and/or
smoke, the model predicts high amounts of formaldehyde in the lowest part of the atmosphere. Then the
TEMIS algorithm scales the small signal towards the model value: A self-fulfilling prophecy.

Figure 6-29: GOME formaldehyde data for September 1997 applying the algorithm developed in this study.
The grid is the same as in Figure 6-28.

In summary, the agreement with other studies was found to be quite reasonable in section 6.3. In particular, it
was shown that high amounts of formaldehyde above water bodies were also observed by in situ measurements.

6.4

Comparison of GOME HCHO with model results

Here, a systematic comparison of HCHO columns obtained from the GOME instrument using the algorithms
described in chapter 5 with a state-of-the-art model is presented. This comparison comprises the years 1997 to
2001 and is the first study, where long-term global observations of HCHO are compared to model output. All
GOME data presented here were gridded on the spatial resolution of the model (3.75° x 2.5°). Further adaptations were not applied (e.g. using model data for a reference sector).

6.4.1 Model LMDz-INCA
The LMDz (Laboratoire de Meteorologie Dynamique, zoom) is a grid point General Circulation Model (GCM)
developed initially for climate studies by Sadourny and Laval [1984]. In LMDz the finite volume transport
scheme of Leer [1977] is used to calculate large-scale advection of tracers. The parameterisation of deep convection is based on the scheme of Tiedke [1989] and a local second-order closure formalism is used to describe
turbulent mixing in the planetary boundary layer (PBL). LMDz (in its version 3.3) has a horizontal resolution of
3.75° in longitude and 2.5° in latitude and uses 19 vertical sigma-p levels extending from the surface to 3 hPa.
The Interactive Chemistry and Aerosols (INCA) model has been integrated into LMDz. INCA simulates tropospheric chemistry, emissions and deposition of primary tropospheric trace species including non-methane hydro152

carbons. The INCA chemical scheme includes 85 chemical species and 303 chemical reactions. A detailed description and evaluation of LMDz-INCA can be found in Hauglustaine et al. [2004], Folberth et al. [2005] and
Lathiere et al. [2005].
This five-year simulation was performed by Sophie Szopa, using the nudged version for meteorology (i.e. meteorological fields are relaxed toward the ERA40 reanalysis). Regarding emissions, anthropogenic emissions are
from the EDGAR V2.0 inventory [Olivier et al., 1994], biomass burning emissions are those of [van der Werf et
al., 2003; van der Werf et al., 2004], biogenic emissions are from GEIA [Guenther et al., 1995] and aircraft emissions are provided by the NASA. Two different runs were carried out: one with a static scenario for biomass
burning (run 33), the other one considering the interannual variability of biomass burning (run 34). The model
output is analysed at 10:30 local time, close to the overpass time of the satellite. Here, no collocation with the
measurements was carried out which might lead to biases due to the incomplete spatial coverage of the instrument. However, this should affect only a few months of this multiannual comparison.

6.4.2 Model and GOME formaldehyde on a global scale
Figure 6-30 shows the mean formaldehyde columns from GOME but with a resolution adapted from the model.
The corresponding model results for the same time period from 1997 to 2001 are illustrated in Figure 6-31. Figure 6-33 to Figure 6-35 show the monthly means for both, model and GOME observations. For these graphs the
single months from 1997 to 2001 have been averaged.
Obviously, the coarse grid of the model introduces some errors at mountain ranges: Although the outline of the
Himalayas seems to be captured well, there are problems in the Andes which have only a very small extent in
longitudinal direction.
In general, over land, the model retrieves larger columns of formaldehyde than those observed by GOME, particularly above South America. However, the pattern of the main source regions of formaldehyde in the tropics
as well as the general latitudinal distribution and the seasonal trend with higher values in each hemisphere in
summer are in good agreement.
In contrast, the formaldehyde over the oceans evident in the measurements is not reproduced by the model. The
scatter plot of Figure 6-32 illustrates the correlation between the measurement and the model: While the correlation coefficient for measurement and model is high (overall 0.81) and also for land and ocean separately (0.89
and 0.83, respectively), the model systematically overestimates the formaldehyde over land and underestimates
HCHO over most parts of the oceans. The correlation coefficients for single months are somewhat lower but
nevertheless with values between 0.63 (in January and June) and 0.78 (in March) quite reasonable. The poorer
agreement in January and June is at least partly due to albedo effects in the GOME observations: High latitudes
in winter exhibit in some regions high amounts of HCHO caused by too low albedo values utilised in the air
mass factor calculation (see section 5.4) which leads to an overestimation of the HCHO column.
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Figure 6-30: Mean values from GOME on model resolution (2.5° x 3.75°) derived from monthly means from
January 1997 to December 2001.

Figure 6-31: Mean values from model – here, the run taking into account the annual variability of biomass
burning was utilised (run 34).

As mentioned before, transport of isoprene and formaldehyde seems to be an unlikely explanation of the high
columns observed over some oceanic regions due to their short lifetime of up to a few hours only. Transport over
distances of about 50 to 150 km is feasible, but not long-range transport as would be necessary to explain the
high values e.g. west of Africa. Two other explanations are possible: As already mentioned in section 6.2.1, in
situ production of HCHO from other more long-lived precursors or an oceanic source.
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In particular, biomass burning plumes are known to contain high concentrations of other hydrocarbons [Price et
al., 2004; Holzinger et al., 2005], and little is known on the atmospheric chemistry and fate of these substances,
which are not included in the INCA model run. Similarly, biogenic emissions from forests are not limited to
isoprenes and monoterpenes, and potentially other molecules which are correlated to isoprene emissions could
act as HCHO precursors. In addition, recycling mechanisms within an aging plume are conceivable, but at this
point mere speculation.
As oceanic source, biogenic emissions are again a possibility, and algae are known to be a source of carbohydrates (section 6.2.1).
A very prominent difference between model and measurements are the lower HCHO columns measured over
Australia and the southern part of South America. While the overall hemispherical gradient agrees between
measurement and model, there is very little evidence for HCHO over Australia in the measurements in particular
in the southern hemispheric winter with the exception of the far north, an area of intense burning activity. This is
particularly surprising as eucalyptus is known to be an efficient isoprene emitter as discussed above.
In order to identify more distinctively the deviations between model and GOME observations several regions on
the globe were picked to create time series of formaldehyde from 1997 to 2001 for both, GOME and model. This
comparison is presented in section 6.4.3.

Figure 6-32: This scatter plot shows the correlation between GOME observation shown in Figure 6-30 and
the Model results given in Figure 6-31. The correlation coefficient is 0.81 overall, while it is for the continents
0.89 and the oceans 0.83, respectively. The slope is 0.64 for the continents and 1.05 for the ocean.
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Figure 6-33: GOME and model (run 34) monthly means from January to April. Particularly in January and
February, the GOME observations yield high amounts of HCHO in northern high latitudes which is most probably according to albedo effects in the AMF calculation and therefore not real.
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Figure 6-34: GOME and model (run 34) monthly means from May to August. The agreement above the continents is excellent, both in pattern and in magnitude, with the exception of South America and North Australia.
Particularly in May and June, the model overestimates the HCHO column by a factor of two. Similarly to the
winter months in the northern hemisphere, GOME observations show unrealistic amounts of HCHO in southern
high latitudes.
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Figure 6-35: GOME and model (run 34) monthly means from September to December. Again, the agreement
above continents is very good. Even though the model is not able to reproduce the formaldehyde above water,
some spatial structures are found in both, model and GOME: E.g. lower values of HCHO in the Pacific near to
Chile.
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6.4.3 Model and GOME formaldehyde for selected regions
For eleven selected regions marked in Figure 6-20, the seasonal cycle of GOME formaldehyde is compared to
model data over a time period of five years. Here, the monthly mean data is shown. The regions were selected in
order to obtain a representative set with different scenarios like biogenic emissions, biomass burning and anthropogenic emissions.
The oak forests in the so-called Ozarks of south eastern North America are efficient emitters of isoprene
[Wiedinmyer et al., 2001; Wiedinmyer et al., 2005]. Depending on light intensity as well as growing season
(May to August) formaldehyde production is expected to be largest in summer, which is reflected by measurement and model (see Figure 6-36, upper panel). The seasonal cycle correlates by 0.95 indicating a good representation of the biogenic sources and their seasonality in the model. This is not surprising as these areas are amongst
the most intensely studied and best characterised, and have in fact already been compared to measurements in
previous studies (e.g. [Chance et al., 2000; Abbot et al., 2003; Palmer et al., 2003] and section 6.3.3). However,
the wintertime background levels of 0.5 x 10 16 molec/cm2 are not confirmed by the measurements indicating a
too large source of isoprenes in winter. On the other hand, as these values are rather low, measurement errors
cannot be neglected and the lack of a signal could at least in parts be related to the detection limit of the GOME
data.

Figure 6-36: Comparison between GOME observations and model for regions in America.

In Brazil (see Figure 6-36, lower panel) the amplitude and also the time of maximum formaldehyde of the seasonal variation is reproduced nicely by the model. The correlation for the model run 34 to the measurement is
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0.91. Maximum formaldehyde correlates with the burning season in this region in summer. However, over the
time period of five years the average model column is almost a factor of two larger. The year-round background
values of about 0.8 x 1016 molec/cm2 are caused by biogenic emissions which seem to be significantly overestimated in the model. For the measurements, cloud contamination over the rain forest could be a reason for a systematic underestimation, but a study on the dependence of HCHO columns on cloud fraction does not give any
indication for such an effect. This point will have to be revisited once satellite measurements with higher spatial
resolution and thus less cloud problems become available, e.g. OMI.
Figure 6-37 illustrates the situation in Africa: Due to the ITCZ, the dry season and consequently the burning
season are shifted in time in the two selected regions of Ghana and Congo. The measurements of formaldehyde
display a seasonal cycle with a maximum at the time of biomass burning. Although the amplitude of model and
measurement of this seasonal cycle as well as the average column agree well (see also Table 16), the phase of the
measurements is completely missed and rather exhibits a double maximum indicating problems in the parameterisation of the biomass burning events in the model for both regions and a clear overestimation of the biogenic
contributions. Again, contamination by clouds and biomass burning aerosols could be a problem for the satellite
measurements, but the overall consistency of the measurements is more indicative of a model deficiency.
In addition to the continental regions, also an area over the Atlantic close to Africa was selected: Here, the model
only shows the background formaldehyde produced by methane oxidation whereas GOME sees on average a 60
percent higher column (see Figure 6-37, lower panel) readdressing the discussion in the previous section 6.2
about in situ formation of formaldehyde. It is notable, that the small seasonal variation above the ocean does not
correlate with biomass burning above the Congo region. This might be a hint that rather biogenic emissions than
plumes of biomass burning cause the elevated levels of HCHO above water.
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Figure 6-37: Comparison between GOME observations and model for regions in Africa.

In Siberia (see Figure 6-38, upper panel), formaldehyde columns are very low and close to the detection limit.
Although a correlation with the fire counts can be observed, in particular in 1998, the measurements also show
enhanced formaldehyde at winter time which is likely caused by albedo artefacts.
Indonesia is a region that is influenced by ENSO effects resulting in drier conditions and subsequently, increased
forest fires there. In the years 1997 and 2002 El Niño events lasted for several months (see Figure 6-38, lower
panel) causing high formaldehyde columns. Ergo, only the model run 34 which assimilates an emission invento161

ry based on satellite fire counts is able to reproduce the enhanced formaldehyde in 1997. For both regions, the
overall magnitude of HCHO is captured quite well.

Figure 6-38: Comparison between GOME observations and model for regions with biomass burning in Asia.

In Figure 6-39 formaldehyde time series over polluted regions are presented: In general, HCHO is again captured
quite similar from model and GOME. All four areas are located in the northern hemisphere resulting in peak
formaldehyde in summer due to the photochemistry (see section 1.6). The two locations in China exhibit a strong
seasonal cycle. For the other two areas this seasonal cycle is partly masked by the albedo effect: As in Siberia,
for mid-Europe and also partly in Milan as well as the Red Basin, the seasonal variation with a second peak in
wintertime might be caused by snow-covered ground and a consequently not correct AMF. In order to separate
anthropogenic and biogenic contributions in the HCHO column above these regions additional model runs are
necessary which should be available at the end of the RETRO project (mid of 2006).
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Figure 6-39: Comparison between GOME observations and model for regions with high anthropogenic air
pollution.

Table 16 presents an overview of the mean HCHO columns from model and measurement together with the
correlation coefficient.
In summary, highest background signals of formaldehyde can be found in regions with rain forests: Brazil, Ghana, Congo and Indonesia. Low formaldehyde is detected over Europe, Siberia and the oceans. The most pronounced seasonal variations seem to be connected to regions with a distinct growing season in summer as in
south eastern North America and eastern China. There is, for all regions investigated here, no clear trend in the
data even in those areas (East China) where this was clearly identified for NO2 [Richter et al., 2005]. Regions
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with biogenic emissions reveal an earlier onset of enhanced formaldehyde in the measurements compared to the
model in the growing season. Reasons for this could be either an earlier start in the year of biogenic isoprene
emissions as expected or simply a too late onset of photochemical production of formaldehyde in the model.
The largest differences in absolute values between model and observations were found for the rain forests of
South America which might be due to an overestimation of isoprene emissions in current databases for that region. However, as mentioned above this result has to be confirmed with other techniques.
In order to resolve the discrepancies between model runs and GOME observations, case studies are necessary
where single parameters like emission inventories of isoprenes and other biogenic VOCs or different data bases
for the biomass burning events are investigated in more detail. This will be carried out in the near future within
the European RETRO project.

Table 16: Properties for „Regions of Interest” in the GOME-model comparison (see also Figure 6-20).
Mean model HCHO Mean meas. HCHO

Correlation

Correlation

column (run 34)

column

coefficient for

coefficient for

[1016 molec/cm2]

[1016 molec/cm2]

run 33

run 34

SE of North America
30°N-35°N,90°W-80°W

1.08

0.74

0.95

0.95

Brazil
5°S-0°S,70°W-50°W

2.38

1.23

0.88

0.91

Ghana
5°N-10°N,3.75°W-3.75°E

1.15

1.21

-0.02

-0.02

Congo
5°S-0°S,11°E-19°E

1.40

1.57

0.25

0.30

Atlantic
5°S-0°S,15°W-3.75°W

0.40

0.67

0.55

0.55

Siberia
50°N-70°N,100°E-150°E

0.31

0.37

0.62

0.62

Indonesia
5°S-0°S,94°E-116°E

0.94

0.82

0.26

0.83

East China
30°N-40°N,112.5°E-120°E

0.74

0.85

0.86

0.86

Red Basin
27.5°N-30°N,105°E-109°E

0.85

0.80

0.59

0.58

Mid Europe
50°N-55°N,0°E-20°E

0.48

0.53

0.08

0.08

Milan
42.5°N-45°N,7.5°E-11°E

0.55

0.61

0.62

0.62
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7

Conclusions and Outlook

This thesis focuses on global measurements of two chemical reactive hydrocarbons, formaldehyde (HCHO) and
glyoxal (CHOCHO) with optical absorption spectroscopy from space and from the ground. These measurements
substantially add to our current knowledge on the global emissions of non-methane hydrocarbons (NMHC).
NMHC are present at relatively low quantities in our atmosphere. Nevertheless, they play a key role in atmospheric photochemistry. For example, the oxidation of NMHC is significant for the formation of ozone in the
troposphere. In spite of their importance, their global source and sinks budgets are still not well understood.
The main progress and results obtained in this thesis can be summarised as follows:
Global measurements of formaldehyde. Over seven years of global measurements from the GOME (Global
Ozone Monitoring Experiment) satellite instrument were analysed for tropospheric HCHO columns using the
Differential Optical Absorption Spectroscopy (DOAS) method. By applying appropriate adaptations to the retrieval, HCHO columns were also derived for the first time from measurements of the SCIAMACHY (Scanning
Imaging Absorption Spectrometer for Atmospheric Cartography) instrument, extending the data set to more than
a decade. Extensive radiative transfer studies combined with ancillary data from different sources were used to
construct a set of tabulated air mass factors with high spatial resolution (1° x 1°) and little dependence on model
results. This provides high accuracy for the retrieved columns and independence of model assumptions at the
same time.
The global HCHO fields are found to be dominated by biogenic emissions of isoprenes and terpenes, in particular in the tropical regions. Biomass burning is also a significant contribution locally during intense burning periods, e.g. in Africa or Indonesia. Anthropogenic signals are much smaller and limited to the most polluted areas
(e.g. Po Valley in Europe, China) but can clearly be discerned in the long-term averages.
Comparison of satellite HCHO measurements with model results. GOME measurements have been compared in detail with results from the LMDz-INCA model. Overall, excellent agreement was found over the continents, but significant underestimation in the model over the oceans. Here, the satellite measurements show clearly enhanced columns in some areas affected by continental outflow, indicating either a longer than modelled
lifetime of HCHO or more probably in-situ production by decomposition of long-lived organic compounds. The
seasonal variation of modelled HCHO columns shows excellent agreement with the measurements in some regions (North America), underestimation of the overall amplitude in South America and varying degrees of
agreement over different parts of Africa and Asia, indicating model deficiencies in the parameterisation of the
emission of biogenic precursors and their timing. In regions with strong biomass burning, the use of measurement-based fire distributions improves the agreement between model and observation as expected.
Global measurements of CHOCHO. Global fields of CHOCHO (glyoxal) columns have been derived from
SCIAMACHY measurements. This is the first detection of CHOCHO using SCIAMACHY data, and the first
global data set of CHOCHO available. The global distribution of glyoxal is found to be similar to that of HCHO
and both the absolute values and the ratio to HCHO are of the expected magnitude. Over some areas of the
oceans, SCIAMACHY CHOCHO columns are significantly enhanced and so far it is not clear if this is real or
indicates an unresolved problem in the data analysis. With these results, global measurements of another relevant
atmospheric hydrocarbon have become available for validation of model results.
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Improvements of ground-based scattered light measurements. To improve the sensitivity of ground-based
DOAS observations to tropospheric absorbers, the instruments of the BREDOM network were modified to take
not only zenith-sky, but also horizon-viewing measurements. This technical development in combination with
extensive radiative transfer studies modelling the sensitivity and its dependence on boundary conditions (viewing
geometry, surface albedo, aerosol loading) greatly enhanced the usefulness of this type of measurements. This
part of the thesis was a collaborative effort with two other PhD students (S. Fietkau and T. Medeke).
Development of a profile retrieval algorithm for ground-based MAX-DOAS measurements. Based on the
sensitivity studies described above, an automated optimal estimation based profile retrieval algorithm (BREAM)
was developed for MAX-DOAS measurements. The method first determines appropriate aerosol settings using
measurements of the O4 columns and then inverts the profile of the absorber of interest, e.g. NO 2, HCHO, or
CHOCHO. Depending on measurement conditions, between 2 and 4 pieces of information can be retrieved, and
in addition the optical aerosol depth. Results from the retrieval have been validated by comparison with independent measurements during two campaigns for NO2, HCHO, and aerosol depth, and good agreement was
found. This constitutes a major improvement for the application of passive DOAS measurements, and due to its
automated operation has the potential to extend existing in situ and active DOAS measurements.
MAX-DOAS measurements of HCHO and CHOCHO and application to satellite validation. MAX-DOAS
measurements have been analysed for HCHO and for the first time, also for CHOCHO, and the results compared
to the satellite data. The diurnal variation of the two species is similar, indicating common sources. In the vicinity of anthropogenic emissions, HCHO shows larger variability, probably as a result of direct emissions which are
thought to be negligible for CHOCHO. Even at the high altitude stations (Mérida and Zugspitze), HCHO could
be detected, albeit at low concentrations. This and the profiles retrieved confirm other measurements that showed
negative gradients of HCHO with altitude. The vertical profiles retrieved for HCHO and CHOCHO are similar,
underlining again the link between these two reactive hydrocarbons.
Validation of satellite measurements of HCHO and CHOCHO is complicated by the low signals and high variability of the columns, but satisfactory agreement was found between the two data sets in several places, adding
confidence to the satellite data.
In conclusion, several tools for the analysis of measurements of atmospheric trace species using absorption spectroscopy have been developed, and a large data set on HCHO and CHOCHO observations been created and
analysed. Several aspects of this work should be followed on in future work:
The comparison of modelled and measured HCHO fields should be extended by systematic variation of emission
parameters and their implementation in the model to identify the key uncertainties. Also, glyoxal data should be
included in the comparison. Another logical step is the comparison of satellite and in particular MAX-DOAS
measurements with regional models as has already been initiated with the DANDELIONS project.
A more extensive validation of the satellite measurements with ground-based data is necessary and possible and
in fact will in part be presented by Sixten Fietkau and Thomas Medeke. In order to confirm (or falsify) the presence of significant amounts of HCHO and CHOCHO over the oceans, dedicated MAX-DOAS measurements
from ships should be taken during a latitudinal transect.
Data from new satellite instruments providing better spatial resolution and more coverage such as OMI and
GOME-2, but even more so the proposed geostationary instruments should be able to provide much more detail
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on the spatial and temporal variation of both formaldehyde and glyoxal and their sources, and at the same time
make validation with local measurements more practical and thereby improve absolute accuracy over what could
be achieved within this thesis.
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