Dissertation
submitted to the
Combined Faculties for the Natural Sciences and for Mathematics
of the Ruperto-Carola University of Heidelberg, Germany
for the degree of
Doctor of Natural Sciences

Put forward by
Dipl.-Phys.: Selami Yilmaz
Born in: Bayreuth

Oral examination: 01.02.2012






Retrieval of Atmospheric Aerosol and Trace Gas
Vertical Profiles using Multi-Axis Differential
Optical Absorption Spectroscopy

Referees: Prof. Dr. Ulrich Platt
Prof. Dr. Thomas Wagner






Bestimmung von atmosphérischen Spurengas- und Aerosolprofilen mittels Multi-
Axialer Differentieller Optischer Absorptionsspektroskopie

In dieser Arbeit wurde die Multi-Axiale Differentielle Optische Absorptionsspektroskopie
(MAX-DOAS) verwendet um die vertikale Verteilung von atmosphérischen Spurengasen
und Aerosolen zu bestimmen. Dabei wurden verschiedene Inversionsmethoden angewandt
um die Profile aus den MAX-DOAS Messungen zu bestimmen. Ein neues MAX-DOAS
Instrument wurde gebaut, das speziell fiir die Messung von Aerosolen und Spurengasen
konzipiert wurde. Im Rahmen des EUSAAR (European Supersites for Atmospheric Aero-
sol Research) Projektes wurden die Inversionsmethoden angewandt und weiterentwickelt.
Mehrere Vergleichs-Messkampagnen wurden in Cabauw (Niederlande), Ispra (Italien) und
Leipzig/Melpitz (Deutschland) durchgefiihrt. Aerosol Extinktions- und NOs-Profile wur-
den bestimmt und mit unabhéngigen In-Situ- und Fernerkundungs-Messungen verglichen.
Dabei wurden sowohl fiir die Aerosolprofile als auch NO-Profile gute Ubereinstimmungen
mit den unabhéngigen Messungen erreicht. Des weiteren wurde die verdiinnte Fahne des
Eyjafjallajokull Vulkans (Island) mittels MAX-DOAS SOy Messungen iiber Heidelberg im
April und Mai 2010 nachgewiesen. Diese eindeutigen SOy Messungen sind im Einklang mit
Satellitenmessungen und Modellierungen. Die in dieser Arbeit vorgestellten Fortschritte
im Instrumentenbau und in der Entwicklung von Inversionsalgorithmen zeigen, dass MAX-
DOAS eine leistungsfihige Methode fiir die Erfassung der vertikalen Verteilung der atmo-
sphérischen Bestandteile ist. Aufgrund der Bestédtigung durch unabhingige Messungen
wird die Integration von MAX-DOAS Instrumenten in globale Messnetzwerke empfohlen.

Retrieval of Atmospheric Aerosol and Trace Gas Vertical Profiles using Multi-
Axis Differential Optical Absorption Spectroscopy

In this thesis, the vertical distribution of atmospheric trace gases and aerosols were re-
trieved using Multi-Axis Differential Optical Absorption Spectroscopy (MAX-DOAS). Var-
ious inversion methods were used to retrieve the profiles from the MAX-DOAS measure-
ments. A new MAX-DOAS instrument optimized for the measurement of aerosol and
trace gas profiles was developed. The retrieval methods were tested and advanced in the
scope of the EUSAAR (European Supersites for Atmospheric Aerosol Research) project.
Several intercomparison campaigns were carried out in Cabauw (the Netherlands), Ispra
(Italy) and Leipzig/Melpitz (Germany). Aerosol extinction and NOg profiles were re-
trieved from the MAX-DOAS measurements and compared to independent in situ and
remote sensing measurements. Good agreements were achieved for both the aerosol and
NOs profiles. Furthermore, the diluted plume of the Eyjafjallajokull volcano, Iceland,
was detected by MAX-DOAS SO, measurements over Heidelberg in April and May 2010.
These measurements showed an unambiguous detection of SO4, and are in agreement with
satellite observations and model predictions. The here presented advances in instrumental
hardware and retrieval algorithms demonstrate that MAX-DOAS is a powerful tool for
monitoring the vertical distribution of atmospheric constituents. Verified by independent
measurements, its integration in worldwide measurement networks is recommended.
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Chapter 1

Introduction

Aerosols and trace gases are key components of physical and chemical processes in
the Earth’s atmosphere, and have numerous impacts on maritime and continental
ecosystems as well as human health. Aerosols significantly impact the atmospheric
energy budget via direct and indirect effects on the radiation balance. E.g., their
influence on cloud formation processes leads to a modification of the appearance and
optical properties of clouds. Furthermore, aerosols can serve as catalysts and influ-
ence chemical reactions in the atmosphere. High pollution levels in the atmosphere,
caused by aerosols and trace gases, can directly affect human health, especially the
respiratory system.

The physical and chemical processes in the atmosphere are still not completely un-
derstood. In particular, the knowledge on atmospheric aerosols is subject to large
uncertainties (IPCC, [2007)). To improve the scientific understanding of these com-
plex and variable processes, observations of atmospheric constituents over long time
periods and with large areal coverage are of crucial importance. They are further
required for the improvement of numerical models used for the prediction of future
atmospheric composition and climate. Therefore, novel measurement techniques are
desirable, which allow for automated comprehensive observations with remote sens-
ing capabilities, integrated in worldwide measurement networks.

A variety of established techniques for the measurement of aerosol optical properties
are currently integrated in monitoring networks. In situ measurement techniques,
like nephelometers, provide information on aerosol properties at the instrument’s lo-
cation. Usually only optical properties of dried aerosol particles are determined, and
the optical properties of the ambient aerosol needs to be extrapolated. Sun photome-
ters provide extensive information on aerosol optical and microphysical properties
measured by passive remote sensing. The information is restricted to the total ver-
tical column and vertically resolved information is not available. The requirements
on the calibration and stability of Sun photometers are very high, since they rely
on measurements of the absolute solar radiation. Lidar instruments are well suited
to measure altitude resolved scattering properties of aerosols using artificial light
sources. However, quantitative estimates of the aerosol extinction and scattering are
complicated, since the exact knowledge of the backscatter-to-extinction ratio is nec-
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essary. A more sophisticated approach is used by the so-called Raman lidar systems,
which can directly relate the measurements to aerosol extinction. However, these
systems require powerful light sources for a reliable detection. Otherwise, quanti-
tative extinction measurements by Raman lidar systems are restricted to night time.

In the recent years, remarkable advances in the application of the Multi-Axis Dif-
ferential Optical Absorption Spectroscopy (MAX-DOAS) technique for the retrieval
of atmospheric aerosol and trace gas profiles have been made. Using MAX-DOAS
measurements of trace gases with a known vertical profile, like Oy, it is possible to
retrieve information on atmospheric aerosols. The approach of combining MAX-
DOAS trace gas measurements with advanced numerical inversion methods allows
for the height resolved determination of the constituents in the lower troposphere. In
contrast to the established techniques for the measurement of aerosol optical proper-
ties, the MAX-DOAS technique has the advantage of being capable to retrieve trace
gas as well as aerosol profiles from the same measurements. Lidar instruments can
not measure aerosols in surface near altitudes where the MAX-DOAS measurements
provide high sensitivity.

In this work, a novel type of MAX-DOAS instrument optimized for the measure-
ment of aerosol and trace gas profiles was developed. Various inversion algorithms
were developed and applied on the MAX-DOAS measurements. In the scope of
a joint research activity of the European Supersites for Atmospheric Aerosol Re-
search (EUSAAR) project, several intercomparison campaigns were carried out at
different sites in Europe. The aim of these campaigns was the comparison of the
aerosol profiles retrieved from MAX-DOAS to measurements with the established in
situ and remote sensing techniques. Furthermore, NOy profiles were retrieved from
MAX-DOAS measurements and compared to in situ and satellite measurements.
In addition to the tasks related to the EUSAAR project, MAX-DOAS measurements
were performed in Heidelberg in 2010. During these measurements, the highly di-
luted plume of the Eyjafjallajokull volcano in Iceland was observed by the detection
of volcanic SO,.

This work is structured as follows. Chapter [2| gives an overview on the structure of
the Earth’s atmosphere and its constituents relevant for the measurements in the
scope of this work. The principles and details of the applied MAX-DOAS technique
are addressed in Chapter |3, while the radiative transfer in the atmosphere is content
of Chapter [d] The theoretical principles of the aerosol and trace gas profile retrievals
are discussed in detail in Chapter 5] The application of these methods is presented
in Chapter [0 using synthetic measurements to explore the retrieval sensitivities and
capabilities. The newly developed MAX-DOAS instrument is described in the first
part of Chapter[7] while the second part addresses the different instruments, to which
the MAX-DOAS measurements were compared. Chapter [§] contains the results from
the different intercomparison campaigns as well as the measurements in Heidelberg.
Chapter [J] completes this work with a conclusion and gives an outlook for future
studies based on the findings of this work.



Chapter 2

The Earth’s Atmosphere

The life on Earth would not be possible without a protecting atmosphere. Although
its vertical extend corresponds to roughly 1% of the Earth’s radius, its importance
for all types of living creatures on Earth is immense. This thin layer, in relation
to global dimensions, determines the amount and type of incomming and outgoing
radiation. It supplies oxygen to animals and carbon dioxide to plants. Besides
the most abundant gaseous constituents of atmospheric air, trace substances are
also present with nevertheless major importance for the atmospheric chemistry and
climate.

This Chapter presents an overview on the composition and vertical structure of the
atmosphere in Section [2.1 The atmospheric compounds measured within the scope
of this work are introduced in the subsequent sections. The observed gaseous trace
constituents are described in Section [2.2] while Section deals with the oxygen
collision complex O,4. Finally, the physical properties of atmospheric aerosols are
discussed in Section 2.4

2.1 Atmospheric Composition and Vertical Struc-
ture

The atmosphere is characterized by several distinct layers (Figure. According to
the underlying physical processes, the division of the different layers can be related
to molecular motion mechanism, the degree of ionization, and the thermal structure.
These processes also determine the atmospheric composition with altitude.

Composition

With respect to its major components, the atmospheric composition is fairly con-
stant up to about 100 km altitude. Molecular nitrogen, oxygen and the noble gas
argon are the most abundant species, which constitute more than 99.9 % of dry air.
Together with further species, these major components of the atmosphere are listed
in Table In addition to the different noble gases, the atmosphere contains water
vapour with volume mixing ratios between 107¢ and a few %. Furthermore, the
greenhouse gases carbon dioxide and methane have obtained a prominent position.
The latter are refered to as trace gases since the abundance of these species is much
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Table 2.1: The main constituents of the unpolluted dry atmosphere

Gas Chemical | Mixing ratio
formula | by volume [%)]
Nitrogen No 78.08
Oxygen O, 20.95
Argon Ar 0.93
Carbon dioxide CO, 0.037
Neon Ne 0.0018
Helium He 0.00052
Methane CHy 0.00017
Krypton Kr 0.00011
Xenon Xe 0.00009
Hydrogen H, 0.00005
Dinitrogen oxide N,O 0.00003

lower. Including molecular hydrogen and nitrous oxide, the atmosphere contains a
multitude of other trace gas species. Section addresses such trace gases, which
were observed with measurements performed within this work. Excluding water
vapour, carbon dioxide, methane and dinitrogen oxide, the species listed in Table
have atmospheric residence times exceeding 1000 years. Thus, these constituents
are referred to as permanent. 99 % of all atmospheric gases are confined to altitude
regions below 32km. This region, i.e. troposphere and a part of stratosphere (see
Figure , is the main focus of atmospheric research.

In addition to the gaseous compounds, the atmosphere also contains aerosols. These
are small particles of liquid or solid matter dispersed and suspended in air, with
sizes ranging from a few nanometers to tens of micrometers. Typical examples are
droplets of water or acid, dust or soot particles. Atmospheric aerosols are discussed
in detail in Section 2.4l

Vertical Structure

The vertical structure of the atmosphere is frequently characterized by its temper-
ature profile. It determines the division of the atmosphere in several layers with
distinct boundaries, called pauses (see Figure . The lowermost layer is the tro-
posphere, where the temperature profile is dominated by adiabatic expansion and
compression of rising and sinking air masses, respectively, which is driven by solar
radiation. When the surface is heated during the day, warm air ascends and cools
down by expansion resulting in a temperature decrease of 5-10 K per 1km altitude.
This leads to a first temperature minimum, which defines the tropopause region. In
the upper troposphere, an additional radiative cooling effect occurs, which is caused
by the emission of radiation in the infrared wavelength range by water vapour.
Thus, the upper limit of the troposphere is influenced by its water vapor content,
that in turn depends on the surface temperature. The tropopause altitude ranges
between 17-18km in the tropics and between 9-13km at higher latitudes. The
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Figure 2.1: Left panel: thermal structure of the Farth’s atmosphere. Adapted from
Brasseur and Solomon (1986). Right panel: vertical distribution of solar short wave
heating rates by Oz, Oy, NOy, HyO, CO,, and of terrestrial long wave cooling rates
by COs, O3, and HyO. Adapted from|London| (1980).

lowest tropopause heights occur at polar winter latitudes. Due to the convection
processes accompanied with the generation of the temperature profile, the tropo-
sphere is relatively well mixed.
The troposphere can be further subdivided into the atmospheric boundary layer and
the free troposphere. The boundary layer, also referred to as mixing layer, roughly
covers the lowest 1-3 km of the atmosphere, while the free troposphere extends from
the top of the boundary layer to the tropopause. Air movement and mixing in the
boundary layer are influenced by friction on the Earth’s surface.
The thermal conditions in the stratosphere are opposite to the troposphere. The
upper stratosphere is heated by the absorption of solar radiation by ozone, while
the lower stratosphere is cooled by the infrared emission of water vapor in the upper
troposphere and tropopause. Thus, the temperature increases with altitude in the
stratosphere, which leads to very little convection and mixing. In contrast to the
troposphere, the temperature profile in the stratosphere is mainly determined by
absorption of solar radiation and emission of infrared radiation, which results in a
maximum at roughly 50 km altitude defining the stratopause region.
The mesosphere is localized between the stratopause and the mesopause. The
latter is located at around 85km and is the coldest point of the atmosphere. In
the mesosphere, the temperature decreases again with the altitude due to similar
processes as in the troposphere. Above the mesopause is the thermosphere, where
the temperature increases up to values of 1200-1500 K due to absorption of solar
ultra-violet radiation mainly by oxygen.

At altitudes above 100 km, atmospheric constituents start to separate, according to
their mass. This region is therefore referred to as the heterosphere. In contrast to
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the homosphere below, where the atmospheric constituents are mixed by turbulent
fluid motions, the molecular diffusion plays a dominating role in the heterosphere
due to the increased mean free path between collisions.

The degree of ionization allows a further division of the atmosphere. The iono-
sphere is located above approximately 65km of altitude. Here, the atmospheric
constituents are increasingly ionized by solar radiation, in contrast to the neutro-
sphere below.

Atmospheric Boundary Layer

The atmospheric boundary layer (BL) is the layer of the atmosphere which is directly
affected by friction and the exchange of momentum between atmosphere and surface.
It is of particular interest when studying the effects of emissions, since most emission
sources are ground-based, but also due to the simple fact that we live in it. The BL
can be further subdivided in different layers. The lowermost millimeters form the
molecular viscous layer, where the dynamics are dominated by molecular diffusion.
The following layer ranging up to 20-200 m forms the Prandtl layer or surface layer
where the dynamics are dominated by turbulent diffusion and the impact of surface
friction is strongest. The subsequent layer is the Ekman layer and extends to the top
of the BL. The wind directions in this layer change continuously from the ground
wind directions to the direction of the geostrophic winds of the free troposphere,
which are isobaric wind streams induced by an equilibrium state between the forcing
of pressure gradient and Coriolis force.

The typical diurnal development of the BL is depicted in Figure At the sunset,
a stable (nocturnal) BL is created by the deep surface cooling. Above this layer,
there is a residual layer, which is basically the leftover part of the daytime mixing
layer. The stable BL is characterized by statically stable air with weaker turbulence,
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and can also be formed during the day in situations, where the underlying surface is
colder than the air. The beginning and increasing heating of the surface shortly after
the sunrise causes turbulence, which produces a well mixed layer near the ground.
The vertical extent of this layer increases to a maximum in the late morning. Usually,
a stable inversion layer, where the temperature increases with altitude, is located
at the top of the mixing layer and prevents the development of deep convection.
However, in cases with sufficient surface heating and humidity, convection can break
through. In contrast to the day time mixing layer with a clearly defined top, the
stable nocturnal BL smoothly blends into the residual layer.

2.2 Trace Species in the Troposphere

Atmospheric trace gases are constituents with much lower abundances than the
main compounds of the atmosphere, and originate either from direct emissions, be-
ing natural or anthropogenic, or production in different chemical reaction pathways.
Although their concentration is very small, the chemical processes in the atmosphere
are predominately influenced by these trace species. Thus, their impact on the at-
mosphere is very noticeable, despite their low concentrations. Furthermore, most
trace species have a direct negative impact on human health, especially on the res-
piratory tract. The chemistry in the troposphere is dominated by ozone (O3) and
other oxidants, i.e. hydroxyl/peroxy radicals, nitrogen oxides, and volatile organic
carbons. The chemistry of these species is closely linked with many various reaction
pathways.

O3 is a key compound in the chemistry of the atmosphere. It determines the oxida-
tion capacity. Approximately 90 % of the atmospheric O3 is located in the strato-
spheric ozone layer, which absorbs the major fraction of the solar ultra-violet ra-
diation. In the troposphere, O3 is formed by chemical reactions involving nitrogen
dioxide (NOy), nitric oxide (NO), CH4 and other reactive hydrocarbons (Fishman
and Crutzen, 1978), as well as reactions with carbon monoxide (CO) and Volatile
Organic Compounds (VOC). The nitrogen compounds NOg and NO, which are often
referred to as NO,, are among the most important trace gases. Both are radicals
and thus highly reactive. Since NOy was measured within this work, a description
of the reaction pathways involving NO, are dicussed in Section [2.2.1]
Formaldehyde (HCHO) also has an influence on the oxidation capacity of the at-
mosphere. It is involved in reaction cycles that can lead to the formation of the
hydroxyl radical (OH). The oxidation of VOCs generate as a secondary product
HCHO, which is the predominant source (Altshuller, [1993). The typical mixing
ratios of HCHO in polluted urban areas range from 1 to 20 parts per billion (ppb)
(Finlayson-Pitts and Pitts jr., 2000). However, HCHO is also emitted as a primary
product by biomass burning and fossil fuel combustion. Furthermore, vegetation is
known to emit HCHO directly.

A further trace species that can lead to the formation of OH is nitrous acid (HONO)
altering the oxidation capacity of the atmosphere (Platt and Perner 1980). The di-
rect emission of HONO from combustion sources was observed, but are too small
to explain the measured concentrations of HONO in the atmosphere (Platt] 1986).
Although several sources and reaction pathways including heterogeneous reactions
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Table 2.2: Tropospheric sources of NO, emissions (Lee et al., |1997). The source
strength is given in million tons of fixed nitrogen [Tg N| per year.

Source Emission | Uncertainty range
[Tg Ny '] [Tg Ny ']

Fossil fuel combustion 22 13-31

Biomass burning 7.9 3-15

Soil emissions 7.0 4-12

Thunderstorms 5.0 2-20

Aircraft emissions 0.9 -

on surfaces are already identified, the formation processes of HONO are still not
well known.

The oxidation of numerous VOCs generates glyoxal (CHOCHO). Furthermore, the
reactions of aromatics with OH are the predominant sources for CHOCHO in urban
air (Volkamer et al.,|2010). CHOCHO is also emitted by biomass burning and recent
studies reported significant concentrations over oceans (Sinreich et al., [2010)).
Another trace gas originating from natural and anthropogenic emissions, is sulfur
dioxide (SO3). It is a key compound in the formation of acid rain and strongly
influences the regional air quality. Furthermore, reaction products of SO, in the
atmosphere can serve as cloud condensation nuclei enabling the formation of clouds
with a higher albedo, which influence the radiative budget of the atmosphere and
thus the climate. SOy was also detected in measurements of urban air and a highly
diluted volcanic plume in the scope of this work and is addressed in Section [2.2.2]

2.2.1 Nitrogen Dioxide

NOs, is of large importance for the atmospheric chemistry, since it affects the oxi-
dation capacity of the atmosphere by influencing the abundance and partitioning of
hydroxyl and peroxy radicals. While in the troposphere, NO, enables the formation
of Oz, the degradation of the stratospheric ozone layer is enhanced by NOs,.

NOs and NO are strongly linked, since both are converted rapidly to each other, and
thus referred to as NO,. The main source of NO, emissions is the anthropogenic
fossil fuel combustion, mainly by industrial activities as well as traffic. Biomass
burning, due either to natural or man made ignition, is a further source of NO, gen-
eration. Furthermore, intensive agriculture leads to an enrichment of nitrogen com-
pounds in the soil, which then enhances the natural emission of NO, from the soil.
In contrast to these mainly ground based emissions, air traffic and thunderstorms
are additional sources, which contribute to the NO, budget in higher altitudes. The
most important sources are listed in Table [2.2| with the according amounts and un-
certainties (Lee et al., 1997).

While naturally emitted NO, is distributed more uniformly over the globe, an-
thropogenic sources are concentrated to relative small areas. The mean global dis-
tribution of the tropospheric NOy vertical column density retrieved from satellite
measurements for the period of 2003 to 2010 is shown in Figure 2.3] Large cities
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as well as areas with high industrial activities can be identified due to remarkably
increased NOy column densities. The removal of NO, from the atmosphere is car-
ried out in form of acid rain containing nitric acid (HNOj). The effective lifetime
of NOg, ranging from 33 hours in winter and 12 hours in summer, is determined by
the solar radiation (Beirle et al., [2003)).

NO, is primarily emitted in form of NO, which is subsequently oxidized by ozone
to NOy. Whenever air is heated to temperatures higher than 2000 K, the thermal
energy is sufficient for the dissociation of Oy. The atomic oxygen reacts then with
N, to form NO:

The produced NO is rapidly oxidized by ozone to form NOs:

Ultra-violet solar radiation of wavelengths below 420 nm can result in the photolysis
of the produced NOay:

hr (A<420 nm

NO, & NO + O(°P) (2.3)
During noon with direct Sun radiation, this photolysis reaction can occur quickly,
so that the lifetime of NO, is restricted to several minutes. O(*P) reacts rapidly
with Os to form ozone under the involvement of a collision partner M (e.g. Nj or
O,), which is necessary to conserve energy and spin momentum:

OCP)+ 0y +M — O3+ M (2.4)

Thus, from each NO, molecule, one O3 and NO molecule is generated, which both
can form an NO, molecule again according to reaction . This results in a parti-
tioning of NO and NOy during daytime which is controlled by ozone and described
by the Leighton ratio L (Leighton) |1961)):

[NO] _ jNO2

L= NOs]  kno - [O3)

(2.5)

where jno, is the photolysis frequency of NOy and kno is the rate constant of the
reaction of ozone with NO (reaction ({2.2)). While the photolysis frequency jno,
changes with the solar radiation in the course of the day, the rate constant kno
depends on the temperature with a value of 1.8 - 107'* ¢cm?® molec™ s~ at 298 K
(Atkinson et al., [2004).
Typical Leighton ratios in the lower troposphere range from 0.5 to 1, depending on
the ozone concentration and daytime. With increasing altitude, the Leighton ratio
is shifted towards NO due to the temperature dependency of kyo and the increasing
NOs, photolysis frequency.

In the photochemical equilibrium, the reactions - result in no net ozone
production. This situation changes, when sufficient amounts of NO,, is abundant to
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Figure 2.3: Mean global distribution of the tropospheric NOy vertical column den-
sity in 10" molecules/cmy retrieved from SCIAMACHY satellite measurements for
cloud free conditions during 20053-2010 (Steffen Beirle, MPI Mainz, personal com-

munication).

react with peroxy radicals, HO, and ROs,:

NO + HOz+ — NO, + HO (2.6a)

Thus, more ozone is produced by reaction and than degraded by NO, lead-
ing to the so-called photosmog containing large amounts of ozone, oxidized VOCs
and organic aerosols.

During night time, the missing NO, photolysis results in a shift of the Leighton ratio
towards NO,. Then, ozone oxidizes NOy to NOs:

NO, + 03 — NO3 + Oy (27)

During the day NOj is photolyzed rapidly, but during night time it builds the
reservoir species NoOj5 by the reaction with NOy:

NO, + N03 — NQO5 (28)

The decomposition of NyOj is collisional or due to photolysis during day time:

NQO5 + M —>NO3 + N02 + M (29&)
N,O5 SO=Z20, NG, + NO + 0y (2.9b)

The sink of NO, is the reaction with OH which generates HNOj:
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Figure 2.4: Mean global distribution of the atmospheric SOy vertical column density
retrieved from GOME-2 satellite measurements (Christoph Hormann, IUP Heidel-
berg, personal communication).

which is usually removed from the atmosphere by precipitation. This reaction is also
a sink for OH and describes how NO, degrades the concentration of the hydroxyl
radical.

2.2.2 Sulfur Dioxide

The majority of SO5 emissions originate from anthropogenic sources (Brasseur et al.,
1999). The combustion of fossil fuel containing sulfur emits SO,. It is converted
to sulfuric acid (HySO4) which causes acid rain. One consequence of the negative
effects connected to acid rain is the endeavor to increase the usage of desulfurized
fuel. Several branches of industry generate SO, in their applied processes, like e.g.
in the metal, smelting industry and in oil refineries. Furthermore, biomass burning,
ignited either naturally or due to agricultural activity, also produces SO,. The most
important natural source of sulfur compounds are volcanoes. Besides water vapor
and CO,, volcanic emissions contain, in the order of descending magnitude, SO,
hydrogen sulphide (HsS), carbonyl sulphide (COS) and carbon disulphide (CS,)
(Textor et al., 2004). All further natural sources emit sulfur compounds in a re-
duced form, which are rapidly oxidized by OH in the atmosphere and generate SOs,.
HsS is a by-product of the degradation of proteins and is present in the atmosphere
with mixing ratios up to 300 ppb. It smells like rotten eggs. COS is emitted by
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organic species near the surface layer of the ocean (Ulshofer and Andreael [1997) or
from soils and marshes (Ulshofer, [1995)). CS, is naturally released by the ocean,
marshes and forests, but also from industrial activities (Watts, [2000)). Furthermore,
dimethyl sulphide (DMS, CH3SCH3) is produced by biological processes in the ocean
(Andreae et al., 1985).

The mean global distribution of the atmospheric SOy vertical column density re-
trieved from satellite measurements is shown in Figure 2.4, The SO column den-
sities are remarkably increased especially above China due to industrial activity.
Several individual volcanoes emitting large amounts of SO, can be identified as iso-
lated sources, like e.g. in Hawaii and Indonesia.

The removal of approximately 30-50 % of the total SOy from the atmosphere takes
place by dry deposition (see Section on the gound. The most important gas-
phase reaction of SOy is oxidation, which is initiated by OH addition (Stockwell and
Calvert], [1983)):

SO+ OH+M — HSOg+M (2.11&)

where about 30 % of the total SO, is degraded. During these reactions, the oxidation
capacity of the atmosphere does not change. Due to its relatively high solubility in
water, SO, reacts with liquid water. Thus, an equilibrium of SO, in gas phase and
SO3™ in liquid phase occurs, e.g. in clouds. The involved reactions are:

SOz (g) + H20qiq) <— H2503(iig) (2.12a)
HQSO3 (liq) < HSOg(hq) -+ H?l_iq) (212b)
Hsog(liq) — SO%th) + H?qu) (212C)

H,SO3 and SO3 ™ in liquid phase can be further oxidized to HySO4 and sulphate
(SOF7), for example by hydrogen peroxide (H,O,). The sulphate formed is even-
tually transported to the ground together with the cloud or fog droplets, thus con-
tributing to acid rain or acid haze.

HySO4 will quickly condense after its formation in the gas phase, due to its low vapor
pressure. Thus, small particles are formed, which can act as cloud condensation nu-
clei (CCN) and therefore impact cloud formation. Then, the formed clouds consist
of more and smaller cloud droplets, since the available water in the atmosphere is
distributed to more droplets. This process results in an increase of the cloud albedo
compared to clouds consisting of less and larger droplets. In addition to this indirect
aerosol cooling effect on the Earth’s radiative budget, a direct aerosol effect occurs
due to sulphate particles. Volcanic emissions of SOy are known to be transported to
the stratosphere, where the formed sulfate particles have a cooling effect since the
solar radiation is scattered back to space.
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2.3 The Oxygen Collision Complex

The interaction of pairs of Oy molecules result in different bonded molecules, i.e. the
weakly bonded van der Waals dimer O4 and the collisionally induced complex (Os)s.
In contrast to the discrete structured ro-vibrational bands of the electronic transition
of Oy and the structured bands of the dimer Oy, (O2)s also has broad unstructured
absorption bands (see, e.g., |Greenblatt et al. |1990; [Solomon et al., [1998; Wagner
et al., 2002). While absorption features due to (O3)y were already known for solid,
liquid and high pressure oxygen, the first atmospheric observation was carried out
by |[Perner and Platt (1980). The bands in the region from 300-1300 nm belong
to transitions between dimers of ground state oxygen molecules and electronically
exited states of (Og)s. The weak temperature dependence of the (Og), absorption
under atmospheric conditions indicate that they are related to the collision complex
rather than to the bonded dimer (Greenblatt et al., [1990)). It should be noted, that
ab initio studies determined that the most stable form of covalently bonded O, lies
higher in energy than molecular Oy (Adamantides et al., [1980; Adamantides, [1980).
Thus, the contribution of covalently bonded O, is negligible under atmospheric
conditions.

The atmospheric concentration profile of (Og)s is well known, since it is proportional
to the square of the O, concentration:

C(02)2(2) = keq - (0.21 - cgir(2))? (2.13)

where ¢,;,(2) denotes the air density at the altitude z and k., is the equilibrium
constant. k., is not well known, but since the literature absorption cross section of
(O3)2 used for absorption spectroscopy measurements includes this equilibrium con-
stant, the retrieved optical densities are not affected (see Section . The profile
of (Og)3 is fairly constant in time and depends only on the small changes of the air
density due to the temperature and barometric pressure. The scale height of (O3),
corresponds roughly to 4 km.

While the collision complexes of two ground state oxygen molecules are probably not
significant for atmospheric chemistry, the exited electronic states of (Og)s may be
of importance (Perner and Platt], |1980)). However, investigations and observations
concerning such capabilities where not reported yet.

The absorptions of (O2)s are generally used as an indicator for the changes in the
radiative transfer in the atmosphere, since the profile of (O3), is known (equation
(2.13])). Therefore, the observed changes in the absorption are due to the accord-
ing light path. In combination with radiative transfer simulations and numerical
inversion methods, the information on the light path can be gained from (O3)2 ab-
sorption measurements. This approach is also applied in this work (see Section
and Chapter |5).

The oxygen collision complex (O2)s will be referred to as Oy in the following, since
this term is conventionally used in the Differential Optical Absorption Spectroscopy
literature.
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Table 2.3: Global emission estimates for major aerosol classes (Seinfeld and Pan-
dis, |2000, and references therein).

Source Estimated flux
[Tg y~']
Natural primary
Mineral dust 1490
Seasalt 10100
Volcanic dust 30
Biological debris 50
Natural secondary
Sulfates from DMS 12.4
Sulfates from volcanic SO, 20
Organic aerosol from biogenic VOC 11.2
Anthropogenic primary
Industrial dust (except black carbon) 100
Black carbon 12 (Tg C)
Organic aerosol 81 (Tg C)
Anthropogenic secondary
Sulfates from SOq 48.6 (Tg S)
Nitrates from NO, 21.3 (Tg NOy)

2.4 Atmospheric Aerosols

An aerosol is defined as a suspension of fine solid or liquid particles in a gas. How-
ever, the general usage of the term aerosol refers to the particulate component only.
Aerosols in the atmosphere originate from natural as well as anthropogenic sources.
Thereby, a distinction is made between primary aerosols, which are emitted directly,
and secondary aerosols, which are formed in the atmosphere by the conversion of gas
to particles in various processes. Several chemical and physical processes can change
the size and composition of aerosols once they are suspended in the atmosphere.
The sizes of the particles range from a few nanometers to tens of micrometers in
the diameter, while particles smaller than 1 ym diameter usually have atmospheric
concentrations in the range from roughly ten to several thousand per cm® and those
exceeding 1 um diameter generally have concentrations less than 1 per cm?®.

Table presents a range of emission estimates of particles generated from natural
and anthropogenic sources, on a global basis. Natural emissions are mainly driven by
dispersion due to wind. The highest natural direct emissions result from sea spray,
which produce sea salt aerosols when air bubbles burst in the crest of a wave. Sea
salt aerosols contain mainly sodium chloride (NaCl), calcium sulfate (CaSO,) and
magnesium chloride (MgCly). Further natural sources for direct aerosol emissions
are soil and rock debris as well as dust. These particles consist mainly of minerals
and are therefore referred as mineral dust. Especially in very dry desert regions,
strong winds can disperse large amounts of dust, which can be transported over
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Table 2.4: Concentrations of selected elements found in atmospheric aerosols and
the corresponding particle size ranges (Schroeder et al., |1987).

Element | Aerosol mode Concentration [ng m—3]
(Fine, Coarse) | Remote | Rural Urban
Fe F and C 0.6-4200 | 55-14500 | 130-13800
Pb F 0.01-65 2-1700 30-90000
Zn F 0.03-450 | 10-400 15-8000
Cd F 0.01-1 | 0.4-1000 | 0.2-7000
As F 0.01-2 1-28 2-2500
\Y F and C 0.01-15 3-100 1-1500
Cu Fand C 0.03-15 3-300 3-5000
Mn Fand C 0.01-15 4-100 4-500
Hg - 0.01-1 | 0.05-160 1-500
Ni Fand C 0.01-60 1-80 1-300
Sb F 0-1 0.5-7 0.5-150
Cr Fand C 0.01-10 1-50 2-150
Co F and C 0-1 0.1-10 0.2-100
Se Fand C 0.01-0.2 | 0.01-30 0.2-30

long distances and subsequently serve as fertilizer for oceanic plankton. Volcanic
eruptions emit both directly dust and SOs, which generates sulfate particles (see
Section[2.2.2). Furthermore, the emission of pollen by vegetation and the direct and
indirect aerosol production by biomass burning contribute to the natural emissions.
Anthropogenic emissions of particulate matter arise primarily from fuel combustion,
industrial processes and any kind of traffic. These source categories emit primary
aerosols mainly consisting of carbonaceous compounds, which can be divided into
black carbon and organic aerosols. While the latter can be produced also from
atmospheric reactions involving emitted gaseous organic precursors, black carbon
aerosols can be produced only in a combustion process and is therefore solely pri-
mary. Black carbon aerosols are also referred to as soot, which is used to refer to
any light-absorbing, combustion-generated carbonaceous material. Additionally, the
anthropogenic NOs and SO, emissions result in the generation of secondary nitrate
and sulfate particles, respectively (see Section [2.2.1} and [2.2.2)), and the emission of
primary aerosols due to wind erosion of cropland can be attributed to as anthro-
pogenic.

The geographic distribution of the aerosol sources is inhomogeneous, and there are
large variations on a global scale. An additional reason for this is the removal pro-
cesses for aerosols. On the one hand, the dry deposition of mainly larger particles
at the Earth’s surface, and on the other hand, the incorporation into cloud droplets
during the formation of precipitation. The latter is referred to as wet deposition,
and includes the acting of smaller particles as cloud condensation nuclei as well as
the washing out of particles of any size by precipitation. In contrast to atmospheric
trace gases, which have lifetimes ranging from less than a second to a century or
more, tropospheric aerosols exhibit residence times varying only from a few days to
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Figure 2.5: Idealized schematic of the distribution of particle surface area of an
atmospheric aerosol. Principal modes, sources, and particle formation and removal
mechanisms are indicated. Adapted from (Seinfeld and Pandis, |2000).

a few weeks.

Table gives an overview of the concentrations of selected elements found in
atmospheric aerosols depending on the region. The size mode of the according par-
ticles are also given. For similar pollution levels, the concentration of these elements
vary over a large range, indicating the strong influence of local sources on the chem-
ical composition of the particles.
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Figure 2.6: Atmospheric resistance time as a function of particle diameter for the
different atmospheric layers. The predominant removal mechanisms are indicated.

Adapted from (Jaenicke, 1975).

In the stratosphere, globally distributed background aerosols are present. It is com-
posed of an aqueous sulfuric acid solution, which is generated from COS originating
from the Earth’s surface. Due to its long tropospheric life time, COS diffuses into
the stratosphere where it is dissociated by solar ultra-violet radiation and forms
sulfuric acid. In addition, frequent volcanic eruptions inject remarkable amounts
of SO, directly into the stratosphere (e.g., Brasseur and Granier, |1992). Here, the
aerosol residence times are much longer (= 1year ) than in the troposphere, since
the efficiencies of the deposition mechanisms are strongly reduced.

Once the particles are in the atmosphere, their size and composition can change
due to evaporation, coagulation, chemical reactions, or activation in conditions with
supersaturated water to form fog and cloud droplets. Furthermore, the particles
can serve as catalysts, since chemical reactions proceed faster at surfaces than in
gaseous phase. The processes influencing the particle sizes are shown in an ideal-
ized schematic in Figure 2.5 In addition, the typical distribution of surface area
of atmospheric aerosols is shown. The lower and upper limit for the size range of
atmospheric aerosols can be localized by considering two general phenomena. The
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Figure 2.7: Typical number and volume distributions of atmospheric particles with
the different modes. Adapted from (John et all |1990; |Seinfeld and Pandis, |2000,).

upper limit is determined by the settling velocity of large particles, which causes
sedimentation. Since the settling velocity varies approximately with the square of
the particle radius, larger particles have smaller atmospheric residence times and
are removed rapidly by sedimentation. At the lower size range limit, particles orig-
inating from nucleation can repeatedly evaporate and condense again before they
reach a critical size of a stable state. The critical size is not uniquely defined, since
it depends on atmospheric conditions. It is determined by the temperature, relative
humidity and, e.g., the oxidation rate of SO5, which yields the condensable sulphuric
acid molecules.

The atmospheric particles can be divided in different modes as depicted in Figure
2.5l Particles with diameters up to about 10nm compose the nucleation (or nu-
clei) mode, while the Aitken mode comprises particles with diameters ranging from
about 10nm to 100 nm. These two modes account for the dominance of particles by
number, while their total mass rarely account for more than a few percent due to
their small size. The nucleation mode contains particles, which are formed during
combustion processes by the condensation of hot vapors as well as by nucleation of
atmospheric species. The coagulation with larger particles causes the depopulation
of this size regime. Usually, most of the aerosol surface area and a considerable part
of the aerosol mass is comprised by the accumulation mode, which ranges from 0.1
to about 2.5 um in particle diameter. The particles in this mode originate from co-
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Figure 2.8: Representative vertical distribution of aerosol mass concentration.
Adapted from (Jaenicke, |1995).

agulation of particles in the nucleation mode and from condensation of vapors onto
existing particles, resulting in the growth into this size range. The adjacent size
range of particle with diameters larger than 2.5 um depicts the coarse mode, con-
taining aerosols generated by mechanical processes like natural and anthropogenic
dust particles.

Since the particle removal mechanisms are efficient at the small and large particle
extremes of the size spectrum, the particles accumulate in the accumulation mode
size range. Here, the removal mechanisms are inefficient and result in longer atmo-
spheric residence times than those in either the nucleation or coarse mode. Figure
[2.6] shows the atmospheric resistance time as a function of particle diameter for the
different atmospheric layers. Also the predominant removal mechanisms are indi-
cated.

The above mentioned differences in the contributions of the individual modes to the
total number and mass of atmospheric aerosols is accounted for by using different
representations of the aerosol size distribution. For this purpose, the size distribu-
tions are generally described with respect to the aerosol number and volume. The
according distribution functions are then represented by ny(log D,) = dN/dlog D,
and ny (log D,) = dV/dlog D,, for the number N and volume V', respectively. Since
the particle diameter size range spans over several orders of magnitude, the loga-
rithm of the diameter D, normalized with 1 pgm is used. Thus, the size distributions
for the number and volume of aerosols are given in units of cm™ and pm?/cm?,
respectively. The relation between both distributions is described by:

™

nyv(log D,) = 5

D> - ny(log D) (2.14)
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For the mathematical description of these size distributions, the lognormal distri-
bution is used in atmospheric applications, which is the logarithm version of the
normal distribution.

Figure shows typical number and volume distributions of atmospheric particles.
It also contains the lognormal size distributions of the individual modes, which are
depicted by the dashed lines. The number distribution is dominated by the nucle-
ation and Aitken mode (Figure , upper panel). In contrast, the accumulation
and coarse mode dominate the volume distribution and contribute practically all
the aerosol mass (Figure lower panel). Furthermore, the accumulation mode
often consists of two overlapping submodes, which are the condensation mode and
the droplet mode (John et al., 1990).

The typical vertical distribution of mass concentrations of different aerosol types is
shown in Figure [2.8, These profiles are rough representations of long-term averages
(Jaenicke, |1993), while large local variations occur especially in urban areas depend-
ing on the emission sources. The mass concentration profiles of the different aerosol
types typically decrease exponentially with altitude in the lower troposphere, wheres
the back ground profile in the free troposphere remains constant with altitude.
The impact of atmospheric aerosols on the global radiative budget occurs directly
and indirectly (see Section [2.2.2). Fine particles can serve as CCN and increase
the cloud albedo due to the formation of smaller and more cloud droplets. Then,
the indirect aerosol cooling effect occurs due to the larger fraction of solar radiation
reflected back to space. Furthermore, since aerosols scatter radiation rather than
absorb, the direct cooling effect results from the shielding of solar radiation. The
knowledge on these effects of atmospheric aerosols is subject to large uncertainties
(IPCC, 2007).



Chapter 3

Differential Optical Absorption
Spectroscopy

Since its introduction by [Platt et al. (1979), Differential Optical Absorption Spec-
troscopy (DOAS) became more and more an indispensable and powerful remote
sounding technique for the determination of atmospheric constituent concentrations.
It has been applied for three decades to measure a wide variety of gaseous species
relevant to atmospheric chemistry. Several trace gas species were detected the first
time by DOAS, e.g. OH by Perner et al.|(1976), HONO by Perner and Platt| (1979),
NOj3 by Platt and Perner| (1980), BrO by [Sanders et al.| (1989) and Hausmann and
Platt| (1994), 10 by |Alicke et al.| (1999) and CHOCHO by [Volkamer et al.| (2005a).
Also several other trace gases like e.g. Oz, NO,, SO,, HCHO, H,O, NH;3, CIO,
OCIO and CS; can be detected due to their individual absorption cross sections in
the ultra-violet and visible wavelength region (Platt, |1994; |Platt and Stutz, 2008)).
Also CHy4, CO and CO,, absorbing in the near-infrared wavelength region, can be
detected by DOAS (e.g., [Frankenberg et al., 2005).

DOAS is based on the spectral analysis of light, which has undergone characteris-
tic absorption by the constituents of a certain air mass. The individual absorption
cross section of each trace gas allows for the unambiguous identification and de-
termination of the corresponding concentrations contained in the probed air mass
simultaneously. Due to the contact free nature of the DOAS technique, highly re-
active species can be detected under ambient conditions without uncertainties due
to interactions within the measurement process.

Depending on the origin of the collected light to be analyzed by the DOAS tech-
nique, it can be distinguished between passive and active DOAS. While passive
DOAS instruments case utilize natural extraterrestrial light sources like the Sun or
the Moon, and can be further divided into direct and scattered light DOAS, active
DOAS applications are based on artificial light sources like e.g. high pressure Xe-arc
lamps or light emitting diodes.

A large number of different passive and active applications were developed since
the first introduction of DOAS. While the first passive DOAS instruments collected
scattered sunlight only from the zenith viewing direction, which allows for the inves-
tigation of trace gases in the stratosphere, the introduction of the Multi-Axis-DOAS
(MAX-DOAS) technique enabled to derive information on the vertical distribution

21
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of trace gases in the troposphere (e.g., Honninger and Platt, 2002; Honninger et al.|
2004). Thereby, the viewing direction is varied subsequently, whereby the height
information is gained.
MAX-DOAS instruments are generally simple, robust and cost-effective with mod-
erate maintenance demands, and therefore highly suited for longterm measurements
and the integration in worldwide atmospheric monitoring networks. Several net-
works of MAX-DOAS instruments have been instituted in the recent past. The
Network for the Detection of Atmospheric Composition Change (NDACC), a major
contributor to the worldwide atmospheric research effort, includes several stations
equipped with DOAS instrumentation (e.g., Brinksma et al., 2008; Roscoe et al.,
2010). The Network of Observation of Volcanic and Atmospheric Change (NOVAC)
is monitoring volcanic SO, emissions with more than 50 MAX-DOAS instruments
at over 20 volcanoes, mainly in Latin America (Galle et al.,2010). The Institute of
Environmental Physics of the University of Heidelberg runs a MAX-DOAS network
with instruments set up at measurement sites ranging from mid-latitudes to Polar
Regions (e.g., Frie et al., [2010). The Institute of Environmental Physics of the
University of Bremen runs an equivalent MAX-DOAS network BEDROM (Bremen
DOAS Network for Atmospheric Measurements; e.g., [Wittrock et al. 2004). The
Anhui Institute of Optics and Fine Mechanics of the Chinese Academy of Sciences
in Hefei is about to built up a MAX-DOAS network in China.
The compact construction of MAX-DOAS instruments allow for the installation on
a large number of different platforms, such as cars (e.g., Ibrahim et al.,|2010; Wagner
et al., 2010), vessels (e.g., Martin et al., 2009), airplanes (e.g., Dix et al., [2009; [Heue
et al., 2010) and research balloons, whereas the latter are even able to rise up into
the stratosphere (e.g., Kritten et al., [2010)).
The basic active DOAS application is long path DOAS, where artificial light is emit-
ted by the telescope, reflected at retro-reflectors in several kilometers distance and
finally received again. The measurements are limited to the lowermost atmosphere,
but in contrast to passive DOAS, continuous night-time measurements are possible
(e.g.,Sihler et al., 2009; |[Kern et al., 2009; Poehler et al., 2010; Frief et al., 2011). By
combining several intersecting light paths, tomographic DOAS measurements can
provide information on the spatial trace gas distribution in the surface near atmo-
spheric layer. Multiple reflection cells (White Cells) increase the light path through
a defined small air sample and thus enable in-situ DOAS measurements. Similar
is possible with Cavity Enhanced Absorption Spectroscopy, which implements the
light path increase by an optical cavity system (e.g., |[Platt et al., 2009} 2010)).
Passive DOAS instruments installed aboard satellites enable an unique and objec-
tive view on the global distribution of atmospheric trace gases, which is independent
from national political interests (Wagner, 2007). Beginning in 1996, several research
satellites with DOAS instruments were launched into the Earth’s orbit: the Global
Ozone Monitoring Experiment (GOME, e.g., Beirle et al., [2003) aboard the satellite
ERS-2, the Scanning Imaging Absorption Spectrometer for Atmospheric Chartogra-
phy (SCTAMACHY, e.g., Kuehl et al.; 2008)) aboard Envisat, the Ozone Monitoring
Instrument (OMI, e.g., Beirle et al. [2011)) aboard NASA /EOS-Aura and GOME-
2 (e.g., Heue et al., 2010) aboard MetOp. Several successor satellites are already
planed to continue the observations from space.
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Figure 3.1: Basic principle of DOAS: Iy and o are separated by an adequate filter-
ing procedure into a narrow (' and o’) and broad band part (1) and op). Adapted
from |Platt and Stutz (2008)

Two-dimensional images color coded with the trace gas spatial distribution can be
retrieved from imaging DOAS measurements, which is especially suited for moni-
toring power plants or volcanic plumes (Heue et al., |2008).

Since this work is based on MAX-DOAS measurements, only the basics and concepts
relevant to MAX-DOAS will be introduced in the following. After the explanation
of the general DOAS principle in Section [3.1], the experimental implementation and
spectral analysis principle are discussed in Section and [3.3] respectively. The
additional effects to be considered in the framework of passive DOAS measurements
are discussed in Section [3.4] The principle of MAX-DOAS is explained in Section
B.5] followed by the summary of the spectral retrieval settings in Section for
trace gases measured in line with this work.

The interested reader is referred to the book ”Differential Optical Absorption Spec-
troscopy” written by [Platt and Stutz| (2008), where all basics, principles, concepts
and applications are discussed in detail.

3.1 The DOAS Principle

DOAS is based on the Lambert-Beer Law, which describes the relationship between
an incident intensity, the extinction capacity of the traversed matter and the re-
maining intensity:

I\ L) = Ig(\) - e oWl (3.1)
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with the wavelength dependent incident and remaining intensity Io(\) and I(A, L),
respectively. o(\) is the wavelength dependent absorption cross section of the ma-
terial and L denotes the light path length in the material. In passive DOAS mea-
surements, the Sun serves as light source and the traversed material is the Earths’s
atmosphere with several absorbers, so that equation can be extended to:

n

Z (A, T)-cj(D)+er(ND)+enr (A, l):| dl
=1

f

I\, L) =1h(N) - e (3.2)
Now, the extinction is described by the absorption cross sections o;(\, p,T) of the
trace gas j in units of [HCIE}ZC], which depend on the wavelength A, the temperature
T and the pressure p, and the according concentrations ¢;(l) along the light path.
Rayleigh and Mie scattering (see Section are included by the extinction coeffi-
cients eg(\, 1) and €y (A, 1), respectively.

The optical density 7(A, L) is defined as:

T(\, L) :=1n (]I(O)\(’)\l?,)) : (3.3)

The determination of 7(\, L) from ground based passive DOAS measurements re-
quires the knowledge on Ij. It is, in this case, the solar radiation before entering the
Earth’s atmosphere, which is not always available for obvious reasons. Additionally,
the retrieval of the optical density due to absorption by trace gases would require
the exact knowledge of the overlaid scattering processes in equation (3.2]), which
is also not possible without further effort. These restrictions can be overcome by
the basic concept of the DOAS technique, which is the separation of the absorption
cross section o(\, p,T') according to:

o\p,T) =0 N\p,T)+os\pT), (3.4)

with the differential (narrow band) and broad band part of the absorption cross
section ¢’(A,p,T) and op(A,p,T), respectively. In practice, this separation can
be done by high pass filtering. Inserting equation (3.4) into equation and
subsequent rearrangement results in:

L

- f{ S [0 (Ap D) +05,;(Ap.T)] ¢ (l)+eR()\,l)+eM(>\,l)} di
I\ L) =Ih(N) - e 0 U=

/ f[ia )\pT)c](l):| dl
_ D). 4L | (35

where [j(A, L) includes I5(\) and the broad band structured part of the extinction,
which consists of the broad band part of the trace gas absorption cross section as
well as the Mie and Rayleigh extinction coefficients. In analogy to equation (3.3
and using equation , the differential optical density 7/(\, L) is defined as:

Z(\L) = In < [g(fL))) | (3.6)
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This relationship is illustrated in Figure The slant column density (SCD) S is
defined as:

5= / il (3.7)

and is the integrated concentration (1) of the trace gas along the light path [ given
in units of [22<]. This is the basic quantity measured by DOAS and can also be

described by inserting equation ([3.7]) in equation (3.5 and comparing with equation
B9) as
7'(\, L
S = —( L) .
a(\p,T)

Since passive DOAS measurements utilize a reference spectrum [(A) which also
contains absorption by trace gases, the determined SCD is a differential SCD, namely
the difference between the actual SCD and the SCD contained in the employed
reference spectrum for the calculation of the intensity ratio in equation (3.6)).

(3.8)

3.2 Experimental Implementation

The typical setup of a DOAS measurement is sketched in Figure [3.2l The intensity
In(N) emitted by the light source traverses the air mass of the atmosphere to be
probed and contains the individual trace gas absorption structures afterwards. The
intensity I(A, L), which has a high spectral resolution and contains in this case
only the absorption of formaldehyde (HCHO), enters the entrance slit of a grating
spectrograph (Figure ) The optical properties of the spectrograph, namely
the grating properties and the entrance slit, cause a spectral degradation of I(\, L)
(Figure [3.2b). This I*()\, L) is imaged on the detector and can be described by the
convolution of I(A, L) with the instrument function H:

IF(\L) = H+ I\, L) = /](X) CH(A = N) dX. (3.9)

The detector consists of discrete pixels, whereby the intensity I*(\, L) mapped on
a single pixel 7 is integrated within the according wavelength interval \; and \;,q

(Figure ):
Ait1
') = / (X, L) dX . (3.10)
A

In most cases, the wavelength mapping can be approximated by a polynomial:
q
Mi) =Y B i*, (3.11)
k=0

which describes the relationship between the pixel ¢ and the wavelength A(7). Usu-
ally, a polynomial of order two suits best for this wavelength calibration. Thereby,
a spectral shift and squeeze or stretch is scaled by the zeroth and first order coeffi-
cient, respectively. The second and eventually higher order coefficients scale possible
spectral distortion, due to unequal spectral pixel widths. The wavelength calibra-
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Figure 3.2: Schematic view of a DOAS instrument used to measure trace-gas con-
centrations. Collimated light undergoes absorption processes on its way through the
atmosphere. In (a), an example of this light entering the spectrograph is given when
HCHO is assumed to be the only absorber. (b), the same spectrum convolved with
the spectrograph’s instrumental function reaches the detector. In the detector the
wavelength is mapped to discrete pizels. This spectrum, (c), is then stored in the
computer and can be analyzed numerically. Adapted from |Stutz and Platt (1996)

tion strongly depends on the spectrometer temperature (see Section . Thus,
the changes in the optical properties of the spectrometer due to its temperature has
to be taken into account thoroughly.

Usually, differential trace gas absorption cross sections o (A, 7T, p) measured in the
laboratory with high spectral resolution instruments are used for the DOAS anal-
ysis procedure. Therefore, the instrument dependent wavelength calibration from
equation has to be applied. Furthermore, the consideration of the spectral
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resolution by convolution with the instrument function H is necessary:
T, p) = Hxo(\ T, p) = /O(X,T, P HOA—N) AN,  (3.12)

yielding the absorption cross section o*(A, T, p) with appropriate spectral properties.

3.3 Spectral Analysis Principle

As described in Section [3.1] the trace gas SCD is the basic quantity retrieved from
DOAS measurements. The logarithm of equation ({3.2) is:

In(I(\ L)) = In(Iy(\))—

L

/ {Z [0i(Ap, T) + o5\ p. T)] - ¢;(1) + er(N 1) + enr(A, l)} di .

0o ~J=l

(3.13)

The broad band part of the trace gas absorption cross section op ;(A,p,T), the
Rayleigh scattering er(\, 1) and Mie €y,(\, 1) scattering can be merged into one
polynomial (Platt et al., |1979):

In(I(\, L)) = In(Io(X /(Za A\ p, T (l)+2p:um-xn> di.  (3.14)

The order and the coefficients of the polynomial has to be chosen according the shape
of the total broad band structure in the respective wavelength range. Assuming
constant pressure and temperature in the probed air mass and considering that
the differential absorption cross section o’;(\, p, T') as well as the polynomial do not
depend on the light path, equation can be rearranged and combined with

equation (3.7)):

L

In(I(\, L)) = In(Zo(A ZO’ (A p, T /Cj(l) dl + zp: Lo+ A

0
n

=In(Ih(N)) — (Z o\ p,T)-S;+ Z L, - )\m> . (3.15)

j=1

The aim of the DOAS retrieval is to find the best S; and p, that reproduce the
measured I(A, L) and Iy(A). These quantities can be derived by applying a least
squares fit (Gomer et al., [1993; [Stutz and Platt, 1996). Then, the basic condition
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to be fulfilled is the minimization of y?, which is defined as:

Ao n P 2
X’ = / (ln([()\, L)) —In(lo(N)) + Za}()\,p, T)-S;+ Z L, - )\m> d\ = min,
A1 j=1 m=0

(3.16)
where A\; and Ay denote the limits of the spectral window to be considered, and
a%(A,p,T), n and p are fix parameters. The minimum can be retrieved using lin-
ear least squares fitting (Albritton et al., [1976; Bevington) [1969). Considering the
discrete pixel mapping from equation , the least squares condition to be min-
imized becomes:

k>‘2 n P 2
=2 (mmk, L) —n(Io(k) + > 03k, p. T) - S5+ Y - k:m) * min,
k=kx, j=1 m=0

(3.17)
where the integral over the according wavelength range is replaced by the sum over
the pixels covering the spectral window of interest. This window should include
strong differential absorption features of the trace gas of interest to ensure its un-
ambiguous identification. At the same time, strong absorption structures of other
trace gases and significant Fraunhofer structures should be avoided in this spectral
window (see Section [3.6.1)). Due to photon and electronic noise (see Section [7.1.2)),
a residual R remains, although the best fit parameters are found within the fitting
procedure:

R(k) =In(I(k,L)) — In(Iy(k)) + ia}(k,p, T)-S;+ i JTAEY L (3.18)

whose root mean square (RMS) x serves as an indication for the quality of the spec-
tral fit. While in an ideal case, when the residual contains only noise and therefore
no spectral structure, several reasons can cause systematic residual structures. For
instance, an inaccurate wavelength calibration or absorption cross section as well as
not considered absorbers are possible reasons for structured residuals.

In typical DOAS measurements, slight changes in the wavelength to pixel mapping
of the spectrometer can occur, mainly due to temperature instabilities, resulting in
systematic structures in the residual since an adequate spectral fitting is strongly
affected thereby. This effect can be accounted for by introducing a new wavelength
grid described by a polynomial, which allows for the adjustment of the initial wave-
length calibration:

I()\k> — ]()‘;c) with )\;g = /\k + So + 81(>\k - /\C) + 82()\k - /\C)2 s (319)

with the center wavelength . of the investigated wavelength interval from equation
. Now, the appropriate parameter s describes the necessary wavelength shift,
while s; and sy account for the wavelength squeezing or stretching.

Another effect, appearing in the experimental implementation of the DOAS tech-
nique, is the possible occurrence of stray light in the housing of the spectrometer.
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This can result in an additional broad banded signal overlaid to the actual measured
intensities. This artificial signal can be compensated by adding a polynomial to the
intensity:

I(A) = Laga(N) = I(A) + Pada - (3.20)

The additional polynomial P,4; should not be confused with the polynomial from
equation (13.14]).

The latter two non-linear effects are integrated in the spectral fitting procedure using
the Levenberg-Marquardt method (Levenberg, 1944; Marquardt), (1963)). Thus the
best shift, squeeze/stretch and additional polynomial parameters are determined, so
that the fit of equation (3.17)) results in the optimal solution.

3.4 Passive DOAS

In passive DOAS measurements, where scattered sunlight serves as light source,
several effects occur, which have to be considered in the spectral analysis procedure.

3.4.1 Fraunhofer Lines

The sunlight arriving at the top of the Earth’s atmosphere exhibits a highly struc-
tured spectral signature, due to discrete absorption and re-emission of radiation
in the photosphere of the Sun. The optical densities of these Fraunhofer lines are
typically two to three orders of magnitude higher than the optical densities of the
trace gases in the Earth’s atmosphere. Therefore, the Fraunhofer lines have to be
considered in the spectral retrieval to avoid the falsification of the results. This
consideration is achived by including a Fraunhofer reference spectrum (FRS), which
also serves as the [ spectrum. For obvious reasons, the FRS is taken from the
same instrument instead of one measured from space including no absorptions in
the Earth’s atmosphere. Thus, care has to be taken in the adequate choice of the
FRS and the interpretation of the retrieved trace gas slant column densities (see

Section [3.5)).

3.4.2 Ring Effect

Grainger and Ring (1962)) first observed that the optical density of the Fraunhofer
lines in scattered sunlight spectra are reduced compared to direct sunlight mea-
surements. This "filling in” of the Fraunhofer lines is caused by inelastic Raman
scattering (see Section of photons by air molecules (Bussemer, 1993; |Fish and
Jones, [1995; Burrows et al., [1996|), which changes the wavelength of the scattered
photon (Brinkmann, |1968). Since the intensities in the Fraunhofer lines are less than
in the bordering wavelength regions, the probability for photons to be scattered in-
elastically into the Fraunhofer lines is greater than vice versa. This effect has to
be accounted for in the passive DOAS spectral retrieval, since the optical densities
of the Ring effect can be, depending on the light path, up to one to two orders of
magnitude higher than the optical densities of the trace gases. Therefore, a so called
Ring spectrum is included in the spectral retrieval. The scattered sunlight intensity
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Ieas measured by passive DOAS instruments can be described as:

Imeas = IRayleigh + IMie + IRaman = lelastic T IRaman ) (321)

with Irayicighs Iarie and Ipgman denoting the intensities originating form elastic
Rayleigh, Mie and inelastic Raman scattering processes, respectively. Taking the
logarithm results in:

1n<Imeas) - ln(lelastic + IRamcm)

I
= ln([elastic) —+ In <1 + M)

elastic

I Raman

~ 1n<IelastiC) + = ln(IelastiC) + IRing (322)

[elastic
The Ring spectrum /Ig;,, can be determined by conducting polarization sensitive
intensity measurements, since Rayleigh and Raman scattered light exhibit different
degrees of polarization (Solomon et al., |[1987). However, for the undisturbed Ring
spectrum measurement, the contribution of Mie scattering with weak wavelength
dependence caused by aerosols would have to be omitted, which is usually not pos-
sible for obvious reasons. Additionally, the dependence of the light path on the
polarization can result in atmospheric absorption structures in the measured Ring
spectrum, which would affect the spectral trace gas retrieval (Wagner, |1999). These
limitations can be overcome by using a modeled Ring spectrum. Since the main con-
stituents of the atmosphere are nitrogen and oxygen with known rotational states,
the spectrum of inelastically scattered light can be modeled (Bussemer, [1993; Fish
and Jones, 1995; Chance and Spurr, (1997)) to a degree of accuracy, which compares
very good to high resolution atmospheric observations (Aben et al., 2001)).

For this work, Ring spectra calculated from the high resolution solar spectrum (Ku-
rucz et al., [1984) are used. The calculations were performed using the WinDOAS
software (Fayt and Van Roozendael, 2001), which applies the method described in
Chance and Spurr| (1997)).

3.4.3 Solar [, Effect

As described in Section [3.4.1], the solar spectrum contains highly structured Fraun-
hofer lines, which cannot be resolved by typical DOAS instruments with spectral
resolutions ranging from tenths of a nanometer to several nanometers. As a result,
the detected absorption structures from the spectral fit can differ slightly from the
utilized trace gas absorption cross sections, which where recorded under laboratory
conditions with unstructured light sources. However, this so called solar I effect
(Platt et al. [1997; Richter, |1997) has to be considered for strongly absorbing trace
gases, but can be neglected for weak absorbers. Following Johnston| (1996), the
absorption cross sections can be corrected for the I effect, leading to o, (A, S):

o (\S) = —In (50&;) - % | (3.23)
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Figure 3.3: Simplified schematic view of a MAX-DOAS measurement. The tele-
scope collects scattered sunlight from viewing directions with different elevation an-
gles. The yellow lines indicate the light paths.

with the high resolution solar spectrum convolved with the instrument function H:

I\ = Hx (), (3.24)

and the synthetic spectrum, which contains absorption of the concerning trace gas
with a typical slant column density S:

I'(\) = H * [Iy(\) - e 7V F] (3.25)

The slant column densities used for the Iy corrections in this work are summarized

in Section B3.6.2

3.5 Multi-Axis DOAS

A simplified sketch of a typical Multi-Axis DOAS (MAX-DOAS) measurement ge-
ometry is illustrated in Figure [3.3] The instrument is located at the ground and
collects scattered sunlight from different viewing directions with varying elevation
angles «, which is defined relative to the horizon. The position of the Sun relative
to the viewing direction of the instrument is determined by the solar zenith angle
(SZA) 0, which is defined relative to the zenith, and the angle spanned by the projec-
tion of the viewing direction and the direction of the sun relative to the instrument
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onto the horizontal plane, namely the relative solar azimuth angle ¢. While zenith
sky measurements are mainly sensitive for stratospheric absorbers, the light path
through the atmospheric layer near the surface is strongly increased for viewing
directions with small elevation angles, along with an increase in the sensitivity for
absorbers in this layer (Honninger, 2002; Honninger and Platt, [2002; Leser et al.,
2003; van Roozendael et al., [2003; |Honninger et al., [2004; |Wagner et al., | 2004; Wit-
trock et al., 2004; v. Friedeburg et al.; 2005} Heckel et al., 2005} Sinreich et al., 2005
Friel et al., 2006; Sinreich et al.l |2007; |Sinreich, 2008). The light paths indicated in
Figure describe the situations when only one scattering event occurs along the
total light path. Thus, the following assumptions considering the interpretation of
the retrieved slant column densities S depending on the choice of the FRS can be
made. On the one hand, the reference spectrum can be chosen with respect to the
SZA 0,5 and elevation angle a,.; to be the lowest and highest, respectively, with
relatively low absorption included. This applies to a zenith measurement around
noon time. Then, the retrieved SCD is:

dS(0,a) = S(0,a) — S(Oref, Arer) - (3.26)

On the other hand, the zenith measurement of the current elevation scan sequence
can be chosen as reference spectrum. The retrieved SCD is then:

AS(0, @) = S(0,a) — S(6,90°) . (3.27)

In this case, both spectra are recorded approximately at the same SZA but differ
in the elevation angle. Since the SCD can be separated into a tropospheric and
stratospheric part, equation (3.27) can be written as:

AS(Q, Oé) = [Stmp((g, Oé) + Sstrat<97 Oé)] — [Stmp(e, 900) + Sstmt(ﬁ, 900)] s (328)

and since the condition Sy.q(0, @) & Sgprar(6,90°) is fulfilled for a fixed SZA, the
approximation:

AS(0,0) 2 Sirop(0, @) — Sprop(6,90°) (3.29)

can be made, showing the high sensitivity of MAX-DOAS to tropospheric absorbers.
In the experimental practice, the different elevation angles are scanned subsequently,
so that the SZA of the individual measurements differ slightly. However, this re-
sulting difference in the stratospheric part caused by not exactly equal SZA can be
neglected, since the time differences are usually very small. Significant effects can
appear during periods with high and rapidly changing SZA, namely in the morning
and evening hours. The increased light paths in the stratosphere result in higher
absorption by ozone and NOs in the ultra-violet wavelength range. For any other
conditions, the spectral retrieval of AS is always less affected by temporally un-
stable spectrometer properties compared to the retrieval of dS, resulting in smaller
residuals.

The SCD depends on the light path and is therefore not well suited for quantitative
implications on the trace gas concentrations. In contrast, the vertical column den-
sity (VCD) V, which is the integrated concentration ¢(z) along the height z, does
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Figure 3.4: The Last Scattering Altitude LSA: for low elevation angles, the mean
free path in the viewing direction is shorter due to higher density and/or aerosol load.
This can result in the slant path through absorbing layers at higher altitudes being
shorter for lower elevation angles than for higher ones. Adapted from

not depend on light path and wavelength:

V= /c(z) dz , (3.30)

and allows for direct comparisons of the results from different measurement tech-
niques. As depicted in Figure [3.3], the following approximations for the VCD can be
made using a geometrical approach:

Virop = sin(a) - Spyop() and Vistrat = c08(0) + Ssprat(0) (3.31)

for the VCD of a tropospheric and stratospheric absorber Vj,,, and Vg4, respec-
tively. The combination of both results in:

V:trop + ‘/strat :|

sin(a)  cos(6) (3:32)

S(6.0)~ |

Attention has to be paid for conditions with elevation angles smaller than about 20°
and solar zenith angles larger then about 70°, due to the inapplicability of the geo-
metrical approximation and possible scattering within the trace gas layer. For such
cases, radiative transfer models have to be utilized to determine the relationship
between the SCD and VCD, which is discussed in detail in Chapter [d Furthermore,
atmospheric aerosols have a tremendous influence on the light path due to the in-
crease in scattering probability, and therefore make the usage of radiative transfer
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models indispensable. In conditions with high aerosol load, multiple scattering can
occur and the geometrical light path approximation is thus not valid anymore. This
situation is illustrated in Figure The multiple scattering events can result in
more vertical light paths through an elevated absorber layer for lower elevation view-
ing directions than for higher ones, which is in contrast to what would be expected
from the geometrical approach. Similar considerations are valid for decreased light
paths of low elevation viewing directions through absorber layers located directly
above the surface.

Honninger et al.| (2004) verified in an intensive radiative transfer modeling study the
potential for the retrieval of trace gas vertical profiles from MAX-DOAS measure-
ments. Such a retrieval can be implemented using inverse modeling methods, which
combine forward radiative transfer models and iterative Levenberg-Marquardt algo-
rithms to determine the trace gas profile from the measured slant column densities.
In this work, profiles of nitrogen dioxide and selected other trace gases are retrieved
and compared to independent datasets from other measurement techniques. The
utilized retrieval method is described and discussed in detail in Chapter [5

Since aerosols strongly influence the light path in MAX-DAOS measurements, the
detailed knowledge on their vertical distribution and optical properties is of crucial
importance for the trace gas profile retrieval to succeed. Here, the elegance of the
MAX-DOAS technique comes to light once more. Wagner et al.| (2004) explored
the information on aerosols contained in MAX-DOAS measurements of the oxygen
collision complex Oy4. Since the vertical distribution of O4 is proportional to the
square of the oxygen concentration and therefore depends on pressure, it is nearly
constant in time and well known (see Section [2.3)). The Oy slant column densities
derived from MAX-DOAS measurements cannot be referred to Oy since the equi-
librium constant between Oy and (Og)s is not known. Therefore, the O, SCD is
referred to the integrated quadratic Oy concentration and includes the equilibrium
constant (Greenblatt et al.l [1990). In contrast to the other absorbers, the O, SCD
is then given in units of [%@CZ] Any changes in the observed slant column den-
sities is therefore due to the characteristic light path caused by aerosols. Thus,
the aerosol profile can be extracted from the O4 measurements by inverse modeling
methods. [Frie et al.| (2006) investigated the retrieval of aerosol profiles and optical
properties from simulated MAX-DOAS O, measurements using the optimal esti-
mation method, concluding its applicability. Based on the approach of Frief} et al.
(2006), the retrieval method for aerosol profiles was modified and extended within
the scope of this work and applied to MAX-DOAS measurements. It is described
and discussed in detail in Chapter [} The retrieved aerosol profiles were then used
as input for the trace gas profile retrieval.

3.6 Spectral Retrieval

The spectral trace gas retrieval within this work was performed using the Win-
DOAS program package, developed at the Belgium Institute for Space Aeronomy
(IASB, [Fayt and Van Roozendael, 2001). The WinDOAS program does not pro-
vide an internal option to perform the spectral analysis for the retrieval of slant
column densities with respect to the current zenith measurement from the accord-
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Table 3.1: Trace gas absorption cross sections utilized in this work.

No. | Molecule (Temperature) | Reference
1 | O4 (298 K) Hermans| (2002)
2 | O3 (223 K) Bogumil et al.| (2003)
3 | O3 (243 K) Bogumil et al.| (2003)
4 | Oq (294 K) Rothman et al.| (2009)
5 | H,O (294 K) Rothman et al.| (2009)
6 | NOy (220 K) Vandaele et al.| (1998))
7 | NO2 (294 K) Vandaele et al.| (1998)
8 | SO, (293 K) Bogumil et al.| (2003)
9 | HCHO (298 K) Meller and Moortgat| (2000)
10 | HONO (298 K) Stutz et al. (2000)
11 | CHOCHO (296 K) Volkamer et al.| (2005b))

ing elevation scan sequence (ASCD, see Section . Therefore, a program was
written, which selects the spectra of one complete elevation scan sequence, identifies
the zenith measurement to be used as FRS and runs the WinDOAS program after
processing the controlling files. This program offers also the possibility to select the
noon zenith measurement from the according day to be set as the FRS (dSCD, see
Section , if required. Such a flexible handling of the FRS choice is especially
desirable, when the analyzed data covers a long time period of several months.
The total measurement error consists of statistical and potential systematic errors.
The statistical error arises due to photon and instrumental noise, and is the limiting
factor for the detection limit of the spectral retrieval (see Section [7.1.2). During
day time, the instrumental noise, consisting of the electronic offset and dark current
noise, is negligible compared to the photon noise. For the retrieved slant column
densities, the WinDOAS program provides the statistical errors. These 1o errors are
calculated from the standard deviations of the linear and non-linear fit algorithms,
weighted by the fit x? and number of degrees of freedom, which is the number of
channels in the spectral window minus the number of linear and non-linear param-
eters to fit (Fayt and Van Roozendael, 2001). They compare also very well to fit
errors derived, when applying the method proposed by |Stutz and Platt| (1996))(Heue,
2005)).

The sources for systematic errors are diverse. In cases where absorbers are not con-
sidered in the fitting procedure due to the missing knowledge on their absorption
cross section or the unexpected occurrence during a measurement, the uncertain-
ties of the spectral fit can increase. The available cross sections, measured under
laboratory conditions with well defined temperatures and pressures, include uncer-
tainties in the absolute values of up to 5%. Due to the temperature dependence
of the cross sections, additional systematic errors arise, since the different tempera-
tures at which the trace gases are probed in the atmosphere can not be accounted
for exactly. Furthermore, the spectral retrieval in wavelength regions with strong
H>O and O, absorptions are affected by errors in the respective cross sections. In
general, these cross sections are extracted from the HITRAN database (Rothman
et al., 2009)). Since the database contains laboratory-measured as well as modeled
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Table 3.2: Fit scenarios and according optical densities used for the wavelength
mapping with artificial spectra.

Optical density in fit scenario [-1072]

Oy NO, SO,
Absorber | 360nm | 477nm | 577nm | 630nm | vis | UV
Oy 2 5 11 7 5 2 -
O3 0.5 0.2 1 1 0.2 1 60
O - - - 4 - - -
H,O - 0.3 8 6 0.3 - -
NO, 8 8 3 0.6 8 8 5
SO,y - - - - - 0.05| 10
HCHO 0.3 - - - - 03 | 04
HONO - - - - - 09 | 0.6
CHOCHO - - - - 0.4 - -
Ring -3 -0.7 -0.3 -0.2 0.7 -3 -5

absorption lines, the absorption structures observed in atmospheric measurements
can differ significantly.

Another source for systematic errors is an inaccurate wavelength to pixel map-
ping. Since this mapping depends on the spectrometer temperature, the calibration
of each spectrum has to be done thoroughly to account for possible shifts in the
spectrometer optical properties in the course of time. The instrument function is
also affected by this effect and is furthermore wavelength dependent, especially for
miniaturized spectrometers. When this dependency is neglected in the convolution
procedure, the spectral retrieval will not be able to identify the absorbers accurately,
resulting in additional systematic errors.

Also correlations between cross sections included in the spectral fit, which have sim-
ilar differential structures in the according wavelength range, can result in distorted
results. For example, O3 and SOy show correlations, and when the order of the
polynomial is selected to high, correlations with O, can occur.

Furthermore, instrumental stray light and possible detector non-linearities can result
in spectral structures distorting the fit.

3.6.1 Dependence on the Wavelength Interval of the Re-
trieval

The appropriate choice of the wavelength interval for the spectral retrieval is of cru-
cial importance. Within this interval, the trace gas of interest should have strong
differential absorption structures to ensure its unambiguous identification. However,
wavelength regions with overlapping strong differential absorption features of other
trace gases involved in the fit scenario should be avoided, as well as regions with
strong Fraunhofer structures.

A well suited tool for the determination of the optimal wavelength interval is the plot
of the retrieval results as function of the lower and upper interval limit, as proposed
and investigated by Vogel (2011)) for SO, and bromine monoxide (BrO). Therefore,
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Figure 3.5: Owverview of the literature absorption cross sections in the wavelength

51

range from 250-800nm listed in Table

examples for the wavelength mapping applied on the trace gases and wavelength

regions analyzed in the context of this work are given here.
For this purpose, artificial spectra were simulated and

spectral retrievals were per-

formed using the WinDOAS program, which was combined with an extra program,

written for the handling of the output and adjustment of the wavelength interval.

The high resolution solar spectrum (Kurucz et al., [1984)) was utilized as I spectrum.

To calculate the artificial spectrum I containing the trace gas absorptions, the high

resolution absorption cross sections listed in Table were scaled with typically ob-

served slant column densities and applied on the Iy spectrum according to equation
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Figure 3.6: Wavelength range plot for the spectral retrieval of the Oy absorption at
360nm. The plot shows the retrieved Oy dSCD depending on the lower and upper
limit of the wavelength range used in the fit. The color code indicates the dSCDs.
The left and bottom panels show the considered absorption cross sections.

, together with a polynomial to simulate the broad banded extinction. The
included trace gases and the according optical densities are summarized in Table
3.2l An overview of the absorption cross sections from Table is given in Fig-
ure 3.5 A Ring spectrum, calculated from the high resolution solar spectrum, was
also included and treated as an additional absorber. Depending on the investigated
trace gas and wavelength region, only absorbers with relevant differential absorptions
structures in the corresponding wavelength interval were included. The resulting
spectra as well as the [, spectra and the cross sections were then convolved with
wavelength dependent instrument functions and interpolated on wavelength grids,
which both are typical for the spectrometers utilized within this work (see Section
7.1.2). This procedure was performed using a program, written by Udo Frief} (see
Section . After the convolution, Gaussian distributed noise with a standard
deviation of 5 - 107*, which is in the order of typical residual RMS values achieved
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Figure 3.7: Same as Figure but for the spectral retrieval of the Oy absorption
at 477nm.

in retrievals from spectra measured within this work, were added to the artificial
spectra. It should be noted, that the retrievals using these artificial spectra are
aimed to visualize the effect of including or avoiding individual absorption bands
of the involved trace gases rather than investigate statistical effects on the retrieval
result. Furthermore, the calculation of the artificial spectra includes the simplifi-
cations, that the wavelength dependent radiative transfer was not considered, and
thus the Ring spectrum was treated as an absorber.

Figures[3.6]- illustrate the wavelength mapping for O4, NO, and SO, in different
wavelength regions. These Figures are structured in such a way that the investigated
trace gas is listed on top of the plot together with the SCD value used for the
artificial spectra calculation. The centered contour plot shows the retrieved SCD
depending on the lower and upper wavelength limit of the spectral retrieval. The
scale of the color code is limited to values of 10 % of the true SCD. The adjacent
panels on the left and at the bottom display the cross sections of the included
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Figure 3.8: Wavelength range plot for the spectral retrieval of the Oy absorption at
577nm. The plot shows the retrieved Oy dSCD depending on the lower and upper
limit of the wavelength range used in the fit. The color code indicates the dSCDs.
The left and bottom panels show the considered absorption cross sections.

absorbers. Furthermore, the wavelength range, used in the spectral retrievals of
measured spectra in this work are indicated by the black asterisk symbol in the
individual Figures.

The wavelength mapping for the spectral retrieval of the O4 absorption band around
360 nm is shown in Figure [3.6] In contrast to the spectral retrieval from measured
spectra (see Table , O3 and NO, cross sections of only one temperature were
included. Two areas can be identified, where initial and retrieved O4 dSCDs agree.
One of which is enclosed by lower limits for the wavelength window below approxi-
mately 346 nm and above approximately 377 nm for the upper limits, while the other
one is enclosed by the lower limits of approximately 349 to 352 nm and 367 to 377 nm
for the upper limits. These areas mark combinations of the upper and lower limit
of the retrieval wavelength interval with stable results in good agreement with the
true SCD. The first area implies the coverages of the O4 absorption bands centered
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Figure 3.9: Same as Figure but for the spectral retrieval of the Oy absorption
at 630 nm.

around 343, 360 and 380 nm simultaneously by the retrieval wavelength window.
Also the case covering the bands at 360 and 380 nm is possible within this area. The
second area covers the O4 absorption band centered around 360 nm only. However,
retrieval wavelength intervals covering only the bands centered around 343 or 380 nm
are not suitable for the O, retrieval since the results for the according combinations
of the lower and upper limit differ significantly from the true SCD. The optical den-
sity of the O4 343 nm band is less than one third of the 360 nm band and therefore
the isolated retrieval is affected by Oz, HCHO, NO, and Ring absorptions. When
the lower and upper limit of the wavelength interval for the spectral retrieval is set
to values covering only the O, 380 nm band, the similar NO, differential structures
in this region disturb the unambiguous allocation of the O, absorption. Too large
wavelength intervals in spectral retrievals from measured spectra should be avoided,
since the light path in the atmosphere is wavelength dependent and is not accounted
for in the normal DOAS fit. This would imply a wavelength dependent SCD to be
used in the fit (see Equation (3.15))). Furthermore, the requirement for spectrom-
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Figure 3.10: Wavelength range plot for the spectral retrieval of the NOy absorption
in the visible wavelength range. The plot shows the retrieved NOy dSCD depending
on the lower and upper limit of the wavelength range used in the fit. The color code
indicates the dSCDs. The left and bottom panels show the considered absorption
cross sections.

eter stability would increase to assure the quality of the spectral fits. Therefore,
the wavelength interval used within this work for the spectral retrieval of O, in
the ultra-violet is set to 350-375nm, which is indicated by the asterisk in Figure
3.6l Thus, possible effects arising from the wavelength dependence of the light path
is minimized. This is of special relevance since the measured O, optical densities
are compared to values calculated with radiative transfer models (see Section ,
which utilize discrete wavelength values.

The situation for the retrieval of the O4 absorption band centered around 477 nm is
shown in Figure 3.7 Now, the areas and their classification of stable and instable
differ from the case in the ultra-violet. The spectral retrieval tends to be independent
of the lower wavelength limit and slant column densities in good agreement with the
true value, as long as the 477 nm absorption band is included. The very small band
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Figure 3.11: Same as Figure but for the spectral retrieval of the NOy absorp-
tion in the ultra-violet wavelength range.

at around 446 nm, with an optical density of less then one tenth of the 477 nm band,
is superimposed by strong absorption bands of HyO, so that a retrieval covering
only this small band is not suitable. The retrieval of the O4 477 nm band is quite
robust, since the variation of the lower and upper limit result in values which vary
about +2 % around the true value. The asterisk at the top edge of the spectral map
indicates the interval of 460-490 nm, used in this work for the retrieval of the Oy4
477nm band. It covers only the 477 nm band for the above mentioned reasons.

The wavelength mapping for the O4 577 nm band is shown in Figure |3.8] The situa-
tion is similar to the case for the 477 nm band. The spectral retrieval is robust when
covering the absorption band centered around 577nm along with no dependency
on the lower limit. The slant optical densities retrieved in this area, beginning for
upper limit values greater then 577 nm, vary about less then £1 % around the true
value. To avoid a negative impact of the strong HyO absorptions on the retrieval,
the interval of 550-587 nm covering only the 577 nm band was applied in this work
for the investigation of the O, absorption in this wavelength region. The band at
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Figure 3.12: Wavelength range plot for the spectral retrieval of the SOy absorption.
The plot shows the retrieved SOy dSCD depending on the lower and upper limit of

the wavelength range used in the fit. The color code indicates the dSCDs. The left
and bottom panels show the considered absorption cross sections.

around 532nm, with an optical density of less then one tenth of the 577 nm band,
can be retrieved in a seperate wavelength window but the results vary between —6
and +10 % around the true value.

Figure |3.9 shows the wavelength mapping for the O, 630 nm band. Retrievals with
wavelength intervals covering the complete 630 nm band, which is broader then the
other O4 bands, result in overestimations of up to 3% compared to the true value.
The interval of 610-643.5 nm was applied in this work for measured spectra to avoid
the strong H,O absorptions centered around 648 nm. As mentioned above, the HyO
and O, absorptions overlayed with the O4 630 nm band are difficult to remove from
measured spectra and cause systematic structures in the residual (see Section [3.6.2)).
The dependency of the NO, retrieval on the interval in the visible wavelength range
was investigated from 425-490 nm. The wavelength mapping shown in Figure (3.10],
illustrates that the NOy retrieval is more stable over a wide range of lower and up-
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per limits of the wavelength interval, which is due to the well defined differential
absorption structures of NO, making the allocation of the according optical density
unambiguously. The applied wavelength interval for the measurements of this work
was 425-490 nm. Although this interval is quite large, it was chosen to be in agree-
ment with the common setting during the CINDI campaign (see Section , where
NO, and Oy slant column densities retrieved from MAX-DOAS-measurements of
several different research groups were inter-compared (Roscoe et al.| 2010; Piters
et al., 2011]).

The wavelength mapping for the retrieval of NOs in the ultra-violet wavelength
range is shown in Figure [3.11] An area enclosed by lower limits less than 347 nm
and upper limits greater than 359 nm can be identified with retrieval results varying
about +3 % around the true value, beeing the most stable area for the NOy results
within the map. In this example, the influence of well defined differential absorption
structures of different involved trace gas species overlayed in certain wavelength
regions is illustrated clearly. Depending on the edges of the intervall, the influence
on the NO, retrieval varies with the inclusion or exclusion of individual absorption
peaks of different absorbers. This effect is particularly obviuos here, since a large
number of absorbers were included in the retrieval. The NO, interval for retrievals
in the ultra-violet wavelength range was 338-370nm in this work, which was also
used as common setting during the CINDI campaign.

Figure shows the wavelength mapping for the SO, retrieval. The spectral
retrieval results for SO, depend to a high degree on the choice of the lower limit
of the wavelength interval, which is due to the increasingly strong absorption of
SO, below approximately 305 nm. Depending on how many SO, absorption bands
are included in the spectral window, the retrieved slant column densities show a
large variation around the true value. This effect is mainly driven and affected
by the dominating strong absorptions by Os. Within this work, the wavelength
interval of 310.8-330nm was used and is indicated by the asterisk in Figure [3.12]
The reason for applying this interval, although the wavelength map suggests more
suitable combinations of the lower and upper limit with less deviations from the
true value, is discussed in Section [3.6.2]

3.6.2 Applied Retrieval Settings

The spectra measured with the MAX-DOAS instrument (Section were corrected
for the offset and dark current signal (Section [7.1.2)), prior to the DOAS retrieval.
The measurement program (Section [7.1.1)) was set to record offset and dark current
spectra every night, to allow for the consideration of possible temporal changes in
these signals.

The instrument functions H of the different spectrometers were determined using
emission line spectra of mercury and neon vapor lamps. These instrument func-
tions are wavelength dependent (Section . Therefore, a convolution program
developed by Udo Friefl was used, that accounts for the wavelength dependency
of the instrument function H(A). For that purpose, several instrument functions
at different wavelengths are provided to the program, which then interpolates the
signature of the functions between the supplied wavelength values. The thus deter-
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Table 3.3: Spectral retrieval settings.

Analysis Interval [nm] | Molecules (No. from Table [3.1)
O.-360nm | 350-375 | (1), (2), 3), (6), (7), (9)
O4-477nm | 460-490 | (1), (2), (5), (6), (7)

O4 - 577Tnm | 550 - 587 | (1), (2), (5), (6), (7)
O4-630nm | 610-643.5 | (1), (2), (4), (5), (6), (7)

NO, - UV 338 - 370 | (1), (2), (3), (6), (7), (9)

NO, - Vis 4252490 | (1), (2), (5), (6), (7)

SO, 310.8 - 330 | (2), (3), (7), (8), (9)

mined relationship between the wavelength and the instrument function is used for
the convolution. Using this procedure, the high resolution trace gas cross sections
(Table were convolved and interpolated on the wavelength grid of the utilized
spectrometers. Also the Iy correction (Section was applied using the convolu-
tion program with SCD values of 1-10%°, 5-10%*, 1-10'7 and 1-10% for O3, Oy, NO,
and HsO, respectively. In the case of the O4 cross section, a wavelength interpola-
tion instead of a convolution was sufficient due to the relatively broad absorption
bands.

An initial wavelength calibration was created using the emission lines of mercury
and neon. The wavelength-to-pixel mapping of the spectrometers is described by a
polynomial of order two. Since the number of emission lines in the wavelength ranges
of the different spectrometers is not sufficient for the determination of an exact
calibration, a further procedure was applied. Using the WinDOAS analysis program,
the initial wavelength calibration was adjusted using the Fraunhofer structures of a
high resolution solar spectrum (Kurucz et al., [1984). This was achieved by fitting
the measured spectrum with the initial calibration to the solar spectrum, which was
previously convolved with H (). The fit was performed within several sub-windows,
delivering a wavelength shift to adjust the initial calibration to the calibration of the
solar spectrum. A higher order polynomial fitted to the individual shift values of
the according sub-windows determines the exact calibration. This calibration was
then used instead for the FRS and the spectrum to be analysed.

In addition to the cross sections listed in Table 3.3 a third order polynomial was
included in the spectral retrieval to account for the broad banded spectral structures.
The Ring spectrum utilized for the fits was calculated with the WinDOAS program
from the high resolution solar spectrum (Kurucz et al., |1984).

Since the main focus of this work is the retrieval of aerosol profiles from MAX-
DOAS O4 measurements, the slant column densities of the individual absorption
bands around 360, 477, 577 and 630 nm were retrieved. NO, slant column densities
were retrieved in the ultra-violet and visible wavelength range. Furthermore, the
detection of a highly diluted volcanic plume was achieve by the retrieval of SO slant
column densities. The according spectral retrieval settings are listed in Table |3.3|
In cases where cross sections of two different temperatures were included to account
for the temperature dependence of the cross sections and the occurrence of the
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Figure 3.13: FEzample for the spectral retrieval of the 360nm band of O, (left
panel) and NOy (right panel) in the ultra-violet wavelength range. The spectrum
was recorded in Cabauw on 10 May 2008 for a SZA of 56° and an elevation angle of
2°. The zenith measurement from the same elevation sequence was taken as FRS.
The retrieved spectral signatures are indicated in red and the fitted cross sections in

black.

according species at different temperatures in the atmosphere, an orthogonalization
between both cross sections was applied. Thus, both cross sections became linearly
independent, which reduced the correlation due to quite similar structures.

In Figures - examples for the spectral retrievals performed in this work
are given. These Figures show the retrieved spectral signatures in red and the fitted
optical densities in black as a function of the wavelength. The different components
of the fit are indicated within the individual plots.

An example for the spectral retrieval of the 360 nm O,4 absorption band is given in
the left panel of Figure . The retrieved O4 ASCD is (1.7240.09) - 103 %‘2"2 and
the RMS of the residual is 1.22 - 1073. An example for the NO, spectral retrieval
in the ultra-violet applied on the same spectrum is shown in the right panel of
Figure [3.13] The retrieved NO, ASCD is (4.46 & 0.45) - 100 29 and the RMS
of the residual is 1.40 - 1073. The MAX-DOAS instrument utilizes three miniature
spectrometers covering in total the wavelength range of 290 to 789 nm, while the
individual intervals per spectrometer are approximately 290-425, 400-607 and 600—
789 nm (Section . During operation, the recording of the spectra with the
different spectrometer is synchronized, and the total integration time was chosen to
ensure an appropriate temporal resolution of the measurement as well as a sufficient
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Figure 3.14: Ezample for the spectral retrieval of the different Oy absorption bands
and NOy in the visible wavelength range. The spectra were recorded in Cabauw on 10
May 2008 for a SZA of 55° and an elevation angle of 20°. The zenith measurement
from the same elevation sequence was taken as FRS. The retrieved spectral signatures
are indicated in red and the fitted cross sections in black.
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Figure 3.15: Ezample for the spectral retrieval of SOs. The spectrum was recorded
in Heidelberg on 18 May 2010 for a SZA of 61° and an elevation angle of 1°. The
zenith measurement from noon of the same day for a SZA of 30° was taken as FRS.
The retrieved spectral signatures are indicated in red and the fitted cross sections in
black.

signal-to-noise ratio. The ultra-violet fraction of scattered sunlight intensity is less
than the visible (see Chapter |4). Furthermore, the detectors in the spectrometers
have a low sensitivity in the ultra-violet. These factors cause the low quality of the
ultra-violet spectra and the comparably high RMS of the residual. However, the
fit errors of 5% and 10 % indicate that the unambigious detection of O4 and NO,
respectively, is possible, although the ASCD of NOj is comparably small in this
example.

Examples for the retrieval in the visible are shown in Figure [3.14] The fit results
for the 477 nm O4 absorption band are shown in the upper left panel. The retrieved
O4 ASCD is (7.67 £ 0.21) - 10*2 2 and the RMS of the residual is 2.75 - 107%.
In the example for the 577nm O, absorption band shown in the upper right panel,
the retrieved O4 ASCD is (7.98 £ 0.15) - 10%2 %6502 and the RMS of the residual is
3.06 - 10~ In both cases, the RMS is smaller by nearly one order of magnitude
compared to the O4 retrieval in the ultra-violet. An example for the NO, spectral
retrieval in the visible applied on the same spectrum is shown in the lower right
panel of Figure The retrieved NOy ASCD is (1.38 4 0.09) - 10%6 %héc and the
RMS of the residual is 4.62 - 107

The retrieval of the 630 nm O4 absorption band from a spectrum recorded with the
third spectrometer is shown in an example in the lower right panel of Figure |3.14]
The retrieved Oy ASCD is (4.49 £ 0.75) - 10%2 9% anq the RMS of the residual is
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5.27 - 104, Significant structures remain in the residual at wavelengths connected
to strong absorption by Oy and HyO. The reference spectra were extracted from the
HITRAN database (Rothman et al., 2009). Since this database contains absorption
lines which are modeled and measured in the laboratory, the absorption signatures in
the atmospheric spectrum is possibly not reproduced accurately by the Os and HyO
reference spectra, which is clearly visible in the according graphs of the example.
The comparably large relative Oy error of 17 % is also due to the influence of the
O, and H,O reference spectra.

The spectral retrieval of SO, is shown in Figure [3.15] The intensity of scattered
sunlight in the wavelength range relevant for SO, absorption decreases rapidly for
wavelengths smaller than approximately 310 nm due to the strong O3z absorption.
Therefore, the wavelength range of 310.8 to 330 nm was used for the SO, retrieval.
Since in this region the measured intensities are comparably low, the signal to noise
ratio decreases due to lower signal saturation levels. To overcome this problem to
some degree and to increase the quality of the retrieval, three subsequent spectra
of equal viewing directions were added prior the spectral retrieval. Furthermore,
in contrast to the other examples, the SO, retrieval was performed using a zenith
measurement at noon time of the same day as FRS. This was necessary, since the
detected volcanic plume was located in or above water clouds. Thus, the light
path within the volcanic plume is the same for the zenith and off-axis viewing
direction, so that the retrieval using the zenith measurement from the same elevation
sequence as FRS results in no detection. The determined SO, dSCD is (1.35+0.14)-
1017 ke and the RMS of the residual is 3.51 - 1073, The increasing noise toward
smaller wavelengths in the residual and the high optical density of O3 can be clearly
identified. However, the relative SOy dSCD error of 10 % indicates the unambigious
detection (Stutz and Platt], 1996).



Chapter 4

Radiative Transfer in the
Atmosphere

The Sun is the primary source of energy for the Earth System. The solar radiation,
once penetrated into the Earth’s atmosphere, interacts in several different physical
and chemical processes with the atmospheric compounds, like e.g. scattering and
absorption by gaseous and particulate constituents. These processes, together with
the interactions of radiation absorbed and emitted by the Earth’s surface, are almost
totally responsible for the terrestrial climate and weather on both global and local
scales. In fact, the atmosphere controls the amount of solar radiation that actually
reaches the Earth’s surface, as well as the amount of terrestrial radiation that is
emitted into space.

The quantification of the individual processes requires the knowledge of the vertical
and horizontal distribution of the involved atmospheric constituents. As described
in Section [3.5] MAX-DOAS measurements contain information on the vertical dis-
tribution of atmospheric trace gases and aerosols. The appropriate interpretation of
the basic quantity of MAX-DOAS measurements, namely the slant column densities
of the according trace species, is only possible, when the corresponding atmospheric
light paths are known.

The atmospheric light paths are mainly determined by the occurring scattering
processes, caused by the interaction of the solar radiation with air molecules and
aerosols. This Chapter summarizes the atmospheric radiative transfer and describes
the individual processes influencing the propagation of radiation. After the intro-
duction of the basic quantities related to radiation transport, the approximation of
the radiative budget in the atmosphere is described using a simple two-stream model
in Section [4.1] The different interaction processes of radiation in the atmosphere
and the resulting radiative transfer equation is addressed in Section 4.2 The air
mass concept mentioned in Section is discussed in detail in Section [£.3] Finally,
Section [4.4) deals with the radiative transfer models, which are necessary to simulate
the MAX-DOAS measurements and to calculate weighting functions for the trace
gas and aerosol profile inversion methods.
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4.1 Solar Radiation and the Earth-atmosphere sys-
tem

The understanding of the processes involved in the radiative transfer in the atmo-
sphere requires the knowledge of some basic radiometric quantities.

The radiant flux ® is defined as radiation energy per unit time, regardless of the
direction of its emission:

@:i—f [%:W] . (4.1)

The irradiance B is defined as the radiant flux ® received by an (illuminated) area

A,
o W
B=— — . 4.2
T |l (12)
The radiation intensity F' is the radiation flux ® per solid angle €2
o W
F=— —1 . 4.3
Q Lr} (43)

The radiance I, also referred to as intensity, is the radiation intensity per area A,:

) w
I=a7x [—m} - (4.4)

The involved areas A, and Ay are assumed to be oriented perpendicular to the prop-
agation direction of the radiation. Furthermore, the radiation quantities are often
given as wavelength or frequency dependent quantities i.e. the specific radiance
I(A)dA.

The spectral irradiance of the Sun can be approximated by a blackbody at a
temperature of 6000 K, with a maximum in the visible spectrum at about 500 nm
and thus referred to as shortwave radiation. The solar irradiance spectrum contains
Fraunhofer lines due to absorptions in the photosphere and chromosphere of the Sun.
Furthermore, due to absorptions in the Earth’s atmosphere by molecular oxygen,
water vapor, ozone and carbon dioxide, the spectral irradiance reaching the Earth’s
surface is altered (see Figure [.1)). The solar irradiance, integrated over all wave-
lengths, on a surface oriented perpendicular to the solar beam at the Earth’s orbit
is about 1368 W/m ™2 and is referred to as the solar constant Sy. Considering the
cross-sectional area of the Earth that intercepts the solar beam and the surface area
of the Earth that receives the radiation, the fraction of the solar constant received
is 1/4 and thus about 342 W/m™2, if the Earth would be uniformly illuminated.

The Earth has a mean surface temperature of about 288 K. The corresponding
irradiance spectrum of a blackbody has its maximum in the thermal infrared range
and is referred to as longwave radiation with an irradiance of roughly 390 W /m 2
(see Figure [1.2).

The estimate for the Earth’s annual and global mean energy balance is illustrated
in Figure[4.3] Roughly 30 % of the incomming solar short wave radiation is reflected
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Figure 4.1: Solar irradiance spectrum at the top of the Earth’s atmosphere and
at the surface. The solar irradiance spectrum is reshaped by the absorption of at-
mospheric constituents, such as molecular oxygen, water vapor, ozone and carbon
diovide. Adapted from |Finlayson-Pitts and Pitts jr. (2000).
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Figure 4.2: Terrestrial radiance spectrum for cloud free conditions including the
absorptions by water vapor, carbon diozide, ozone and methane. Adapted from
\Brasseur et al.| (1999).

by clouds, air molecules, aerosol particles and the surface back to space, according
to a mean planetary albedo R, ~ 0.3. The major fraction is absorbed by the Earth’s
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Figure 4.3: The FEarth’s annual and global mean energy balance. Adapted from
Solomon et al.| (2007).

surface and the remaining part is absorbed in the atmosphere. The amount of ab-
sorbed incoming short wave radiation is balanced by the release of the same amount
of outgoing longwave radiation from the Earth and atmosphere over the long term.
The absorbed energy by the surface is transferred to the atmosphere by warming
the air in contact with the surface (thermals) and by evapotranspiration of plants.
Furthermore, the surface emitts the energy by longwave radiation that is absorbed
by clouds and greenhouse gases, like e.g. water vapor, carbon dioxide, ozone and
methane, and emitted back to Earth as well as out to space.
An estimation of the equilibrium temperature of the Earth can be calculated us-
ing a simple model, which equates the incoming short wave and outgoing longwave
radiation. The incoming solar energy at the Earth’s surface is:

Fs = %(1 —R,). (4.5)
For an average global temperature of the Earth-atmosphere system 7, the longwave
blackbody radiation is given by F; = o7, with the Stefan-Boltzmann constant
o =5.671-10"Wm2K~*. Equating Fg and F}, yields for T.:

- :
T, = ((4@) ~ 255K (4.6)

corresponding to the temperature of a blackbody with an irradiance of 235 Wm—2.
As mentioned above, the Earth’s surface emission corresponds to a blackbody tem-
perature of 288 K. Thus, the surface temperature is about 33°C warmer than it
would be if the atmosphere was completely transparent and the planetary albedo
was still 0.3.

In an equilibrium state, the net radiative energy input, F.; = Fs — F7, is zero.
The change in net energy input due to perturbations in the shortwave and long-
wave components is given by AF,.; = AFs — AFy. Then, a temperature change
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Figure 4.4: The principal components and corresponding uncertainties of the ra-
diative forcing of climate change. The values represent the forcings in 2005 relative
to the start of the industrial era (about 1750). Adapted from |Solomon et al| (2007).

AT, results to reestablish equilibrium. It can be related linearly to AF,. by a
parameter \g, resulting in the relation AT, = \AF,.. The parameter \q is the
climate sensitivity parameter (e.g., Solomon et al., 2007). AF,., is referred to as
radiative forcing. Figure [4.4] summarizes the principal components of the radiative
forcing of climate change. The individual radiative forcings of the according compo-
nents result from different factors affecting climate and are associated with human
activities or natural processes. Positive forcings lead to warming of climate and
negative forcings lead to a cooling. The major fraction of the total radiative forcing
is due to human activities, which cause significant changes in the abundance of long-
lived gases, ozone, water vapour, surface albedo and aerosols. While the forcings
attributable to gaseous species is positve, aerosols contribute to negative forcings.
However, the large uncertainties of the aerosol forcing components indicate the low
level of scientific understanding, and requires more and intensive observations and
studies connected to atmospheric aerosols.

The considerations so far are only applicable to global average radiation budgets.
The atmospheric radiation transfer on a local scale, occurring during and thus rele-
vant to MAX-DOAS observations (Section , requires the detailed consideration
of the interaction processes of radiation with the atmospheric constituents. These
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processes are subject of the following Section.

4.2 Interaction Processes of Radiation in the At-
mosphere

Radiation traversing the atmosphere can interact in a variety of processes with air
molecules or aerosol particles. Absorption results in a removal of the radiation
from the radiation field and a conversion into some other form of energy, e.g. heat.
Elastic scattering, by air molecules (Rayleigh scattering) or atmospheric aerosol
particles (Mie scattering), changes the direction of propagation of an individual pho-
ton, but not its energy. In contrast, inelastic scattering additionally changes the
photon energy beside the propagation direction. Inelastic scattering by molecules is
called Raman scattering, where the photon energy can be reduced (Stokes scattering)
or increased (anti-Stokes scattering). The thermal emission from air molecules
and aerosol particles in the infrared wavelength range are negligible for MAX-DOAS
measurements in the ultra-violet and visible.

4.2.1 Absorption

The absorption of photons change the energetic states of molecules due to different
phenomena. During these interactions, electronic, vibrational and rotational tran-
sitions occur.

For small atoms, the energy level E,, of an electronic state n is in good approxima-
tion given by the Rydberg formula E,, = —Rp,/n?, where Rp, denotes the Rydberg
constant for the particular atom. Thus, the absorption of a photon in the ultra-
violet /visible wavelength range results in the redistribution of the electronic shell
according to AE, = E,,, — E,, = hv, where n; and ny denote the lower and upper
state of the atom, respectively, and v the frequency of the photon.

In contrast to atoms, molecules have electronic states of different energy and ad-
ditional excitation schemes. The rotation of the entire molecule according to the
angular momentum J and quantum number J, can be changed by the absorption
of photons with wavelengths in the sub-mm or microwave range. The allowed ro-
tational energy levels in a molecule are given by E; = BJ(J + 1), where B = %
denotes the rotational constant of the particular molecule and rotation axis with
the moment of inertia © with respect to this axis. The energy difference of two
consecutive states is AE; = 2B(J 4 1). Transitions between states with different .J
are constrained by the selection rule, and comprise different branches depending on
the angular momentum difference between the initial and final state, namely the O,
P, Q, R and S-branches with AJ = —2,—1,0,+1 and +2, respectively.

The vibration of molecules can be approximated by a harmonic oscillator with
energy levels E, = (v + 1/2)hwy, quantized by the vibrational quantum number
v and the zero-point energy of the molecular oscillator %hwo. Energies of vibra-
tional transitions correspond to wavelengths in the infrared spectral range. Since
the molecules are also excited rotationally, each vibrational transition splits into a
series of rotational lines.
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Figure 4.5: Sketch of ro-vibrational energy levels of two electronic states of a (di-
atomic) molecule. The electronic energies are given as a function of the distance
between the nuclei of the atoms within the molecule and are minimal at R., which
usually depends on electronic state. The equidistant, horizontal groups of lines de-
note the lowest rotational levels of the vibrational states.

As a consequence of the different excitation schemes, the energy levels of the molec-
ular electronic shell are split into a set of vibrational and rotational levels (Figure
[1.5). Thus, the absorption spectra of molecules have differential structures in the
ultra-violet and visible range, which enable the application of the DOAS method
(see Chapter [3)).

4.2.2 Rayleigh Scattering

The scattering process, changing the propagation direction of a photon without
changing its energy, induced by dielectric particles, which are small compared to
the wavelength of the scattered photon (e.g. air molecules), is denoted as Rayleigh
scattering. The physical process can be described by the excitation of an oscillating
dipole in a polarizable air molecule induced by the incident radiation (e.g., Van de
Hulst, 1981). The Rayleigh scattering cross section o in cm? is given by:

N 873
T 3NN2

air

(no(N)? = 1)% - Fe(N) (4.7)

OR

where A denotes the wavelength in cm, ng(\) is the wavelength-dependent index of
refraction of air, N2, is the number density of air, and Fk()\) ~ 1.061 is a correction

for anisotropy, namely the polarisability of air molecules. The Rayleigh extinction
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Figure 4.6: Polar diagram of the Rayleigh scattering phase function ®r(0) for
unpolarized incident light (see text). Adapted from|Honninger| (2002).

coefficient €g is then given by eg = N, - oR.

Figure [4.6/shows a polar diagram of the Rayleigh scattering phase function ®g(6) for
unpolarized incident light. It illustrates the relative intensity of the scattered light in
dependence of the scattering angle 6 between the incident propagation direction and
the direction after the scattering event. The contribution of light polarized parallel
to the scattering plane is depicted by the dotted black line, and indicates the o< sin® ¢’
dependence of a Hertz dipole, with 6" = § — ¢ being the angle between dipole axis
and the Poynting vector. The contribution of light polarized perpendicular to the
scattering plane is depicted by the dash dotted line, and shows no dependence on 6.
The superposition of both contributions is indicated by the blue line. The Rayleigh
scattering phase function is given by:

O r(cost) = Z (1+cos’6) , (4.8)

Taking the anisotropy of the polarisability into account, equation (4.8) becomes
(Penndorf, |1957)):

Pp(cosf) = 0.7629 (0.9324 + cos® 0) | (4.9)

which is depicted by the red line in Figure [4.6]



4.2. INTERACTION PROCESSES OF RADIATION IN THE ATMOSPHERES9

4.2.3 Raman Scattering

Raman scattering specifies the inelastic scattering of photons by air molecules. The
energy of the scattering photon is changed in addition to the change of its propa-
gation direction. During this interaction process, the photon either transfers part
of its energy to the molecule (Stokes, AJ = +2, S-branch), or takes over part of
the molecule’s excitation energy (Anti-Stokes, AJ = —2, O-branch). When only
the rotational excitation is affected (Av = 0), the term rotational Raman scattering
(RRS) is used. The term rotational-vibrational Raman scattering (RVRS) is used,
if also the vibrational state changes during the scattering process (Av = +1). Only
discrete amounts of energy given by the difference between the discrete excitation
levels can be transferred between the photon and the molecule. For air molecules
(oxygen and nitrogen) RRS frequency shifts of up to 200 cm™! occur, which corre-
sponds to several nanometers in the ultra-violet/visible wavelength range. In case of
RVRS a vibrational shift of £2331 cm™! for nitrogen and +1555cm ™! for oxygen has
to be added. Since the RRS is one order of magnitude stronger then the RVRS, it
dominates the Raman scattering and the RVRS can be neglected for the calculation
of the Ring spectrum (see Section [3.4.2). Further details on the Raman scattering
can be found in the literature (Burrows et al., [1996; Haug), 1996} Sioris and Evans,
1999).

4.2.4 Mie Scattering

When the dimensions of the scattering particle becomes comparable to the wave-
length of the incident light, the interaction is described by Mie scattering. The
involved physical process can be regarded as the radiation resulting from a large
number of coherently excited elementary emitters in a particle. Thereby, inter-
ference effects occur due to comparable linear dimension of the particle and the
wavelength of the incident light. Since the shape and size of aerosols differ strongly,
the calculation of the particle scattering cross section can be very complicated. How-
ever, the well developed Mie theory is implemented in a number of numerical models
allowing the calculation of scattering phase functions and extinction coefficients for
given aerosol types and particle size distributions (Van de Hulst, 1981; Wiscombe,
1980). Mie scattering refers to spherical aerosols and the non-spherical cases are
approximated by the spherical description.

The scattering phase function in the Mie case depends in general on the ratio
between the radius r of the particle and the wavelength A of the scattered light,
which is referred to by the aerosol size parameter x:

2mr

Ti= (4.10)
Figure shows the Mie scattering phase functions ®,,(0) for water droplets of
three different x = 1,3 and 10 calculated for A = 550nm (Sanghavi, 2003). The
fraction of forward scattering increases with increasing particle size.
In the atmosphere, however, aerosols are present in different sizes, shapes and chemi-
cal compositions. Within the Mie theory the bulk scattering properties are therefore
described by integrating the single scattering properties of aerosols over their en-
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Figure 4.7: Mie scattering phase functions at 550 nm for water droplets with
aerosol size parameters x = 1,3 and 10. Left column: Phase function on logarithmic
scale; Right column: Polar diagrams of the same phase functions on linear scale.

It becomes apparent that forward scattering dominates with increasing particle size.
Adapted from |Sanghavi (2003).
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tire size distribution. The computational effort in these calculations is remarkably
reduced by the usage of an analytical expression for the scattering phase function,
depending only on a few observable parameters. Most common is the Henyey-
Greenstein parametrization (Henyey and Greenstein, [1941):

1—g?
47 (1+g*>—2gcosh)

O py(cosh) = : (4.11)

[N

where ¢ is the average cosine of the scattering function g = (cos#) referred to as
the asymmetry parameter. A value of 0 indicates an isotropic scattering behavior,
while the value of 1 indicates a complete forward scattering. Typical values for
tropospheric aerosols are g ~ 0.6-0.7.

4.2.5 Aerosol Optical Properties

In addition to their scattering nature, atmospheric aerosols may also absorb radia-
tion depending on their chemical composition. Besides the scattering phase function,
aerosols are characterized by the extinction coefficient €,,, given in units of inverse
length, and the dimensionless single scattering albedo (SSA) wy. The SSA quantifies
the relation between the extinctions due to scattering and absorption:

€s(N)

wol) = (N + ea(N)

and e(A) = €5(A) + €,(N) (4.12)

where €5(A) and €,(\) denotes the wavelength dependent aerosol scattering and
absorption coefficient, respectively. A value of 1 for the SSA describes only scattering
aerosol, while completely absorbing aerosols have a SSA of 0. The wavelength
dependence of €y;(\) is described by the Angstrém exponent for extinction

e\ = exr(No) - (%0) o (4.13)

where €p7(N\g) is the extinction coefficient at the reference wavelength Ag. The
Angstrom exponent for extinction is inversely related to the mean aerosol parti-
cle radius. Typically €p/(\) is found in the range 0.5-2.5, with an ’average’ value
of ~ 1.3 (Angstrom, 1930). Thus, the wavelength dependence is weaker compared
to Rayleigh scattering. Generally, the wavelength dependence of the scattering and
absorption coefficients differ and are depicted by the Angstrom exponent for scat-
tering o, and absorption a,, respectively, in a similar manner as in equation .
The integrated aerosol extinction profile along the height is referred to as the aerosol
vertical optical depth (AOD) 7;:

Tm(A) = /€M</\, z)dz . (4.14)

One practical application is the rough approximation of the aerosol extinction based
on visibility. Since aerosols cause a reduction in the visibility, and the human eye may
distinguish intensity differences as small as 2% (Rodel, 2000), the simple estimation
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described by:
3.9

€M (Aeye)

can be made for the visibility distance Ly;s. Acye denotes the wavelength at which
the human eye has its highest sensitivity and is approximately 500 nm.

Lyis = (4.15)

4.2.6 Radiative Transfer Equation

The radiative transfer equation (RTE) integrates changes of the radiance I(\) at
a given wavelength while passing through the atmosphere. I()\) is reduced by the
amount d/,(A) after traversing an absorbing layer of the thickness ds:

dl,(A) = —I(N) - €,(A\)ds = —=I(N\) - 04(N) - Nds, (4.16)

where €, is the absorption coefficient, o, and N are the absorption cross-section and
number per unit volume of the absorber, respectively. The integration of equation
over the thickness of the absorbing layer L yields the well known Lambert-
Beer’s law including the initial radiance Io(\) (see Section [3.1)).

The extinction of I(A) due to scattering is described, in analogy to the absorption,
by:

dos(N)

dQ

where €, is the scattering coefficient, o, and N are the scattering cross-section and
number per unit volume of the scattering centers, respectively. dog(A)/dQ) denotes
the differential scattering cross-section, which depends on the scattering angle 6 and
polar angle ¢. The total scattering cross-section is thus given by:

o,(\) = / df;g) Q. (4.18)

dI,(\) = —T(A) - e,(\) ds = —I(A) - . N dQds, (4.17)

47

Frequently, a dimensionless scattering function is useful:

A dos(N)
o\ dQ

S(0,6) = (4.19)

In the ultra-violet and visible wavelength region, contributions to the radiance due
to thermal emission can be neglected. Thus, the RTE is described by:

ds :: [Ea()‘) +ES(A)] ' I(>\2+ ES(A)//]()\,&QS) . %’/jﬁ)dgb .sin6do .

i (4.20)

The first term on the right hand side denoted by ’1’ describes the extinction due
to absorption and scattering processes, while second term 2’ describes the radiance
added to the direction of propagation by scattering.
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4.3 The Air Mass Factor Concept

The MAX-DOAS technique measures slant column densities, which are integrated
concentrations of trace gases along the light path (see Chapter . Thereby, the
slant column densities depend on the light paths occurring during the particular
viewing geometries at which the MAX-DOAS measurements are conducted. These
light paths depend also on the wavelength. The quantitative interpretation and
comparison to measurements obtained by other techniques require the conversion of
the slant column density into the vertical column density, which is the integrated
concentration along the height. Thus, the vertical column density is independent
from the wavelength and measurement geometry. The connection between the slant
(S) and vertical column density (V') is obtained by the Air Mass Factor (AMF) A
(Noxon et al., |1979; [Solomon et al., [1987; Marquard et al., [2000):

S\ 0,a,9)

AN 0, 0,0) = T

(4.21)
with the wavelength A, solar zenith angle 6, elevation angle of the instrument line
of sight o and the relative solar azimuth angle ¢ (see Section .

The AMF can be approximated geometrically for absorber layers in the stratosphere
and troposphere. However, the geometrical approximation is not appropriate for ele-
vation angles smaller than 20° and solar zenith angles larger than 70°. Furthermore,
the assumption that the light is scattered only once into the line of sight of according
elevation angle has to be fulfilled. In the case of tropospheric absorbers, this scat-
tering event should occur above the absorber layer and, in the case of stratospheric
absorbers, scattering should occur below the absorber layer (see Section .

Since the geometrical approximation assumes the occurrence of single scattering
events, its applicability is generally limited to specific atmospheric conditions. At-
mospheric aerosols significantly influence the light path by increasing the scattering
probability. Thus, in the presence of high aerosol loads and clouds, multiple scat-
tering may occur. Furthermore, the surface albedo and the absorption by strong
absorbers have an impact on the light path and the AMF. To account for these
effects, the height dependent radiation field in the atmosphere has to be considered
including the vertical distribution of the light path determining quantities. Since
the necessary calculations are complex, radiative transfer models are used to simu-
late the radiation field in the atmosphere (Section [4.4). These models allow for the
calculation of Box Air Mass Factors (Box-AMF'), which are height resolved AMFs.
Thereby, the atmosphere is discretized along its vertical axis into layers of height
h;, called boxes. The Box-AMF A; is the air mass factor for box i defined by:

dsS

Ai =,
dv;

(4.22)
where V; is the vertical column density in the box 7. The Box-AMF quantifies
how the measured slant column density changes with an alteration of the vertical
column density in a certain box. Box~-AMFs can be utilized in the retrieval of trace
gas vertical profiles (see Section . In the case of weak absorbers, the inversion
problem of the profile retrieval is linear, since the Box-AMFs do not depend on the
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according trace gas profile. In contrast, strong absorbers influence the Box-AMFs,
causing the inversion problem to become non-linear.

The total AMF can be calculated from the Box-AMFs and the respective trace
gas profile by adding the Box-AMF's over the whole atmosphere, weighted with the
partial trace gas vertical columns:

> AV

A=t
Vi

(4.23)

and can be used for the conversion of the measured slant column density.

4.4 Radiative Transfer Modeling

The calculation of air mass factors requires the simulation of the radiation field
in the atmosphere. In addition, the sensitivity of MAX-DOAS O, and radiance
measurements to perturbations in the aerosol profile has to be determined for the
aerosol profile retrieval (see Section[5.8). It is quantified by the according weighting
function, which also requires the vertically resolved simulation of the radiation field
in the atmosphere.

Radiative transfer simulations in the atmosphere require the solution of the RTE
(equation (4.20])). The RTE has no analytical solution, and radiative transfer models
(RTM) are therefore utilized. In general, two different numerical approaches are
commonly applied in RTMs. On the one hand, numerical methods, e.g. the Discrete
Ordinate Method, which applies a discretization for the ordinates and directions, are
implemented for the calculation of the resulting radiation field. On the other hand,
the paths of an ensemble of individual photons, with randomly chosen parameters,
through the atmosphere are calculated in a statistical approach using e.g. Monte
Carlo Methods. Examples for the former approach are DISORT (Stamnes et al.|
1988)) and SCIATRAN 2 (Rozanov et al., 2005). The latter approach is utilized e.g.
by TRACY (von Friedeburg, 2003)) and McArtim (Deutschmann et al., 2011). Both
approaches have in common, that several simplifications and approximations have
to be introduced to reduce the complexity of the RTE solution. SCTIATRAN 2 was
utilized for the calculations performed within this work.

4.4.1 SCIATRAN 2

The radiative transfer model SCIATRAN 2 applies the Discrete Ordinate Method to
solve numerically the RTE for monochromatic unpolarized radiation in a spherical
atmosphere (Rozanov et al., 2005). Thereby, the term denoted by "2’ in equation
is separated in a part, contributing due to one scattering event, and a part
for the contribution due to multiple scattering. The resulting combined differential-
integral equations are then solved using the Finite Difference Method and the Picard
iterative approximation for the multiple scattering term (Rozanov et al., 2000, [2001)).
Furthermore, both the azimuthal dependence of the radiation field and the scatter-
ing phase function are developed in Fourier series in combination with Legendre
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polynomials. The solar zenith angle dependency is discretized and the according
integrals are replaced by Gaussian quadratures. Also the height coordinate is dis-
cretized. Finally, the approximations and discretization result in a set of equations,
which are solved by matrix inversion for each harmonic of the Fourier expansion
separately.

4.4.2 Model Parameter

SCIATRAN 2 provides the calculation of radiances, total AMFs and Box-AMF's for
an arbitrary output altitude. The atmosphere is subdivided in layers defined by the
altitude grid. Atmospheric properties are assumed to be homogeneous within these
layers. The temperature and pressure profile can either be provided by the user,
e.g. radiosonde measurements, or adapted from a climatological data base. The
climatology data included in SCTATRAN 2 has been obtained using a two dimen-
sional chemo-dynamical model developed at the Max Planck Institute for Chemistry
in Mainz (Briithl and Crutzen, [1993). The same applies for the trace gas profiles.
The trace gas absorption cross sections are provided by the user and consist of sev-
eral cross sections at different temperatures to account for the temperature depen-
dence. The optical properties of aerosols are quantified by the vertical distribution
of the extinction coefficient, single scattering albedo and asymmetry parameter of
the Henyey-Greenstein parametrization of the phase function. The provided profiles
are interpolated on the altitude grid using Akima interpolation (Akima) 1970)). Fur-
thermore, the surface albedo and the wavelength for the calculations are selected by
the user. SCTATRAN 2 allows for the consideration of several viewing geometries
in one program run. Each viewing geometry is determined by the solar zenith and
relative azimuth angle, and the elevation angle of the observer line of sight.
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Chapter 5

Retrieval of Atmospheric Trace
Gas and Aerosol Profiles by
Inverse Modeling

The inversion of the vertical distribution of atmospheric constituents from indirect
measurements is a widespread technique in atmospheric sciences. For example, the
vertical distribution of O3 was retrieved from nadir observations of backscattered
light carried out by the satellite instrument of the Global Ozone Monitoring Exper-
iment (GOME) using the optimal estimation method (Munro et al., [1998; [Hoogen
et al.l [1999). This method is also applied to ground based MAX-DOAS observa-
tions. The retrieval of bromine oxide (BrO) and aerosol profiles in the boundary
layer from MAX-DOAS measurements in the Arctic is presented in [Friefl et al.
(2011). Furthermore, NOs and O3 profiles in the stratosphere were retrieved from
balloon-borne DOAS measurements using a modified version of the optimal estima-
tion method (Kritten et al 2010). Using the regularization method, |Prados-Roman
et al.| (2011)) retrieved tropospheric BrO profiles from DOAS measurements in limb
geometry aboard an aircraft during the ascent and descent.

In this work, trace gas and aerosol profiles are retrieved from slant column den-
sities and intensities measured by MAX-DOAS. As described in Section [3.5 the
information on atmospheric aerosols can be derived from MAX-DOAS O4 measure-
ments. Since the vertical profile of O4 is known and nearly constant in time, the
obtained slant column densities and thus the light paths are mainly determined by
the vertical distribution and optical properties of aerosols. These are in detail the
aerosol extinction, single scattering albedo, phase function and Angstrém exponent
(see Section [£.2)). These parameters are used by radiative transfer models (RTM)
and include all information necessary for the simulation of the impact of aerosols
on the radiative transfer. When the results of MAX-DOAS O, measurements are
compared to simulations from the RTM, the aerosol parameters can be adjusted
iteratively until agreement between model and measured values is achieved. Then,
the aerosol scenario used for the model is in agreement with the atmospheric aerosol
scenario during the real measurement. The iterative adjustment process can be per-
formed using well established mathematical approaches. In this work, the optimal
estimation method (Rodgers, 1976, 1990, 2000) is used for the retrieval of aerosol

67
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extinction profiles at 360, 477, 577 and 630 nm using the individual absorption
bands of O4. Furthermore, the regularization method (Phillips, [1962; Tikhonov),
1963; |[Hasekamp and Landgraf] [2001} |Steck, 2002) is also applied for the retrieval of
aerosol profiles. The determined aerosol profiles are used for the retrieval of NO,
and SO, profiles from MAX-DOAS measurements also using the optimal estimation
and regularization method.

Since the first studies of |Honninger and Platt| (2002)), Honninger et al.| (2004) and
Wagner et al. (2004) on the capability of MAX-DOAS measurements to provide
profile informations on trace gases and aerosols, and the intensive modeling study
of [Frie et al. (2006) on the application of the optimal estimation method for the
retrieval of aerosol profiles from MAX-DOAS O, measurements, a growing number
of groups within the worldwide DOAS community focused their work on this topic.
[rie et al. (2008) utilized an approach, which uses the optimal estimation method
and a parametrization of the aerosol profile. The lower troposphere is divided into
three layers of 1 km extent and the aerosol profile is described by the fractions of the
total aerosol optical depth (AOD) attributed to the individual layers. This method
using the O4 477 nm band was then extended to use also the 360 nm band (Irie
et al., 2009)). In a next study, the retrieval method was also applied to determine
profiles of several trace gas species (Irie et al., [2011]).

A parameterized description of the aerosol profile was also used by |Li et al. (2010)
for the aerosol retrieval using MAX-DOAS O4 measurements. In this study, a simple
least squares method using a lookup table was applied as an alternative for the opti-
mal estimation method. The parameters for the aerosol profile were used to scale the
AOD, the height of the box-shaped boundary layer and the fraction attributed to the
exponential decreasing part of the profile above the boundary layer. The retrieval
approach used by Wagner et al.| (2011) for the determination of aerosol, HCHO and
NO, profiles is base on the method from |Li et al| (2010), but extended by further
parameters allowing for a more flexible description of the profile shape. In contrast
to the studies mentioned so far, (Clémer et al.| (2010) applied the optimal estimation
method in combination with a complete profile, namely the aerosol extinction as a
function of altitude, as proposed by [Frie et al. (2006). The profiles were retrieved
for 360, 477, 577 and 630 nm using the MAX-DOAS O, measurements.

The retrieval approach used in this work is based on the method explored in Friefl
et al] (2006)), but utilizes the RTM SCIATRAN Version 2 (see Section [4.4.1] [Rozanov
et al., 2005)) instead of Version 1 (Rozanov et al.,2002). The main advantage of this
change is the direct parameterization of the aerosol optical properties instead of the
usage of the OPAC database (Hess et al.,|1998). The aerosol single scattering albedo
and the asymmetry parameter for the Henyey-Greenstein parameterization of the
phase function (Section can be adjusted directly in SCTATRAN 2, while in
SCIATRAN 1 the setting of these parameters is controlled by the adjustable mixture
of predefined aerosol types, whose optical properties is then looked up in the OPAC
database. The latter method limits the possibilities of to RTM usage in combination
with MAX-DOAS measurements, and can additionally imply uncertainties due to
errors in the database values.

In contrast to the studies mentioned above, the aerosol profile retrieval utilized here
can also include the intensities measured by the MAX-DOAS instrument, which
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increases especially the sensitivity for the AOD.

In the following, the nomenclature used by Rodgers| (2000)) is addapted. In Section
.1 the basics of the inversion method is introduced, followed by the description
of the linear and non-linear case in Section [5.2] and [5.3] respectively. The different
properties of the retrieval method are pointed out in Section and the errors are
discussed in Section |5.5] The difference of the optimal estimation and regularization
method is clarified in Section [5.6] while the common iteration strategy is described
in Section [5.7, The description of the different state and measurement vectors,
depending on whether the aerosol or trace gas quantities are retrieved, is given
in Section 5.8l The method applied to avoid physically meaningless values in the
retrieved profiles in explained in Section [5.9] followed by Section describing the
implementation of the retrieval.

The application of the retrieval methods and detailed retrieval sensitivity studies on
simulated MAX-DOAS measurements are subject of Chapter [6]

5.1 Basic Inversion Principles

In-situ measurement techniques are generally applied for the direct quantification
of atmospheric constituents. These measurements are only representative for small
air parcels located in the near surrounding of the instrument. The determination
of the atmospheric state over a large horizontal and vertical extent is only possible
with remote sensing techniques. In general, the atmosphere is probed indirectly
by remote sensing measurements. This applies also to MAX-DOAS measurements.
The quantities of interest, namely the trace gas and aerosol vertical distribution,
are determined by inverse methods using the measured slant column densities. For
this purpose, a model function is necessary, which describes the physical processes
in the atmosphere. Since there is no analytical solution of the radiative transfer
equation, radiative transfer models are used, which approximate the light path in
the atmosphere for a given state using different methods (see Section .

In the following, the measured quantities are referred to as the measurement vector
and the atmospheric state, i.e. the according profile, as the state vector. The RTM
is referred to as the model function.

The basic aim of the inversion is to minimize the error weighted difference be-
tween measurement and modeled values from the model function as well as the error
weighted difference between the state and an a priori guess for the state, which can
be derived, e.g., from climatological databases. This is expressed by the so called
cost function x?(x):

e

g
m—=0 a,n

where x is the state vector consisting of the N-element trace gas or aerosol profile.
Ym is the element of the measurement vector y consisting of the M trace gas slant
column densities in the case of the trace gas profile retrieval. The measurement vec-
tor contains the Oy4 slant column densities and optionally the intensities measured
at the appropriate wavelength in the case of the aerosol profile retrieval. These
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elements are measurements with different viewing directions according to the eleva-
tion angles in MAX-DOAS observations. F,(x) denotes the corresponding modeled
value calculated using the model function I for the state x. z,, is the nth element
of the a priori state vector. The errors of the measurement and a priori state vector
are denoted by o.,, and o, ,, respectively. The more general form of x*(x) using
vector and matrix notation is:

X*(x) = [F(x) = y]"STHF(x) — y] + [x — xa "S5 [x — %] . (5.2)

where S, denotes the diagonal measurement covariance matrix containing the square
of the measurement errors o ,,. S, is the a priori covariance matrix consisting of the
squared a priori state errors as the diagonal elements. It can also contain non-zero
non-diagonal elements, which constrain the smoothness of the state vector. The
minimization of the cost function is analogous to finding a solution for the equation:

ViX’(%) =0 — V,F&X)TS'Kx —y] +8S,'[x—x,] =0, (5.3)

with the optimal state X. Depending on the state vector and the model function,
the inversion problem and the solution of the equation ([5.3) is a linear or non-linear
case.

5.2 Linear Inversion Case

In the linear case, the model function F is linear in x and the modeled vector can
be expressed by:
F(x) =Kx — ViF(x) =K. (5.4)

The weighting function matrix K does not depend on the state vector. Each element
of K is the partial derivative of the model function element with respect to the state
vector element, i.e. K;; = 0F;(x)/0x;. Thus, the minimization equation (5.3|) can
be written as:

K'S'[Kx —y]+S,'(x—x,) =0, (5.5)

which is solved by:

(S;' + K'S7'K) ™ (K”S 'y + S;'x,) - (5.6)

X

5.3 Non-linear Inversion Case

When the weighting function matrix K depends on the state vector, the inversion
problem is non-linear. The replacement from equation cannot be applied and
the state X, which fulfills equation , has to be determined iteratively using
numerical approaches.
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5.3.1 The Gauss-Newton Method

The Gauss-Newton method is based on the following relationship between a variable
x, a scalar-valued function ¢ and its gradient dg(x)/dx:

dg(;) B .
da; Yi,

g(x) =y — m1 =x; — [ (5.7)
where the index ¢ refers to a certain point defined by x; and y;. This iterative rela-
tionship can be adopted to the vector-valued case and utilized to find the minimum
of the cost function in the non-linear case. Then, it is applied on the gradient of the
cost function g(x):

g() = 5V’ (x) — g =K'SF() ~y] 48, (x—x), (59
resulting in the iteration scheme in vector notation:
Xin = X — [Vg(x))] 7 g(x,) - (5.9)
In this case, the gradient of g(x) is:
H=V,g(x) = V,K'S '[F(x) —y] + K'S.'"K +S,". (5.10)

The first term on the right-hand side of this equation can be omitted in high dimen-
sional problems, since its contribution becomes very small near the optimal solution
and can be neglected. Additionally, its calculation is computationally expensive
since it is a tensor of third order. Instead, the so called Pseudo-Hessian H,, is used
as an approximation:

H~H,=K'S/'K+8S,". (5.11)

The resulting iteration equation for the Gauss-Newton method is then:

xio1 =%+ (S, + KI'ST'K,) 7 [KIST! (y — F(xi)) — 8]

a

"(xi—x4)] . (5.12)

5.3.2 The Levenberg-Marquardt Method

The Gauss-Newton method converges rapidly to the optimal solution when the cost
function is quadratic or nearly quadratic in the state vector. However, if the true
solution is far from the current iteration point, it is possible that the convergence is
slow or that the iteration diverges. To deal with this problem, the iteration scheme
in equation is modified following the suggestions of Levenberg and Marquardt
(Levenberg, [1944; Marquardt, [1963)) by replacing the approximated Hessian matrix
by Hp s, which is defined as:

Hyy=H,+7S,'=(1+9)S,' +K'S'K. (5.13)
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The iteration scheme of the Levenberg-Marquardt method is then given by:

Xit1 = X; + [(1 +7) S, + Kz'TS;lKi}_l
{KiS:'[y—F(x;)] =S, " [xi —xd]} , (5.14)

where ~; is chosen at each step to minimize the cost function. For small values of
v;, the iteration step tends to Gauss-Newton, whereas for large ~;, the iteration step
direction tends to steepest descent.

5.4 Retrieval Properties

The properties of the retrieval are mainly determined by the weighting function
matrix K and the measurement and a priori covariance matrix S, and S,, respec-
tively. The quantities, which describe the retrieval properties, are summarized in
the following.
The retrieval gain function matrix G describes the sensitivity of the retrieval to the
measurement and is calculated according to:
ox -1 Te-11) o Tq-1
G=_—=(S,'+K'S'K) K'S'. (5.15)
dy
An important quantity of the retrieval is the averaging kernel matrix A, which
describes the sensitivity of the retrieved state x to the true state x;:

_ X Gk - (S;' +K"S/'K) T K'S.'K . (5.16)

= %, =

A

For a noise free measurement, the retrieved state vector describes a smoothed ver-
sion of the true state vector according the vertical resolution and sensitivity of the
retrieval at particular altitudes:

X =X, +A(x: — X,) - (5.17)

Thus, the averaging kernel matrix of an ideal retrieval would be the identity matrix
(A =1), yielding (x = x;).

The degrees of freedom for signal d; quantify the number of independent pieces of
information that can be measured:

dy = tr(A) . (5.18)

The vertical resolution of the retrieval can be quantified using the spread function.
There are several possibilities to define the spread function. Following the definition
by Backus and Gilbert| (1970)), the spread function is quantified by:

[(z—2')2A%(z,2") d2’
([ A(z,2) dz’)2

It provides an estimate of the width of the averaging kernel at altitude z (Rodgers,

s(z) = 12 (5.19)
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2000).

5.5 Retrieval Errors

Imperfect prior knowledge on the state can be quantified as a probability density
function (pdf) over the state space. Due to experimental error, the measurement
can also be quantified as a pdf over the measurement space. The calculation of
the retrieval errors is based on Bayes’ theorem, which provides a formalism for the
mapping of a measurement pdf into the state space in combination with the prior
knowledge. The following functions are scalar valued and defined as (Rodgers, [2000):

P(x) as the prior pdf of the state x. This means that the quantity P(x)dx is
the probability that x lies in the multidimensional volume (x, x + dx) before
the measurement has been made, expressing quantitatively the knowledge of
x before the measurement. It is normalized so that [ P(x)dx = 1.

P(y) as the prior pdf of the measurement y, with a similar meaning. This is the
pdf of the measurement before it is made.

P(x,y) as the joint prior pdf of x and y, meaning that P(x,y)dxdy is the prob-
ability that x lies in (x, x+dx) and y lies in (y, y +dy).

P(y|x) as the conditional pdf of y given x, meaning that P(y|x)dy is the proba-
bility that y lies in (y, y + dy) when x has a given value.

P(x]y) as the conditional pdf of x given y, meaning that P(x|y)dx is the proba-
bility that x lies in (x, x +dx) when y has a given value. This is the quantity
that is of interest for solving the inverse problem.

Then Bayes’ theorem, which is the relationship between conditional probability den-

sity functions, allows for the calculation of P(x|y), which is necessary to update the

prior knowledge P(x):

Plylx)P(x)
P(y)

Assuming that the measurement error can be described by a Gaussian pdf, which is
an eligible assumption for atmospheric measurements, and that the a priori informa-
tion on the state vector follows a Gaussian pdf, which is less realistic but convenient,
the total retrieval covariance matrix S results from the formalism of Equation (|5.20)).
It is the sum of the smoothing error S, and the retrieval noise S,,:

P(xly) = (5.20)

S=8°+8S,.. (5.21)

The detailed description given in Rodgers (2000) shows that the covariance matrix
of the smoothing error is quantified by

S.=(A-1,)S,(A-1,)", (5.22)
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or on substituting Equation (5.16)):

S, = (K'S.'K +8;') 'S, (K'S/'K +S;')~

1

(5.23)

For the interpretation of the smoothing error, two cases can be distinguished. The
retrieval can either be regarded as an estimate of a state smoothed by the averaging
kernel rather than an estimate of the true state, or as an estimate of the true state,
but with an error contribution due to smoothing. Since the true state is normally
not known, the actual smoothing error (A — I,)(x; — x,) cannot be estimated.
Therefore, the retrieval should be considered as an estimation of a smoothed version
of the state, rather than an estimate of the complete state. Another error pattern
is the covariance matrix of the retrieval noise, which is quantified by:

S,, = GS.G" | (5.24)
or on substituting Equation (5.15)):
S, = (K'S;'"K +S;!) "K”S/'K (K"S”'K + ;') " . (5.25)

This error component describes the error of the retrieved state vector due to mea-

surement error. The sum of Equation (5.23]) and (5.25)) is:
S— (K'S;'"K+8S;!)", (5.26)

which is identical with Equation . The visualization of covariance matrices
as a description of the error of a retrieved state is not easy, but the simplest error
component is the variance, i.e. the diagonal elements of the covariance matrix. This
component will be utilized as the error of the retrieved quantities. The retrieval
covariance from Equation does not include forward model errors and model
parameter errors. The contribution of these error components will be discussed in

Chapter [6]

5.6 Retrieval Methods

The inversion using the Levenberg-Marquardt method can be implemented by differ-
ent approaches. The differences in these approaches are mainly due to the definition
of the x? condition as formulated in Equation and the utilization of the a priori
knowledge. In addition, the state vector in the retrieval can either be the profile
itself or some parameters which are used to describe the profile to be retrieved by a
certain function or parametrization.

5.6.1 Optimal Estimation Method

The formalism described in Section seeks the maximum a posteriori (MAP)
solution. It is the statistically most likely solution for the given measurement with its
error and the a priori knowledge, consisting of the a priori profile and its covariance
matrix.
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The usage of a priori information is necessary due to the limited information content
of the measurement. Therefore, the solution is found by using the a priori state as
the starting linearization point for the iteration, and the retrieved information from
the measurement is the difference to the a priori state.

At best, the a priori information should be taken from climatological databases. But
for some atmospheric constituents, this information is not available and therefore
an experienced guess has to serve as a priori information. However, in both cases,
the assumption that the a priori covariance follows a Gaussian probability density
function is not necessarily fulfilled.

To deal with the limitation of the information which can be extracted from the
measurement, it is possible to use a parametrization of the profile of interest by a
number of parameters which is in the range of the degrees of freedom for signal of
the retrieval, and to retrieve these parameters rather than using the profile itself as
the state vector. However, using a parametrization with a small number of state
vector elements it is not guaranteed that all possible states are represented by the
model.

5.6.2 Regularization Method

The cost function to be minimized for the Phillips-Tikhonov regularization (Phillips,
1962; |Tikhonov, |1963) has much in common with the cost function of the optimal
estimation method and is described by:

X*(x) = [F(x) — y]" S, F(x) — y] + [x — xo| Rlx — xJ] . (5.27)

Instead of the inverse a priori covariance matrix, as in the optimal estimation case,
a regularization matrix R is utilized. Now, this second term of the cost function is
a constraining term, which does not represent the error weighted difference to the a
priori state, but the shape of the difference to the a priori state. This constraint can
be implemented differently depending on the choice of the regularization matrix.
Here, it is defined as :

R = pL’L, (5.28)

where p is the regularization parameter which controls the strength of the constraint
and L is the constraint operator. To achieve a constraint on the smoothness of the
state vector, the diagonal identity matrix (I), the discrete first- or second-derivative
operator can be chosen as constraint operator. An example for the discrete first-
derivative operator for a regular height grid of 200 m vertical resolution is:

L, = 0 f5 g o, (5.29)
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and for the discrete second-derivative operator:

25 =50 25 O .-+ O
L, — 0 25 =50 25 . . (5.30)
0 - 0 25 =50 25

In the cases of the discrete first- or second-derivative operators, only the shape of
the state is constrained but not the absolute value. However, the strength of the
constraint, namely the regularization parameter has to be chosen appropriately. This
can be done iteratively, while the identification of the appropriate value depends on
the criterion to be optimized. A commonly used approach is the L-curve method
(e.g.,[Hasekamp and Landgraf, 2001, which will be discussed in Section[6.2] For the
error analysis, the formalism described in Section can be applied by replacing
S, ! by R (Steck, 2002).

The difference of the Phillips-Tikhonov regularization and the optimal estimation
method mainly arises by the way the least squares conditions in the cost function are
balanced. In the optimal estimation method, the inverse of the a priori covariance
matrix plays a similar role as the regularization matrix. This becomes obvious when

considering a diagonal a priori covariance matrix of the form S, = 021, with o2 as

the a priori variance. The comparison of Equation and makes clear that
a small o, corresponds to a large p and vice versa.

In the regularization method, the L-curve method delivers a criterion for p to filter
out contributions from the effective null-space, which is the part of the state space
on which no information can be gained from the measurement (see Rodgers| (2000))
for details). In the optimal estimation method, this filtering is determined by the a
priori covariance matrix and cannot be regularized. This means that in certain situ-
ations, the solution of the optimal estimation method can contain noise-determined
components from the effective null-space or can be over-constrained, which means
the loss of information.

5.7 Iteration Strategy

The iteration procedure described in Section is applied for the optimal estima-
tion and regularization method. The scaling factor v in Equation plays an
important role in the convergence behavior of the iteration process. Therefore, an
adequate choice of v is essential and is managed as follows (Press et al., [2007):

1. For the first iteration step, start at the a priori state and choose a v which does
not cause a too large step, since then the probability of leaving the approximate
linear region is very high. Since this starting v value also depends on the a
priori covariance or the regularization matrix, respectively, and is different
for the specific inversion problem, it is a matter of experience to determine
the appropriate value. y? is calculated for the starting point of the iteration

according to Equation (/5.2)).
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2. According to Equation (5.14)), X;11 = Xpes is calculated.

3. X2.u 1 calculated for this new X,e,; and compared to the initial x? value.
Afterwards, x? and x2_,, are compared and the further approach depends on
the change Ax? = x2_.; — X%

e When Ay? is negative, a further determination is necessary:

— When Ay? is less than the threshold value, the iteration can be
stopped since the optimal state is found

— When Ay? is greater than the threshold value, v is adjusted, X,eq is
set as the initial state and the iteration is continued at (2]).

e When Ax? is positive, v is adjusted and a further determination is nec-
essary:

— When the new ~ value is greater than the threshold value, the itera-
tion can be stopped since no improvement can be expected

— When the new v value is less than the threshold value, the iteration
is continued at (3]).

The adjustment of v in the case where Ax? is positive is carried out by multiplying
~ with a factor between 2 and 10. In the case where Ax? is negative, v is divided by
a factor between 2 and 10. The optimal values for the increase and reduction of ~
are also a matter of experiment since they strongly depend on the specific inversion
problem. Also the maximum number of iteration steps to be evaluated has to be
chosen appropriately. Insufficient iteration steps will result in not 'reaching’ the
optimal solution, whereas too many steps cause only computational load but no
remarkable improvement in the solution.

5.8 State and Measurement Vectors

As described at the beginning of this chapter, there are numerous inversion problems
in the field of atmospheric sounding by remote sensing techniques. From MAX-
DOAS O, and intensity measurements, the retrieval of the atmospheric aerosol ex-
tinction profile €)7(z, A) and in certain cases the optical properties, namely the single
scattering albedo wg(\), the asymmetry parameter g(\) for the Henvey-Greenstein
parametrization of the phase function and the Angstrom exponent ayy is possible.
Then, the state vector x consists of the aerosol extinction profile and optionally the
optical properties:

x = [esr (2 Aep), woM), -+, wolN), g(N), <o, g(N), am]’,  (5.31)

where \,.; denotes the reference wavelength for which the extinction profile is given.
A refer to the wavelengths of the [ individual O4 absorption bands, which are consid-
ered within the retrieval. When several bands are used simultaneously, the aerosol
extinction profile is converted to the according wavelength using aj,,. In the case
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of a retrieval using only one O, absorption band, the state vector to be retrieved
contains the following extinction profile and optional optical properties:

x = [enr(z, ), wo(N), g(N)]" . (5.32)

The measurement vector contains the O4 slant columns densities of the considered
wavelengths and optionally the according intensities:

y = (ySo47 YI)T

= { [504()\1791)7 Ty SO4(>\17QB)7 SO4<)\I791>7 T SO4()‘Z>Qe)]T7

[T, ), -+, T(Ou,Q), T\, Q), -+, J(Al,ne)]T}. (5.33)

Q2. represents the viewing direction of each measurement, which is determined by the
elevation, solar zenith and relative solar azimuth angle. The radiative transfer model
calculation provide absolute slant column densities, whereas the measured slant
column densities are retrieved relative to a reference spectrum. For the comparison
of the measured and simulated slant column densities, a normalization relative to
the zenith measurement is applied according to:

ASo,(\, Q) = So,(\, Q) — So, (A, Qoo ) - (5.34)

Since the measured and modeled intensities have different units, again a normaliza-
tion is necessary which is in this case:

- I(A, €2)

I\ Q) = Ty (5.35)

The weighting function of this inversion problem is calculated numerically with the
radiative transfer model (see Section [5.10). The normalization of the measurement
vector has to be accounted for in the weighting function calculation, which results
in the following relationship:

. 39504 ()‘7 Qe)

Kso,e = ox
8y504 ()\, Qe) 89504 ()\, ngo)
> A, = ool Woors ) (5.36)
and for the intensity weighting function:

Ayr (A, Q)

Kje=——7+—-

" ox
% _ ayf()\796) . 1 . 8y.[()\7(290°) y[()\age)
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For the retrieval of trace gas profiles, the measurement vector contains the trace
gas slant column densities and is normalized according equation . The box
air mass factors Ay, (X, 2, 2) introduced in Section [4.3] are the height resolved
sensitivities of the measured slant column density to changes in the partial vertical
column densities AV (z) of the according altitude z. They are defined as:

B IS(\, Q)

- OAV(2)
The box air mass factors quantify the weighting functions of the trace gas profile
retrieval. The state vector consists of the profile of partial vertical column densities

AV (2):

Apos(\, 2, 2) (5.38)

43

k= [AV(zg), -, AV(z)]" with AV(z) = / () de,  (5.39)

Az

2T

where ¢(z') is the trace gas number density at the according altitude and Az de-
notes the altitude range referred to. The state vector can be converted to mass
concentration, number density or volume mixing ratio profiles using appropriate
temperature and pressure profiles. The normalization of the measurement vector
has to be accounted for in the weighting function, and is done similar to equation
(15.36)).

The inversion of aerosol profiles from MAX-DOAS O, measurements is a non-linear
problem since the weighting function depends on the aerosol profile (see Section
5.3). The inversion of trace gas profiles from MAX DOAS measurements is a linear
problem since the box air mass factors depend only on the aerosol profile but not
on the trace gas profile. This situation changes for strongly absorbing trace gases,
since the light path is then also influenced by the trace gas itself. This results in a
non-linear relationship between trace gas profile and observed slant column density.
The transformation of the state vector, which is necessary to avoid physically invalid
values in the retrieval is described in Section The linear problem of the weakly
absorbing trace gas profile inversion becomes non-linear. Therefore, the methods
from Section 5.3 are utilized instead of the method from Section 5.2 for the inversion.

5.9 State Vector Transformations

During the individual iteration steps, negative state vector values can occur. Since
negative values are physically invalid in connection with trace gas profiles or aerosol
optical properties and profiles, and the forward models usually cannot deal with neg-
ative values, their occurrence in the inversion must be avoided. This can be achieved
using an appropriate transformation of the state vector. The transformation to be
applied depends on the according element of the state vector. When the state vec-
tor consists of the aerosol extinction or trace gas partial column density profile, the
physically valid range for the values would be the positive half-space. On the other
hand, the retrieval of the aerosol single scatting albedo and the asymmetry param-
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eter of the Henvey-Greenstein parametrization of the aerosol phase function results
in a restriction of the state vector elements to values between 0 and 1. A similar
situation is given for the aerosol Angstrom exponent, with values ranging from 0
the Rayleigh limit of 4 (see Seciton . The transformation of the state vector
part consisting of the aerosol profile components €, to z.,, using the transformation
function t is described by:

EM —> Ty, with ¢, = t(ey) = In(ey) , (5.40)

with the derivative : . )
ear) _ 1 (5.41)
aEM €M

Then the according transformation of the weighting function K yielding T is given
by:

9y N T, — dyi  Oemy Oy

Kij = €Mj Kij . (542)

Oenr,j Oxeyj  Oxey; Oen

The error of the profiles dey, are transformed using;:

Oz, 1
~dey = — - deyy . 5.4
aGM M EM M ( 3>

dey — dz,, with dz,,, =

The transformations and relationships from the equation ([5.40)) - ((5.43)) can also be
applied in the trace gas profile retrieval. The suitable transformation for the single
scattering albedo wy and asymmetry parameter g is described by:

g— Ty with  z,=t(g)=a-In (%) : (5.44)

-9
which is the inverse of a scaled Boltzmann distribution, where a is a parameter
scaling the shape of the function and has to be chosen appropriately. The slightly

modified version for the Angstrom exponent o, is:

AN = Tay, with T, =tlopy) =a-In ( Rl ) . (5.45)
4 — (0%

The according transformations of the weighting function and the error for the single
scattering albedo dwy and asymmetry parameter dg are:

_ Oy o % _ 99 Oy _g9-g

K, = - 7. -
" g ” oxr, Oz, Og a

e (5.46)

Oz, a
dg g9—g? (5:47)

dg — dz, with dz,
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and in the case of the Angstrom exponent, the relationships are given by:

0y; y; 0 dyi  dapy — a3
Oay 0rq,,  0xq,, Oon 4a
024 4
dayr — dzg,, with  dz,, = 82 M dayy = v ¢ R daps . (5.49)
M M — Gy

When the optimal solution is found, a back-transformation has to be applied. In the
optimal estimation method, the retrieved state vector, the a priori covariance matrix
and the weighting function can be transformed back and the retrieval properties and
errors can be calculated according to equations - . In the regularization
method, the utilized regularization matrices (see equations and (5.30)) are
not invertible. Therefore, the gain function G (see equation(5.15)) is calculated in
the transformed state, and the back-transformed gain function U is subsequently
calculated using the relationship:

ang j (%ch j (‘%Mj 1

GZ:—%U’L: L = — i . u :A 'G'i’ 550
J ) J ayl aEM’j Gyi €M.j ! ( )

for the part of the state vector containing the profile. The calculation for the other
state vector components is similar. The retrieval errors are then calculated using
the back-transformed weighting and gain function.

5.10 Retrieval Implementation

The retrieval algorithms described so far have to be implemented using a platform
which:

e Reads in the data retrieved from the MAX-DOAS measurements

e Creates the necessary numerical quantities, namely the state and measurement
vectors, the corresponding covariance matrices and so on

e (Calls the radiative transfer model, reads in the simulated quantities and creates
the simulated measurement vector F(x) and the weighting function matrix K

e Performs the matrix calculations for the iteration procedure and calculates the
relevant quantities and results

e Stores the retrieval results and properties

The platform used for the retrievals in this work is the program IDL from I'TT Visual
Information Solutions (former Research Systems, Inc.).
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Chapter 6

Application of the Retrieval
Methods and Sensitivity Studies

The practical application of the theoretical inversion concepts introduced in the pre-
vious chapter consists of several individual steps. The approach in connection with
MAX-DOAS measurements is depicted by a flowchart in Figure [6.1] The measured
spectra are analyzed using the DOAS technique (Chapter[3). The retrieved Oy slant
column densities and relative intensities serve as the measurement vector and the ac-
cording errors quantify the measurement covariance matrix. The aerosol extinction
profiles and optionally further optical properties are retrieved using an appropriate
inversion method, which is based on radiative transfer simulations. In this work,
the radiative transfer model SCIATRAN 2 (Section is used. The retrieval
properties, which are determined by the used a priori profile and covariance matrix,
the measurement covariance matrix and the according weighting functions, quantify
the retrieval covariance. The retrieved aerosol profiles serve as input parameters
for the radiative transfer simulations in the trace gas profile retrieval, where the
according slant column densities and errors from MAX-DOAS measurements serve
as the measurement vector and covariance matrix, respectively.

In this Chapter, the application of the inversion methods are presented and the
sensitivity of the retrieval to several parameters is explored. MAX-DOAS measure-
ments were simulated for different measurement and atmospheric conditions. The
first part of this chapter addresses the optimal estimation method (Section ,
while the regularization method is content of the second part (Section [6.2).

The retrieval of aerosol profiles from simulated MAX-DOAS O, and intensity mea-
surements using optimal estimation is introduced in detail at the beginning of Sec-
tion [6.1.1] The subsequent part of this Section contains the sensitivity studies with
respect to the calculation of the weighting functions, the transformation of the state
vector, the knowledge on the a priori state, and the influence of the true aerosol
scenario. Furthermore, the influence of statistical errors in the measurement and
systematic errors caused by uncertainties in the assumed atmospheric parameters
or introduced by the measurement are addressed. The dependence of the retrieval
properties on the measurement vector components are also content of Section m
The retrieval of further aerosol optical properties, namely the aerosol single scat-
tering albedo, the asymmetry parameter of the Henyey-Greenstein phase function

83
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Figure 6.1: Flowchart of the aerosol and trace gas profile retrieval procedure using
MAX-DOAS measurements.

parametrization and the Angstrom exponent, from MAX-DOAS O, and intensity
measurements is demonstrated in Section [6.1.21

In Section [6.1.3] a parametrization of the aerosol profile by appropriate functions
using either two or three parameters is presented. These parameters are retrieved
instead of the profile itself. The influence of different true aerosol profile shapes on
the performance of the parameterized retrieval is determined.

The retrieval of trace gas profiles from MAX-DOAS measurements using optimal
estimation is discussed in Section and the influence of the aerosol and trace
gas profile on the retrieval properties is explored.

The regularization method is applied for the retrieval of aerosol and trace gas profiles
in Section [6.2.1] and [6.2.2] respectively.

6.1 Application of the Optimal Estimation Method

The profiles of atmospheric aerosols and trace gases are generally characterized by a
smooth shape in the boundary layer, since the constituents are well mixed and strong
gradients are rather untypical. The elements of the aerosol and trace gas profiles
are therefore correlated. A constraint on the smoothness of profiles to be retrieved
can be introduced by including non-diagonal elements in the a priori covariance
matrix S, (Section . It contains the squared a priori state errors o, as diagonal
elements and non-diagonal elements for the according altitude, which can be chosen
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as follows:
|=i-2]

Saij :0'2-'67 n . (61)

a

The correlation length 1 quantifies the strength of the smoothness (Barret et al.
2002; |FrieB et al., [2006). It has been set to 0.5 km in the retrievals preformed in this
work.

The averaging kernel matrix A quantifies the sensitivity of the retrieval to particular
altitude levels as well as the height dependent vertical resolution of the retrieval (Sec-
tion [5.4). In the case of ground based MAX-DOAS measurements, the sensitivity
and vertical resolution decrease with altitude. Therefore, the comparison of aerosol
or trace gas profiles retrieved from MAX-DOAS to independent measurements, e.g.
from lidar instruments, requires the consideration of the different height resolution
of both techniques. Aerosol extinction profiles measured by lidar are generally sam-
pled on an altitude grid with a typical resolution of 15-40 m. In contrast, the aerosol
retrieval from MAX-DOAS exhibits height resolutions ranging from ~200m in the
lower altitudes up to ~700m in the higher altitudes. Furthermore, the height de-
pendent sensitivity of the retrieval from MAX-DOAS causes a reshape of the true
aerosol profile, since extinction contributions in higher altitudes are attributed to
in lower altitudes by the retrieval. Thus, a realistic comparison between both in-
struments requires that the lidar profiles with a much higher vertical resolution are
degraded to the vertical resolution of the MAX-DOAS (Rodgers and Connorl, |2003;
Vigouroux et al., 2009). This is achieved by applying the MAX-DOAS averaging
kernel to the high resolution profile x:

Xs = Xq + A(Xp — X4) (6.2)

where x, is a smoothed version of the high resolution profile. In particular, x; is
the profile that the MAX-DOAS instrument would have measured if the true profile
would have been the high resolution profile xj.

The information content of the retrieval can be interpreted by considering the con-
cept of linear vector spaces, namely the state space and the measurement space.
The act of measurement can be considered as a mapping from the state space into
the measurement space. The inverse problem is that of finding an appropriate in-
verse mapping from the measurement space back into the state space. Depending
on the inversion properties, the state space may contain components, which are not
accessible by the measurement. This subspace of the state space is the null space of
the mapping. Furthermore, additional components of the state space may become
unmeasurable due to measurement errors, resulting in an effective null space. The
inversion problem in connection with ground based MAX-DOAS measurements is
generally under-determined, and a constraint on the atmospheric state is therefore
introduced by the a priori state vector (Rodgers, |2000)).

6.1.1 Retrieval of the Aerosol Extinction Profile and Optical
Depth

To investigate the capability of the MAX-DOAS O, optical density and intensity
measurements to retrieve aerosol extinction profiles using the optimal estimation
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method, retrievals based on synthetic measurements for different viewing geome-
tries and atmospheric conditions were performed. The dependence on retrieval
parameters and settings, different aerosol loads and profile shapes, and different
measurement viewing geometries as well as the influence of retrieval parameter un-
certainties are identified by relating the consequential changes to the results of a
retrieval using standard settings.

The retrieval with the settings referred to as standard was performed using a syn-
thetic MAX-DOAS measurement consisting of the O4 optical densities and intensi-
ties at 477nm for elevation angles of 1°, 2°, 4°, 8°, 14°, 30° and 90°, a solar zenith
angle of 60° and a relative azimuth angle of 30°. Thus, the measurement vector
consists of the differential O4 optical densities (AOD) and relative intensities calcu-
lated according equation and , respectively (Section . To identify
the effects attributable to the retrieval settings, parameters and performance, the
O4 AOD and relative intensity errors were set to 5-10~* and 5- 1073 in the measure-
ment covariance matrix, respectively, without adding random noise to the synthetic
measurements. The aerosol extinction profile was described on a height grid with a
resolution of 200 m from the surface up to the altitude of 4 km.

The results of the profile retrieval are shown Figure[6.2l The true profile used for the
calculation of the synthetic measurement is indicated in black in Figure [6.2h, and
describes a smoothed box-shaped distribution. The a priori and retrieved profile are
indicated in dashed red and solid red, respectively. The profile resulting from the
application of the averaging kernel according to Equation on the true profile
is shown in green in Figure [6.2h. The true profile is very well reproduced by the
retrieval with respect to the absolute extinction values as well as the vertical extent
of the aerosol layer. The good agreement between the retrieved and smoothed true
profile indicates the correct performance of the retrieval. The retrieved aerosol op-
tical depth (AOD) of 0.2040.02 matches the true value of 0.2. The deviation of the
retrieved extinction from the true and convolved true profile are depicted in Fig-
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Figure 6.2: Retrieval of the aerosol extinction profile: the (a) a priori (red, dotted),
retrieved (red, solid), true (black) and convolved true (green) profile; (b) deviation
of the retrieved extinction from the true (black) and convolved true (green) profile.
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Figure 6.3: The true (black cross) and retrieved (red asterisk) differential (a) Oy
optical densities and (b) relative intensities as a function of the elevation angle.

ure in black and green, respectively. The characteristic vertical resolution and
sensitivity of the retrieval result in structured deviations between the retrieved and
true profile, while the differences between the retrieved and convolved true profile
are very small. The true and retrieved O, AODs and relative intensities are shown
in Figure and [6.3p, respectively, and lie on top of each other.

The sensitivity of the measurement to perturbations of the aerosol extinction at dif-
ferent altitudes is quantified by the weighting functions, which are shown in Figure
and with respect to the O4 AODs and relative intensities, respectively. The
different colors indicate the elevation angles of the measurements. These weighting
functions represent the partial derivatives of the O, AOD and relative intensity
with respect to the aerosol extinction at the according altitude, and were calculated
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Figure 6.4: The weighting functions of the aerosol extinction profile retrieval with
respect to (a) the differential Oy optical density and (b) relative intensity. The
elevation angles of the measurements are indicated by the different colors.
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Figure 6.5: Averaging kernels of the aerosol extinction profile retrieval. The cor-
responding altitudes are indicated by the different colors.

numerically with the radiative transfer model for changes of +0.1km™! in the ex-
tinction at altitudes between 0 and 4km. The weighting functions depend on the
aerosol profile itself and therefore vary with the according profile. In general, the
weighting functions of the O4 AOD are characterized by a peak at the surface and
a rapid decrease with altitude. This indicates a high sensitivity for aerosols in the
lowermost altitude ranges. Furthermore, the sensitivity for aerosols near the ground
are highest at small elevation angles due to the increased light paths through the
lowermost atmospheric layers. In contrast to O4, the weighting functions for the
relative intensity generally show less variation with altitude, and therefore provide
less information on the altitude distribution of aerosols. However, in this case, rapid
changes occur in lower altitudes for the smallest two elevation angles. Furthermore,
the relative intensities provide a strong constraint for the AOD. The numerical calcu-
lation of the weighting functions requires high computational effort and is therefore
time consuming. Thus, the weighting functions for the retrievals performed in this
work are calculated only for the starting point of the iteration sequence and kept
unchanged during the individual iteration steps.

The averaging kernels for the aerosol profile retrieval, which quantify the sensitiv-
ity of the retrieved to the true aerosol extinction, are depicted in Figure [6.5] The
averaging kernels show distinct peaks for altitude layers below ~ 2 km, while the av-
eraging kernels for the lowermost ~ 1.8 km peak at around their nominal altitudes.
The averaging kernels for altitudes above &~ 2 km are characterized by negative and
positive peaks around = 500-700m and =~ 1.7-1.9km, respectively. The negative
values indicate the opposite sensitivity which means that higher aerosol loads result
in smaller retrieved extinctions at the according altitudes. Similar to the retrieval
sensitivity, the vertical resolution decreases with altitude and ranges from ~ 300 m
at the surface to ~1.1km at 1.7km altitude. The degrees of freedom for signal
of the retrieval, which determines the number of independent pieces of information
(equation (5.18))), is 2.9, while the measurement vector contains 12 elements. Thus,
the measurements are far from independent.

In the following sections, the above mentioned influences of the retrieval parameters
and their uncertainties on the retrieval performance and results are explored. The
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Figures in these Sections apply similar colors and line styles for the graphs showing
the a priori (dotted red), retrieved (solid red), true (black) and convolved true
(green) profiles as depicted in Figure . The graphs containing the averaging
kernels also apply similar color codes for the different altitudes as in Figure [6.5]

6.1.1.1 Dependence on Weighting Function Calculation

The dependence of the retrieval performance and results on the weighting function
calculation is determined by the comparison of three different approaches. In addi-
tion to the retrieval using a constant weighting function, which is not recalculated
in each iteration step, a retrieval was performed, in which two subsequent iteration
sequences were carried out. The retrieved profile from the first iteration sequence
was used as the starting point for the second iteration sequence and the weighting
function was recalculated for this profile. In the third approach, the weighting func-
tion was recalculated in each iteration step, which is the actual iteration strategy of
the Levenberg-Marquardt method (equation ((5.14])).

Figure shows the results and averaging kernels for the retrieval of a smoothed
box-shaped profile using the three different approaches. The weighting functions for
the linear decreasing a priori profile and the retrieved profile with a smoothed box-
shaped distribution are quite similar, due to an approximately linear dependence
for these extinction values and their vertical distributions. Therefore, the resulting
profiles and averaging kernels do not show remarkable differences for the different

retrieval approaches.
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Figure 6.6: Retrieval of a smoothed box-shaped profile and corresponding averag-
ing kernels with (a,d) a constant weighting function, (b,e) two subsequent iteration
sequences with a recalculated weighting function in the second sequence and (c,f) a
recalculated weighting function in each iteration step.
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Figure 6.7: Same as Figure but for the retrieval of an elevated aerosol layer
centered around 2km.

In contrast to this situation, the retrievals of an elevated aerosol layer centered
around 2km altitude using the different approaches show significant differences.
Such retrievals were performed using the same a priori profile as in the box-shaped
profile case, and the results and averaging kernels are shown in Figure [6.7] The re-
trieval using a constant weighting function, which is the same as in the box-shaped
profile case, reproduces an elevated layer that is smoothed according the vertical res-
olution and sensitivity determined by the averaging kernel and thus centered around
lower altitudes. The degrees of freedom for signal is 2.8 and the AOD of 0.07 4+ 0.02
is smaller than the true value of 0.1. The non-linearity of the inversion problem is
indicated by the changes in the averaging kernels in Figure compared to the
constant weighting function case. The recalculation of the weighting function after
the first iteration sequence accounts for the significant changes in the aerosol dis-
tribution and the resulting changes in the retrieval sensitivity. The lower aerosol
load near the surface results in a decrease in sensitivity and the increased aerosol
load at the higher altitudes leads to higher sensitivities at the according altitude
ranges. Furthermore, the vertical resolution at higher altitudes is improved. Similar
changes are present in the case where the weighting function is calculated for each
iteration step. For both cases, the degrees of freedom for signal slightly increases
to 3.0. While the AOD of 0.10 4+ 0.01 in the two iteration sequences case matches
the true value, the approach using iterative weighting function calculation results
in a slightly overestimated AOD of 0.11 + 0.01. These examples illustrate the im-
portance of a recalculation of the weighting functions in the presence of elevated
aerosol layers, due to the remarkable changes in the retrieval properties. However,
the comparison of the retrieved and convolved true profiles in Figure and
indicate that contributions from the effective null space occur within the iteration
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steps, since the retrieved profiles feature higher resolved distributions than deter-
mined by the according averaging kernels. Strategies for avoiding such contributions
are discussed in Section [6.2]in the context of the regularization method.

6.1.1.2 Influence of the State Vector Transformation

The introduced state vector transformation and the accompanied conversion of af-
fected retrieval quantities (Section were tested for possible influences on the
retrieval results and properties by performing retrievals using and omitting the
transformation. Figure shows examples for both cases. It can be identified,
that the state vector transformation does not influence the retrieval, and the results
and averaging kernels are almost identical.
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Figure 6.8: Resulting profiles and corresponding averaging kernels for retrievals
(a,c) using and (b,d) omitting a state vector transformation.

6.1.1.3 Influence of the A Priori Profile

The retrievals were performed using different a priori profiles, to identify the in-
fluence of the a priori profile. Since the a priori errors are proportional to the a
priori extinctions, the constraints on the retrieval changes with altitude for different
a priori profiles. As in the standard example, linear decreasing profiles were used,
but with different total aerosol loads and profile shapes. The resulting profiles and
averaging kernels for a retrieval using an a priori profile which is more constrained
to lower altitudes than in the standard example is depicted in Figure and [6.9d,
respectively. Due to the missing sensitivity of the retrieval at altitudes above ~ 2 km
and the constraint of the a priori profile, the retrieved profile underestimates the
height of the true profile and attributes the aerosol extinction of higher altitudes to
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Figure 6.9: Resulting profiles and corresponding averaging kernels for retrievals
using a linear decreasing a priori profile with (a,d) a surface value of 0.1km™' and

a height of 2.0km, (b,e) 0.05km™ and 3.0km, and (c,f) 0.2km™"' and 3.0km, re-
spectively.

lower ones. Retrievals using an a priori profile with a similar shape as in the stan-
dard case but with a lower and higher AOD are shown in Figure and [6.9c. The
retrieved profiles indicate, that the iteration direction, namely from smaller to larger
extinction values and vice versa, does not affect the retrieval results significantly.

6.1.1.4 Influence of the True Aerosol Profile

In addition to the true aerosol scenarios considered in Section[6.1.1.1] retrievals were
performed assuming an elevated aerosol layer centered around 1 km with an AOD of
0.1 and a smoothed box-shaped profile with an AOD of 0.1 and a height of 1.0 km
to determine the influence of true profile shapes covering the altitude range, where
the retrieval has distinct sensitivity features. The used a priori profile is the same
as in the standard example and the retrieved profiles are shown in Figure [6.10} In
the case of the elevated aerosol layer centered around 1km, the retrieved profile is
a smoothed version of a lofted layer, centered around the correct altitudes. Thus,
the retrieved peak aerosol extinction is less than in the true profile. Furthermore,
the retrieved profile resembles rather the a priori profile at altitudes above ~ 1.7 km
than the true profile, due to the limited sensitivity at these altitude ranges. The
retrieved AOD of 0.13 4+ 0.02 is therefore overestimated compared to the true value
of 0.1. Similar results are achieved in the case of the smoothed box-shaped profile
with respect to the retrieved aerosol extinctions above ~ 1.7 km. An overestimation
of the AOD of 0.12 4+ 0.02 occurs, compared to the true value of 0.1.

The examples in Figure and illustrate the importance of applying an ad-
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Figure 6.10: Retrieval of (a) an elevated aerosol layer centered around 1km with
an AOD of 0.1 and (b) a smoothed boz-shaped profile with an AOD of 0.1 and a
height of 1.0km.

equate a priori profile. The a priori profile should not excessively constrain the
retrieval, but at the same time, it should not introduce extinction features at alti-
tudes where the retrieval is less sensitive.

6.1.1.5 Influence of the Measurement Vector Components

The choice of the measurement vector components strongly influences the retrieval.
Retrievals were performed using measurement vectors consisting of different compo-
nents to identify the resulting effects. Retrievals using only the O4 AODs at 477 nm,
the O4 AODs at 360, 477, 577 and 630 nm and the O, AODs and relative intensities
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Figure 6.11: Resulting profiles and corresponding averaging kernels for retrievals
using (a,d) only the Oy AOD at 477nm, (b,e) the Oy AODs at four wavelengths
and (c,f) the Oy AODs and relative intensities at four wavelengths.
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Figure 6.12: Resulting profiles and corresponding averaging kernels for retrievals
using (a,c) Oy AODs with errors of 5- 1073 and relative intensities with errors of
5-107% and (b,d) 51075 and 5 - 10~*, respectively.

at these four wavelengths were performed and are aimed for a comparison to the
retrieval using the O4 AODs and relative intensities at 477 nm from the standard

example in Figures [6.2] and

The profiles and the corresponding averaging kernels of the retrieval using only the
O4 AODs at one wavelength are shown in Figure and [6.11d, respectively.
The vertical resolution and sensitivity for altitudes below 1km are similar to values
achieved by the retrieval from the standard example. In contrast, the sensitivities
for altitudes above 1km rapidly decrease, so that no information on the aerosol ex-
tinction above ~ 1.7 km can be gained from measurement vectors consisting of the
O4 AODs at one wavelength only. The according degrees of freedom for signal is
2.4 and smaller compared to the retrieval using additionally the relative intensity
at 477nm. Similar sensitivities with respect to the altitude ranges are achieved in
a retrieval using the O, AODs at four different wavelengths simultaneously in the
measurement vector. (Figure and [6.11p). However, the vertical resolutions
and the absolute sensitivities in the lower altitudes are improved due to the wave-
length dependent light path in the atmosphere. The resulting degrees of freedom
for signal of 3.2 is higher than in the retrieval of the standard example. The best
retrieval performance with respect to vertical resolution and sensitivity is achieved
by simultaneously considering the O, AODs and relative intensities at four wave-
lengths in the measurement vector (Figure and ) Thereby, the retrieval
sensitivity increases for higher altitudes and the averaging kernels for more altitudes
peak at their nominal height. The degrees of freedom for signal reaches a value of
3.7.

Another important factor limiting the retrieval capabilities with respect to sensitiv-



6.1. APPLICATION OF THE OPTIMAL ESTIMATION METHOD 95

dz 100 dz 400 dz 200

=

I
[ =]
T

I
T

1
Altitude [km]
re

Aftitude [km]
Alitude [km]

oE . . . . - 0 . . . . - 0 . . . . 3
002 002 04 0058 008 0.0 oIZ 00 o0z .04 008 008 010 Q12 00z 002 G604 008 008 G0 GIZ
Extinetion @ 477nm [1/km] Extinetion @ 477nm [1,/km] Extinetion @ 477nm [1,/km]
(a) (b) (c)
dz 100 dz 400 dz 800
Alt,| km Al km Alt. | km
+ 3 GE‘I L DET L 3 G[J !
%) 0.5 ] 6.8
e g 1.7
E3 k3 2k
T | T E
= 1.7 = 3.2 =
4 2r \ 19 4z I7 gz
S} 77 3 i
£ i EI T £
E 1 ZE 3 s
P 388 0 TF
1 21
A i
G R L L h T 3 : o L I L L L ! [y L Pl L L L L
=02 o0 02 04 08 08 1.6 —04 =02 00 0Z 04 06 048 1.0 =04 —02 00 0 04 06 08 1.0
Extinction averoging kernel [a.w.] Extinction averaging kernel [a.u.] Extinction averaging kernel [a.u.]
(d) (e) (f)

Figure 6.13: Resulting profiles and corresponding averaging kernels for retrievals
using (a,d) a height grid with 100m, (b,e) 400m and (c,f) 800m resolution.

ity and vertical resolution is the measurement error. It determines to which degree
information is gained from the measurement or the a priori knowledge. While the
retrieval of the standard example was performed using an error of 5-107* for the Oy
AODs and 5 - 1072 for the relative intensity, two further retrievals were performed
with smaller and larger assumed measurement errors. Figure [6.12h and [6.12c show
the retrieved profiles and averaging kernels for an assumed error of 5-1073 for the O,
AODs and 5 - 1072 for the relative intensity. The retrieved profile resembles rather
the a priori than the true profile. The corresponding averaging kernels indicate the
significant loss in sensitivity due to the larger measurement errors. The vertical
resolution is degraded, and distinct peaks occur only for the lowermost altitudes
mainly not centered around the nominal altitude. The degrees of freedom for signal
of 1.2 is clearly reduced compared to the standard example case. In contrast, the
assumption of an error of 5-107° for the O, AODs and 5 - 10~ for the relative
intensity results in remarkable improvements of the retrieval results and properties
with respect to vertical resolution and sensitivity for the aerosol profile as depicted
in Figure 6.12b and [6.12d. Compared to the retrieval of the standard example, the
averaging kernels show distinct peaks for altitudes below 2.2 km which are centered
around their nominal height. Furthermore, the sensitivity and the vertical resolution
is improved, and the degrees of freedom for signal is increased to 4.2.

6.1.1.6 Influence of the Height Grid Resolution

The influence of the height grid on the retrrieval is depicted in Figure for
height grids with 100, 400 and 800 m resolution. The degrees of freedom for signal
is not affected by the different representations of the profile height grid. While



96 CHAPTER 6. APPLICATION OF THE RETRIEVAL METHODS

Il
" =
e,
L

Altitude [km]
l

|
|

Aftitude [km]
Alitude [km]

L L I L o L 3
2.1 0,05 Q1% 215 =004 —QZ Q.00 02 [eXe 23
Extinetion @ 477nm [1,/km] Difference in extinction @ 477nm [1,/km]

0,05 "Ry
Extinetion @ 477nm [1/km]

(a) (b) (c)

Figure 6.14: (a) The a priori (blue), retrieved (red), true (black) and convolved
true (green) profiles from 100 retrieval repetitions with random measurement noise.
(b) The average and the standard deviations of the retrieved profiles are shown in
red instead of the individual profiles. (c) The difference of the retrieved average to
the true (black) and convolved true (green) profile with the standard deviations.

the true profile is well reproduced by the retrievals using 100 and 400 m height
grid resolutions, the height of the box-shaped true profile is underestimated in the
case using the 800 m resolution, due to the rough sampling of the profile and the
decreasing sensitivity at altitudes above ~ 2 km.

6.1.1.7 Uncertainties Owing to Statistical and Systematic Errors

The uncertainties in the retrieved profiles due to measurement error were simulated
by adding normally distributed random noise with a standard deviation of 5 - 1074
and 5- 1072 to the synthetic O4 AODs and relative intensities, respectively. Figure
6.14a shows the retrieved profiles of 100 retrieval runs. The average of these re-
trieved profiles is shown in Figure with the standard deviation as error bars.
The resulting difference of the retrieved average profile to the true and convolved
true profile is depicted in Figure together with the standard deviations. The
retrieval results from the standard example (Figure , which were retrieved with-
out measurement noise, are shown Figure together with the total retrieval,
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Figure 6.15: The a priori (blue), retrieved (red), true (black) and convolved true
(green) profile from a retrieval without random measurement noise. The retrieved
profile is shown with the (a) total retrieval error, (b) retrieval noise error and (c)
smoothing error.
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Figure 6.16: Resulting profiles for retrievals with an error in the elevation angles
of (a) -0.5° and (b) + 0.5°.

retrieval noise and smoothing error (see Section [5.5). The major fraction of the
total retrieval error is attributable to the smoothing error. The uncertainties caused
by the measurement error are accounted for by the retrieval noise error, which is a
smaller portion of total retrieval error. The comparison of Figure and
indicates the accurate consideration of the measurement error by the retrieval.

The effect of systematic uncertainties in the elevation angle (i.e., a misalignment of
the telescope) on the retrieved profile is shown in Figure for differences between
the true and assumed elevation angles of - 0.5 and + 0.5. Remarkable differences in
the shape of the retrieved profiles can be identified in comparison with the retrieval
of the standard example. The profile height is underestimated if the telescope points
higher than assumed and vice versa.

The influences of possible uncertainties in the O, absorption cross section are shown
in Figure for cases of underestimated and overestimated absolute values of the
cross section. The retrievals were performed assuming an O, absorption cross sec-
tion, which was scaled by a factor of 0.75 and 1.25. The underestimation of the
absorption cross section results in an overestimation of the aerosol profile height
and vice versa. Furthermore, the retrieved AOD of 0.17 £ 0.02 in the case of the
underestimated absorption cross section is smaller than the true value of 0.2. In con-
trast, a larger AOD of 0.23 + 0.02 was retrieved when the absorption cross section

was overestimated.
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Figure 6.17: Resulting profiles for retrievals with (a) an underestimation of the O,
absorption cross-section of 25 % and (b) overestimation of 25 %.
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Figure 6.18: Simultaneous retrieval of the aerosol extinction profile, Angstrom
exponent, single scattering albedo and asymmetry parameter using the Oy AODs and
relative intensities at 360, 477, 577 and 630nm. (a) The a priori (blue), retrieved
(red), true (black) and convolved true (green) profile. (b) The a priori (blue, square),
true (black, plus) and retrieved (red, cross) optical parameters.

6.1.2 Retrieval of Further Aerosol Optical Properties

MAX-DOAS O4 and intensity measurements are sensitive not only to the aerosol ex-
tinction but also to further aerosol optical properties, when additional measurements
at different azimuth angles are considered besides the measurements at different el-
evation angles (Wagner et al.| 2004; [Friefl et al., 2006)). In particular, the combined
04 AOD and relative intensity measurement at several wavelengths as a function of
azimuth angle contains significant information on the aerosol phase function, single
scattering albedo and Angstrém exponent. Synthetic MAX-DOAS measurements of
the O4 AOD and relative intensity at 360, 477, 577 and 630 nm were calculated for
a solar zenith angle of 60°, an elevation angle sequence of 1°, 2°, 4°, 8°, 14° 30° and
90° at a fixed azimuth angle of 30° as well as an azimuth angle sequence of +5°,
+6°, £8°, £10°, £15°, £20°, £30°, £45°, +£60°, £75°, £90°, +£100°, £120°,
4+ 150° and 180° at a fixed elevation angle of 25°, while the aerosol optical parame-
ters, except the extinction, were assumed to be constant with altitude. The resulting
profile is shown in Figure [6.18h, while Figure[6.18b shows the a priori, retrieved and
true aerosol optical parameters, namely the Angstrom exponent, single scattering
albedo and asymmetry parameter for the Henyey-Greenstein parameterization of
the phase function. All aerosol optical properties are very well reproduced by the
retrieval using the optimal estimation method. The degrees of freedom for signal of
12.5 indicate that the information for a complete description of the aerosol optical
properties can be gained from MAX-DOAS measurements. Furthermore, the appli-
cation of model calculations based on Mie theory should enable the retrieval of the
aerosol complex refractive index and size distribution from the optical parameters
retrieved from MAX-DOAS similar to Sun photometer retrievals (Dubovik et al.
2000 Dubovik and Kingj, 2000)).

6.1.3 Parameterized Retrieval of the Aerosol Profile

The information content of ground based MAX-DOAS measurements is limited with
respect to the aerosol extinction profile. The retrieval in the standard example in
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Section [6.1.1] using the complete aerosol profile as state vector determines a degree
of freedom for signal of 2.9 when the Oy AODs and relative intensities at 477 nm
serve as measurement vector. This suggests the strategy of describing the aerosol
extinction profile by two or three parameters and appropriate functions. The ca-
pabilities of such parameterized retrievals using the optimal estimation method are
assessed in the following Sections.

6.1.3.1 Aerosol Profile Description by Two Parameters

The aerosol profile can be described by two parameters using a box-shaped distribu-
tion, which can be quantified by the height of the box and the total AOD. A function
similar to the Boltzmann distribution can be used to avoid large gradients in the
profile shape, since aerosol distributions in the atmosphere are rather smoothed
than constrained by sharp edges. Thus, the aerosol profile can be described by two
parameters using the relationship:

e (0)
GM(Z) = — M Y
14 exp (—ng(m )

where €,,(0) denotes the extinction coefficient at the surface and 7, is the AOD.
The usage of €)/(0) rather than the height of the box has the advantage, that both
parameters are in the same order of magnitude.

The resulting profiles for retrievals using the O4 AODs and relative intensities at
477nm as measurement vector and the two parameter description from equation
are shown in Figure . The true profiles are a smoothed box-shaped profile
with an AOD of 0.2 and a height of 2km, a linear decreasing profile with an AOD
of 0.1 and a height of 2km and an elevated aerosol layer centered around 2 km with
an AOD of 0.1. While the box-shaped profile is reproduced perfectly by the pa-
rameterized retrieval, the extinction at the surface is underestimated in the linear
decreasing profile case, which is due to the nature of the profile parametrization.
However, the retrieval is not able to reproduce the elevated aerosol layer, which is
also due to the limitation of the profile parametrization.
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Figure 6.19: Results of the two parameter retrievals of a (a) smoothed box-shaped
profile, (b) linearly decreasing profile and (c) elevated aerosol layer. The a priori
(red, dotted), retrieved (red) and true (black) profiles are shown in each panel.
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Figure 6.20: Simultaneous retrieval of the two aerosol extinction profile parame-
ters, Angstrém exponent, single scattering albedo and asymmetry parameter using
the Oy AODs and relative intensities at 360, 477, 577 and 630nm. (a) The a priori
(blue), retrieved (red) and true (black) profile. (b) The a priori (blue, square), true
(black, plus) and retrieved (red, cross) optical parameters. (c) The corresponding
averaging kernels color coded according the parameters (state vector elements).

In addition, the simultaneous retrieval of the two aerosol extinction profile parame-
ters, Angstrom exponent, single scattering albedo and asymmetry parameter using
the O4 AODs and relative intensities at 360, 477, 577 and 630 nm for viewing ge-
ometries including different azimuth angles as introduced in Section is possible
and an example is shown in Figure In this case, the true profile shape is similar
to the assumed profile shape of the two parameter description. Thus, the param-
eterized retrieval is capable to retrieve all optical parameters, which is indicated
by the very good agreement of the retrieved and true parameters. The averaging
kernels peak at their nominal position, which is determined by the position of the
parameter in the state vector (y-axis in Figure [6.20). This results in the degrees of
freedom for signal of 10.9.

6.1.3.2 Aerosol Profile Description by Three Parameters

A more flexible description of the aerosol profile is achieved by using three parame-
ters. A possible description by three parameters that is also capable to account for
elevated aerosol layers can be a Gaussian distribution:

enr(z) = # - exp (—0.5- (%)7 T (6.4)

where o and zpeqr, denote the FWHM and height of the peak, respectively.

The resulting profiles for retrievals using 757, 0 and 2., for the profile description
and the O4 AODs and relative intensities at 477 nm as measurement vector are de-
picted in Figure The three different true profiles are the same as in the two
parameter retrieval case. The box-shaped and linear decreasing profiles are fairly
well reproduced within the capabilities of the three parameter description. In con-
trast to the two parameter description, the elevated layer is well reproduced by the
retrieval with respect to the center height and AOD. Therefore, a combination of
a two and three parameter description of the profile should be used and adapted
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Figure 6.21: Results of the three parameter retrievals of a (a) smoothed boz-shaped
profile, (b) linear decreasing profile and (c) elevated aerosol layer. The a priori (red,
dotted), retrieved (red) and true (black) profiles are shown in each panel.

according the respective atmospheric conditions. However, the main disadvantage of
the parameterized profile retrieval compared to the retrieval of the complete profile
is that the parametrization does not cover the whole state space accessible by the

measurements.

6.1.4 Retrieval of the Trace Gas Profile

The application of the optimal estimation method for the retrieval of trace gas pro-
files from MAX-DOAS slant column density measurements of the according trace
gas is illustrated using synthetic NOy measurements at 470 nm. The measurement
vector consists of simulated differential NO; slant column densities (ASCD) for el-
evation angles of 1°, 2°, 4°, 8° 14°, 30° and 90°, a solar zenith angle of 60° and a
relative azimuth angle of 30° calculated according to equation ({5.34)) (Section .
To identify the effects attributable to the retrieval performance, the NOy ASCD er-
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Figure 6.22: Retrieval of the NOy profile: the (a) a priori (red, dotted), retrieved
(red), true (black) and convolved true (green) profile; (b) deviation of the retrieved
NO, from the true (black) and convolved true (green) profile.
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Figure 6.23: (a) The true (black cross) and retrieved (red asterisk) differential
NOy slant column densities as a function of the elevation angle and (b) the aerosol
extinction profile.

rors were set to 1-10% “;‘)Tlgc in the measurement covariance matrix, without adding
random noise to the synthetic measurements. The profile was described on a height
grid with a resolution of 200 m from the surface up to the altitude of 4 km.

Figure shows the results of the NO, mixing ratio profile retrieval. The true
profile is reproduced with a high accuracy by the retrieval with respect to the abso-
lute mixing ratio values as well as the vertical extent of the NO, layer. The deviation
of the retrieved from the true and convolved true profile are depicted in Figure|6.22p.
The true and retrieved NOy ASCDs are shown in Figure and lie on top of each
other. The assumed aerosol extinction profile is shown in Figure [6.23b and has a
similar shape as the NO, profile, according to a well mixed atmospheric boundary
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Figure 6.24: (a) The Weighting functions of the NOy profile retrieval color coded
according the corresponding elevation angles of the measurements. (b) The averaging
kernels of the profile retrieval color coded according the corresponding altitudes.
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Figure 6.25: Retricval of (a) a linear decreasing NOy profile and (b) a combined
NO, profile featuring a linear decrease and an elevated layer centered around 2km
altitude.

layer.

The weighting functions of the NO, profile retrieval are determined by the box
airmass factors (Section and quantify the sensitivity of the measurement to
perturbations of the NOy partial vertical column density at different altitudes. The
box airmass factors normalized according to equation are shown in Figure
6.24h. In the case of weakly absorbing trace gases, the corresponding box airmass
factors depend on the aerosol, temperature and pressure profile as well as other
strong absorbers. The box airmass factors are characterized by a peak at the sur-
face and a rapid decrease with altitude indicating high sensitivities in the lowermost
altitude ranges. Furthermore, the sensitivities near the surface are highest at small
elevation angles due to the increased light paths through the lowermost atmospheric
layers. The averaging kernels for the NO, profile retrieval are depicted in Figure
6.24b, and quantify the sensitivity of the retrieved to the true profile. The averag-
ing kernels show distinct peaks for altitude layers below &~ 2 km, while the averaging
kernels for the lowermost ~ 1.8 km peak at around their nominal altitudes. Similar
to the retrieval sensitivity, the vertical resolution decreases with altitude and ranges
from ~ 150 m at the surface to ~900m at 1.5 km altitude, which is better than the
vertical resolution achieved by the aerosol profile retrieval using the O, AODs and
relative intensities at 477 nm. The degrees of freedom for signal of 3.8 is larger than
the value achieved in the standard example of the aerosol profile retrieval.

6.1.4.1 Influence of the True Trace Gas Profile

The capability of the retrieval to reproduce NO, profiles with different shapes was
tested for scenarios with a linearly decreasing NOy distribution and a combined
distribution featuring a linear decrease in the lower altitudes and an elevated layer
around 2km altitude. The retrievals were performed assuming the aerosol profile
shown in Figure [6.23] The linearly decreasing profile is well reproduced by the re-
trieval at lower altitudes, while the retrieved profile tends to the a priori at altitudes
above ~1.7km due to the low sensitivity at these altitudes (Figure [6.25). In the
case of the combined NO, profile shape, the retrieved profile is a smoothed version
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Figure 6.26: Overview of the NOy profile retrieval quantities for the presence of an
elevated aerosol layer: (a) NOy profiles; (b) differences in the NOy profiles; (¢) NOy
ASCDs; (d) assumed aerosol profile; (e) retrieval weighting functions; (f) retrieval
averaging kernels. (Compare with Figures|6.23, 0.25 and |0.24))

of the true profile. This demonstrates the capability of the retrieval to distinguish
two separated NO, layers in the atmospheric boundary layer (Figure ).

6.1.4.2 Influence of the Aerosol Profile

To determine the influence of the aerosol profile on the retrieval, the NOy profile
retrieval was performed assuming an elevated aerosol layer centered around 2 km.
The retrieval settings and conditions were the same as in the previous example
for the retrieval of a smoothed box-shaped NO, profile. Figure and Figure
show the retrieved profile and its difference to the true and convolved true
profile, respectively. The comparison to Figure illustrates the improvement of
the retrieval capabilities with respect to a better agreement between the retrieved,
true and convolved true profile. The aerosol profile is depicted in Figure
and causes significant changes in the NOy box airmass factors, which are shown in
Figure [6.26k. The comparison to Figure illustrates the remarkable increase
of the light paths at altitudes between ~1km and =~ 2km, since the light reaching
the instruments is now scattered at higher altitudes. The resulting increase in the
retrieval sensitivity at these altitudes is quantified by the averaging kernels in Figure
[6.26f. In this case, the averaging kernels show distinct peaks for altitude layers up
to ~2.5km, and the averaging kernels for the lowermost ~2.2km peak at around
their nominal altitudes. However, the vertical resolution of the retrieval of ~300m
at the surface is degraded compared to the averaging kernels of Figure and
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the degrees of freedom for signal are slightly decreased to 3.5.

6.2 Application of the Regularization Method

The constraint used in the optimal estimation method is based on a priori knowl-
edge on the atmospheric profile to be inverted. It is implemented in the retrieval
in form of the inverse a priori covariance matrix. The resulting estimated errors,
degrees of freedom for signal and vertical resolution depend on the type and strength
of the constraint. However, situations may occur, in which the according data is
not available and inappropriate a priori covariance matrices are used resulting in
contributions from the effective null-space or the loss of information. In contrast to
the optimal estimation method, the way the least squares conditions are balanced in
the regularization method is controlled by the regularization matrix (Section .
Therefore, the retrieval is rather constrained with respect to the profile shape than
the absolute values. The strength of the constraint is determined by the regulariza-
tion parameter, which has to be chosen appropriately.

6.2.1 Retrieval of the Aerosol Extinction Profile and Optical
Depth

The application of the regularization method for the retrieval of aerosol extinction
profiles and optical depths from MAX-DOAS O, and intensity measurements was
performed using the synthetic measurements from the standard example in Section
6.1.1] Figure[6.27shows the retrieved profiles using the discrete first-derivative oper-
ator for different regularization parameters. The true smoothed box-shaped profile
is depicted in black, while the a priori and retrieved profiles are shown in dotted red
and solid red, respectively. The green lines are the true profiles after the application
of the retrieval averaging kernels. The regularization parameters are indicated on top
of each panel. It can be clearly identified how the increasing regularization param-
eter constrains the smoothness of the retrieved profile. Thus, the shape of the true
profile cannot be reproduced by the retrieval for regularization parameters larger
than ~ 1-10°. The according averaging kernels of the retrievals are summarized in
Figure [6.28] For regularization parameters smaller than ~ 1- 1074, the averaging
kernels are mainly characterized by oscillatory features, which diminish for increas-
ing values of the regularization parameter. These structures arise from inadequate
filtering of contributions from the effective null space, which occur for the corre-
sponding regularization parameters. Thus, the determination of the appropriate
regularization parameter is crucial to avoid these contributions and simultaneously
constrain the retrieval without loosing information.

The dependence of the degrees of freedom for signal on the regularization param-
eter was determined by retrievals using different regularization operators, namely
the identity matrix, discrete first- and second-derivative operators. The resulting
degrees of freedom for signal as a function of the regularization parameter are shown
in Figure[6.29] With an increasing regularization parameter, the contributions from
the effective null space are more and more filtered out. The remaining degrees of
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Figure 6.27: Retrievals of the aerosol extinction profiles using the discrete first-
derivative operator and different regularization parameters indicated on top of each
panel. The a priori (red, dotted), retrieved (red, solid), true (black), and convolved
true (green) profile is shown in each panel.

freedom for signal at large regularization parameter values depends on the used reg-
ularization operator. In the case of the identity matrix, the retrieved profile becomes
identical to the a priori profile, since no degrees of freedom for signal is left in the
retrieval. The remaining degrees of freedom for signal of 1 and 2 for the discrete first
and second-derivative operator, respectively, are due to the nature of the operators,
since the first and second derivative of the profile difference are weighted in the cost
function (equation [5.27). Thus, any constant or linear profile has no contribution
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Figure 6.28: The averaging kernels of the aerosol profile retrievals shown in Figure
6.27. The reqularization parameters are indicated on top of each panel, while the
corresponding altitudes are indicated by different colors (see legend in Figure .

to the cost function in the case of the discrete first- or second-derivative operator,
respectively.

The retrieval errors also depend on the used regularization matrix. The errors result-
ing from retrievals using the discrete first-derivative operator are shown in Figure
6.30l The mean relative total, noise and smoothing errors are depicted as a func-
tion of the regularization parameter. For small regularization parameters, the total
error is dominated by the retrieval noise. Large regularization parameters result
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Figure 6.29: The degrees of freedom for signal as a function of the reqularization
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operator.

in total errors which are mainly caused by the smoothing effect, while the noise
error converges to values determined by the remaining degrees of freedom for sig-
nal. The determination of the appropriate regularization parameter depends on
the retrieval properties to be optimized. When the retrieval error should be min-
imal, the according regularization parameter can be determined from Figure [6.30]
A commonly used approach is the L-curve method, which is illustrated in Figure
for retrievals using the discrete first-derivative operator. It shows the norm,
defined as the root of the sum over the squared elements, of the first derivative of
the retrieved profile ||Lx|| as a function of the residual norm ||f(x) — y||, which is
the norm of the difference between model and measurement. The different colors
indicate the corresponding regularization parameters. The curve has a vertical and
a horizontal part. The regularization parameters, which lie on the horizontal part,
are too large. A decrease in the regularization parameter results in smaller residuals,
while the profile norm is not affected. Regularization parameters corresponding to
the horizontal part of the L-curve lead to retrieval results, which do not contain all
information available in the measurement. In contrast, when the vertical part is
reached, a further decrease of the regularization parameter does not result in an im-
provement of the residual but increases the profile norm. Thus, the retrieved profile
contains noise dominated contributions from the effective null space. Therefore, the
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Figure 6.30: The mean relative total (black, square), noise (blue, plus) and smooth-
ing (red, cross) errors of retrievals using the discrete first-derivative operator as a
function of the regularization parameter.
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priori (red, dotted), retrieved (red), true (black), and convolved true (green) profile
18 shown ©n each panel.

optimal value for the regularization parameter is quantified by the corner of the L-
curve. This optimal value depends on the aerosol profile and has to be individually
determined for different atmospheric conditions.

6.2.2 Retrieval of the Trace Gas Profile

The application of the regularization method using the discrete first-derivative op-
erator for the retrieval of NOy profiles from MAX-DOAS measurements is shown
in Figure for selected regularization parameters. The synthetic measurements
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for geometries and conditions from the examples in Section [6.1.4] were used for the
retrieval. Large regularization parameters filter the information on the elevated
NO, layer. Since the optimal regularization parameter depends on the specific in-
version problem, its determination requires an additional iteration process within
the retrieval. The determination can be performed using e.g. the L-curve method.
However, these additional calculations increase the computational effort, since they
have to be carried out for each retrieval sequence.



Chapter 7

Instrumentation

In the scope of this work, a new type of MAX-DOAS instrument was developed.
The aim of this new development was to design and build an instrument, which
enables MAX-DOAS measurements covering a wide spectral range. Furthermore,
the telescope of the instrument should be able to point to any direction in the sky.
After its construction, the MAX-DOAS instrument was deployed at several Eu-
ropean sites in the framework of a joint research activity of the European project
EUSAAR (European Supersites for Atmospheric Aerosol Research) (Philippin et al.|
2009; [Philippin and Laj}, |2009; Laj and Philippin, |2009). The aim of the project ac-
tivity was the development and application of the MAX-DOAS technique for the
retrieval of atmospheric aerosol profiles. Several intercomparison campaigns were
performed with the new MAX-DOAS instrument at measurement sites equipped
with established aerosol in-situ and remote sensing measurement techniques. In this
chapter, the MAX-DOAS instrument is presented in Section [7.1] The measurement
techniques and instruments, which are used for the comparisons with the results
obtained from MAX-DOAS, are introduced and described in Section The latter
Section deals only briefly with the properties of the complementary measurement
techniques, since the main focus of this work is the MAX-DOAS technique. The
interested reader is therefore referred to supplemental literature referenced at the
corresponding place.

7.1 MAX-DOAS Instrument

The basic components of a MAX-DOAS instrument are the telescope and spectrom-
eter. The telescope collects the scattered Sun light, which is then coupled into an
optical fiber using appropriate optical elements. The optical fiber is connected to
the spectrometer, which records the spectrum to be analyzed using DOAS. This
simple principle of a MAX-DOAS instrument is one of its main advantages. It
allows for the realization of robust and cost-effective instruments capable for au-
tonomous measurements and therefore highly suitable for the integration in world
wide measurement networks even at remote stations.

111
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Figure 7.1: Schematic drawing of the MAX-DOAS instrument: the spectrometer
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7.1.1 Instrumental Concept

MAX-DOAS instruments with the telescope and spectrometer integrated in one
housing are well suited for measurements in the field, since the compact design
allows for easy transportation. Additionally, the hardware requirements can be
fulfilled with low power consumption devices, which enables measurements using
rechargeable batteries without the need for a local power supply. However, reliable
MAX-DOAS measurements require a high degree of stability for the spectrometer
and detector temperature. Any changes in the optical properties of the spectrome-
ter caused by a temperature drift have a negative influence on the DOAS retrieval
quality when not accounted for thoroughly. Thus, situations can occur, when e.g.
the ambient temperature is relatively high and the instrument is not appropriately
shielded against direct illumination by the Sun, in which the temperature of the
spectrometer can not be regulated accurately although the temperature control is
efficient. An additional limitation of the single housing design is the available space
for the integration of instrument components such as an additional spectrometer for
the extension of the observable wavelength range.

The MAX-DOAS instrument developed in this work consists of a separate spectrom-
eter and telescope unit to overcome the above mentioned limitations. A schematic
drawing of the instrument is shown in Figure The spectrometer unit contains
three miniature spectrometers, since the instrument is aimed to cover a wide wave-
length range with an high spectral resolution. The telescope unit is designed to
allow for varying the elevation angle as well as the azimuth angle of the viewing
direction without moving the housing as a whole. Figure contains photographs
of the instrument showing the inner workings of the units. Both units are connected
via an optical quartz fiber bundle. During the field operation, the telescope unit
is mounted outdoors, while the spectrometer unit is positioned indoors under sta-
ble conditions, guarantying measurements unaffected by large ambient temperature



7.1. MAX-DOAS INSTRUMENT 113

Temperature controile;r Embedded PC Lamp and
for peltier cooling \ Electronic shutter
NG switches controller
Motor
controllers

= 3 - t . (s Callbratron
onnestion to
3 insulated Fiber bundles telescope unit 3 lamps

spectrometers \ \ i "
‘ . \ - NFocusing

Shutter \ mirror

Figure 7.2: Photograph of the MAX-DOAS instrument: the spectrometer (left) and
telescope unit (right)

variations possibly occurring outdoors. A typical field measurement setup of the
instrument is depicted in Figure

Telescope Unit

The design of the optical bench integrated in the telescope unit is based on the
concept developed by (2009). It is used in compact MAX-DOAS instruments
designed and applied for the monitoring of gaseous volcanic emission within the
European NOVAC project (Network for Observation of Volcanic and Atmospheric
Change) (Galle et al., 2010).

In contrast to the NOVAC mark II instrument, which controls the azimuth angle
of the viewing direction by moving the whole instrument, an additional top part
was developed within this work, that carries out the movements necessary for the
double axis viewing direction variation. The resulting rotation directions and axis
for the azimuth and elevation angles are depicted in Figure [7.1] and [7.2] respectively.
The top part configuration enables an easy dismantling for applications, where the
azimuth angle is kept fixed and only the elevation angle is varied during the mea-
surements. The entrance aperture has a diameter of 21 mm. The moving parts of
the telescope optical bench contain two quartz prisms used for the 90° deflection of
the incoming light. The 25 x 25 mm prisms were utilized instead of mirrors to avoid
variable sensitivity to different directions of polarization. The red lines in Figure [7.1]
indicate the light path and how the light is focused by the spherical concave mirror,
which has a diameter of 25.4 mm and a focal length of 76.2 mm. The focused light is
deflected by 90° using a miniature 3.5 x 2 mm quartz prism and coupled into a single
quartz fiber of 1250 pm diameter. An FSMA coupling connects this fiber with the
quartz fiber bundle, which transmits and distributes the light to the spectrometer
unit.

The positioning of both rotation axes are maintained using Faulhaber®© brushless
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Figure 7.3: Typical setup of the MAX-DOAS instrument: the telescope (left, out-
doors) and spectrometer unit (right, indoors). The pictures were taken during the
field campaign in Cabauw, the Netherlands in 2008

DC servomotors with position encoders, which are controlled by Faulhaber® MCBL
motor drivers. The rotation of the motors are transmitted to the azimuth and eleva-
tion axis by a gear wheel and drive belt combination with a transmission of 3:1 and
22:10, respectively. Additionally, the motors are equipped with a gear reduction of
592:1. Between the mirror and the miniature prism, a diffuser plate can be moved
into the light path driven by a rotating solenoid for direct Sun light measurements.
For spectrometer calibration and characterization, a mercury vapor and a halogen
lamp are integrated in the telescope unit. The 20 x 30 x 11 cm aluminum pressure
casting housing ensures IP67 conformity.

Spectrometer Unit

The spectrometer unit contains the three Ocean Optics© HR2000 spectrometer with
a focal length of 101.6 mm at f/4 and an 100 pm entrance slit. The symmetrical
crossed Czerny-Turner design of the optical bench is depicted in Figure [7.4 The
first spectrometer for the ultra-violet covers the wavelength range of 290 - 425 nm
using a 1800 groove/mm grating. The second and third spectrometer for the visible
cover the wavelength ranges of 400 - 607 nm and 600 - 789 nm, both using a 1200
groove/mm grating. All spectrometers utilize the same type of linear CCD array,
namely the Sony© ILX511 detector with 2048 pixel each sizing 14 x 200 pm. A
cylinder lens attached on the detector maps the 1000 pm entrance slit height onto
the 200 um detector pixel height. The standard BK7 detector window of the ultra-
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Figure 7.4: Sketch of the Ocean Optics HR2000 spectrometer: (1) FSMA fiber con-
nector; (2) entrance slit; (3) filter; (4) collimating mirror; (5) grating; (6) focusing
mirror; (7) cylinder lens; (8) CCD detector

violet spectrometer is replaced by a quartz window to enhance the sensitivity, which
is relatively low compared to the visible wavelength range. The HR2000 spectrom-
eters are equipped with a 12 bit A/D converter, an USB 1.1 and serial interface.
The spectrometers are each mounted on 40 x 40 x 3.8 mm thermoelectric Peltier
modules. The other side of the modules are attached to heat sinks to dissipate excess
heat. The SuperCool® PR-59 temperature controller regulates the temperature of
the spectrometers by operating the thermoelectric modules using constant voltage
pulse-width modulation. The spectrometers are insulated using Armaflax®© foam.
The spectrometer unit is equipped with a Lippert© Cool Lite Runner 2 single board
computer, which has the configuration of the PC/104 standard. It features an
AMD® Geode GX 466 processor at 333 MHz. It has 256 MB working memory
and utilizes an 80 GB 2.5” hard disk drive. The interfaces are four USB 2.0 and
three serial ports, enabling the connection and control of all relevant devices of the
instrument. The two 100 MBit Ethernet connections allow for the remote control
of the instrument and the synchronization of system time.

The shutter and the lamps are controlled by a Mattronik® USB relay card. Addi-
tionally, the photo diode is connected to a HMT® transimpedance amplifier which
controls the shutter to avoid spectrometer damages due to high intensities, e.g. in
unintended direct Sun viewing geometry.

Fiber Bundle

The quartz fiber bundle for the optical connection of the telescope and spectrometer
unit consist of seven individual 400 pym quartz glass fibers. The configuration, which
enables the distribution of the light collected by the telescope to the individual
spectrometer and photo diode, is sketched in Figure [7.5] The individual fibers of
the bundle are arranged in a circular dense packing configuration at the end, which
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Figure 7.5: [llustration of the fiber bundle configuration

FSMA
connector

is connected via FSMA to the telescope unit. At this end, the optically relevant
diameter of the fiber bundle is 1280 pum due to the 20 um thick clading of the
individual fibers. The bundle is divided into three bundles containing two individual
fibers and one single fiber at the other end. The three bundles each consist of two
fibers, which are located oppositely at the dense packing end, and are connected
with the spectrometers, while the single fiber originating from the center position
is connected to the photo diode. This configuration minimizes the differences in
the field of view seen by the individual spectrometers. Each fiber of the bundle
has a numerical aperture of 0.104 matching the f/# of the telescope as well as the
spectrometers.

Measurement Program

The MAX-DOAS instrument is controlled by the single board PC embedded in the
spectrometer unit. It operates using Windows®© XP, which enables full functionality
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Figure 7.6: Screenshot of the measurement program MS-DOAS
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known from desktop computers. The measurement program MS-DOAS was devel-
oped by Udo Frief§ and is illustrated with a screenshot in Figure [7.6, The modular
structured program allows for the simultaneous operation and synchronization of
the three HR2000 spectrometers due to multitasking capability. The individual de-
vices of the instrument are controlled using a script-based command module within
the program. Thus, the measurement program and routine can be adapted and
optimized according the properties of the instrument to be controlled. In combi-
nation with the embedded PC, the MS-DOAS program allows for fully automated
MAX-DOAS measurements. The measurement program demonstrated its stable
performance during long term measurements within this work.

Offset Dark current
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Figure 7.7: Electronic offset (left) and dark current (right) signal of the HR2000
spectrometer at two different temperatures

7.1.2 Instrument Characteristics

The MAX-DOAS instrument developed within this work is rather suited for the
installation at measurement stations than for the employment during field measure-
ment campaigns. The concept of the instrument of utilizing three spectrometers
required the usage of a aluminum pressure casting housing for the spectrometer
unit, due to its stability against deformation. Furthermore, the excess heat of the
built-in electronics, mainly from the embedded PC and the temperature control
unit, can effectively dissipate, since the housing serves as a large heat sink. To avoid
additional heat sources within the spectrometer unit, an external 12 V power supply
is utilized. The temperature regulation determines the main fraction of the total
power consumption, which is low enough to integrate the instrument even at remote
sites with limited power supply resources. The embedded PC consumes 8.5 W and
the three HR2000 spectrometers consume in total 1.4 W. The movement of the tele-
scope along the azimuth and elevation axis require a power consumption of 1.3 W
each, including the motor controller electronics. The remaining electronic devices
consume in total less than 1 W. The temperature regulation requires approximately
6.1 W per °C temperature difference to the ambient. Thus, the typical total power
consumption of the instrument is approximately 75 W for a temperature difference
of 10°C between spectrometer and ambient.
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Electronic Offset and Dark Current

The A/D converter of the HR2000 spectrometer adds an artificial electronic offset
signal to the measured spectrum in each scan. It serves for avoiding negative analog
signals, which can occur due to detector noise but cannot be interpreted by the A/D
converter. The left panel of Figure [7.7 shows the electronic offset signal at 10° and
15°C spectrometer temperature. The measured spectra have to be corrected for the
electronic offset according to:

-ITos(n), (7.1)

where I(n) and I.,.-(n) indicate the signal of pixel n before and after the correction,
respectively. Ipgs(n) is the offset signal. Nyeqs and Npg are the number of scans
performed for recording the measured spectrum and offset signal, respectively. The
electronic offset signal depends on the spectrometer and thus the electronics tem-
perature as depicted in Figure [7.7, Therefore, the measured spectra have to be
corrected for the offset of the according temperature. The measurement routine
is programed to record the offset signal during night by measuring 10000 scans at
minimal integration time, which is 3 ms.

The dark current signal is caused by thermal excitation in each individual pixel of
the CCD detector. It is proportional to the Boltzmann factor: Ipc o exp(—%).
Thus, the dark current increases with the temperature, which is shown in the right
panel of Figure for 10° and 15°C spectrometer temperature. The shown dark
current signals are corrected for the offset signal and comprise a hot pixel, whose
signal is in saturation due to endowment defects in the silicon semiconductor mate-
rial of the detector. The measured spectra have to be corrected for the dark current
according to:

tmeas
]corr(n) = ](TZ) - tDC : ]DC,corr(n) 9 (72)

where Ipc corr(n) is the dark current signal of pixel n and is corrected for the offset
signal. Here, the weighting is applied with respect to the total integration times
tmeas and tpe of the measured spectrum and the dark current, respectively. The
dark current is recorded also during night, but for one scan and 30000 ms integration
time. The temperature of the detector should be as low as the temperature regu-
lation allows for, to reduce the dark current signal. However, the utilized HR2000
spectrometers do not allow for the separate cooling of the CCD detector. Therefore,
the spectrometers are temperature stabilized as a whole, which has also an effect
on the instrument function (see below), since the optical components of these spec-
trometers are calibrated during room temperature conditions in the manufacturer’s
laboratories.

Wavelength Calibration and Instrument Function

The three spectrometers of the MAX-DOAS instrument cover the wavelength ranges
of 290 - 425 nm, 400 - 607 nm and 600 - 789 nm, referred to as UV, Visl and Vis2,
respectively. The spectral resolution of the individual spectrometers can be deter-
mined by recording emission lines of mercury and neon vapor lamps. The neon lamp
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Figure 7.8: Instrument functions at different wavelengths (a-c) and wavelength to
pizal mapping (d-f) of the individual HR2000 spectrometers (UV, Visl and Vis2)
recorded at two different temperatures. The symbols in the lower panels indicate the
position of the mercury (d,e) and neon (f) emission lines, while the solid and dashed
lines indicate the second order polynomial fit results.

is necessary, since mercury only provides appropriate emission lines below approxi-
mately 580 nm. The individual lines allow for the determination of the wavelength
dependent instrument functions as well as the calibration of the wavelength to pixel
mapping of the according spectrometer. Figure and show the mapping of
mercury emission lines at selected wavelengths onto the detector for two different
temperatures recorded with the UV and Visl spectrometer, respectively. Figure
contains a selected neon emission line recorded with the Vis2 spectrometer. These
instrument functions H depend on the wavelength as well as on the temperature and
are used for the convolution of the high resolution trace gas absorption spectra from
literature (see Section . The spectral resolution determined by the full width
at half maximum (FWHM) of the instrument functions depicted in Figure are
listed in Table for the according wavelengths and temperatures.

The wavelength to pixel mapping of the different spectrometers were determined
by attributing several known mercury and neon emission line positions to the ac-
cording pixel numbers. The wavelength calibration was retrieved by a second order
polynomial fit on these points, since their relationship is non-linear for the HR2000
spectrometers. The wavelength to pixel mapping is temperature dependent and is
shown in Figure - for the different spectrometers and two temperatures.
Since the offset, dark current, instrument function and wavelength calibration de-
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Table 7.1: FWHM of the instrument functions from Figure

Spectro- | Position | Temperature FWHM
meter (nm) (°C) (nm) | (pixel)
w [ | 0 [an[
w | | m
Vis2 627 12 8:23 191

pend on the temperature, a reliable temperature regulation enabling an high degree
of temperature stability is of crucial importance for MAX-DOAS instruments, since
varying spectrometer properties would result in significant error in the spectral fit.

Signal to Noise Ratio

An example for the signal to noise ratio (SNR) of the utilized HR2000 spectrometers
is shown in Figure[7.9] The determined SNR at the according total integration time
was normalized with respect to the considered wavelength range. It was calculated
from repeatedly recorded spectra of a diffuser plate illuminated by an halogen lamp.
Two subsequent spectra of equal integration time were divided by each other and
a high pass filter was applied to the ratio spectra. After taking the logarithm, the
standard deviation in the according wavelength range was determined and divided
by v/2. Finally, the inverse was calculated and normalized with respect to the wave-
length interval. The shown example refers to the analysis wavelength window of
the 577 nm O4 absorption band for a signal saturation of 80 % and two different
spectrometer temperatures. Since photon noise is the dominating noise fraction and

1000 et
- 1 Vis1 spectrometer
E 550 - 587 nm
E ~ 80 % saturation
& 1004 L
3 ]
N ] m 15°C
g 1 Linear Fit- 15° C
S 104 o 10°C |
z ] — — Linear Fit- 10° C

100 1000 10000 100000
Total integration time [ms]

Figure 7.9: Ezample for the signal to noise ratio of the HR2000 spectrometer,
normalized according the considered wavelength range, as a function of the total
integration time for two different temperatures. The solid and dashed line indicate
the linear fit with a slope of 0.5.



7.1. MAX-DOAS INSTRUMENT 121

Elevation [°]
Normalized intensity [a.u.]

-1.0 -0.5 0.0 0.5 -1.0 -0.5 0.0 0.5 -1.0 -0.5 0.0 0.5 1.0
Azimuth [°]

Figure 7.10: Field of view for the individual spectrometers (UV, Visl and Vis2).
The normalized intensity is plotted as a function of the azimuth and elevation angle
of the viewing direction.

the difference in the considered temperatures is relative small, the relationship be-
tween SNR and total integration time shows no remarkable differences between both
temepratures.

Field of View

An halogen lamp setup in the laboratory at a distance of 5 m from the telescope
aperture was utilized for the determination of the field of view (FOV). The lamp
was scanned by recording spectra at short integration times. The azimuth angle
of the telescope viewing direction was increased by steps of 0.1° while keeping the
elevation angle constant. Afterwards, the elevation angle was reduced by 0.1° and
the azimuth angle was scanned again. Subsequent repetitions of this procedure
allowed for the mapping of the measured average intensities as a function of the
viewing direction, which is used to quantify the field of view and depicted in Figure
[7.10] The theoretical field of view apoy is defined by:

D
aroy = 2 - arctan (7> , (7.3)

where D is the entrance diameter of the single quartz fiber in the telescope unit and
f is the focal length of the spherical mirror. The resulting theoretical apoy for the
telescope is 0.9° which is in good agreement with the measured value of approxi-
mately 1.0°, apparent in Figure for the different spectrometers. The areas of
lower intensity appearing at equal viewing direction for all spectrometers is caused
by the shadowing effect of the miniature prism and the single fiber guidance tube,
which both are located in the light path. However, the similar intensity distribu-
tions in Figure [7.10] indicate, that the differences in the FOV of all spectrometers
are small, which is achieved by utilizing the single fiber.
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7.2 Complementary Dataset

The retrieval of atmospheric aerosol profiles is a relative new application of the
MAX-DOAS technique (see Chapter . The validations of the retrieved profiles
require independent observations by established aerosol measurement techniques.
However, these established techniques comprise characteristic limitations depending
on the utilized measurement principle, which has to be accounted for when com-
paring to MAX-DOAS observations. The retrieval of atmospheric trace gas profiles
from MAX-DOAS requires the knowledge on the aerosol profile. With the newly
explored capability of MAX-DOAS to derive the necessary information on aerosols
from the measurements performed with the same instrument without further effort,
the retrieval of trace gas profiles is possible without the need for independent aerosol
measurements. However, the retrieved trace gas profiles from MAX-DOAS have to
be validated with independent trace gas measurements.

The measurement techniques and instruments used for the comparison of the MAX-
DOAS results in this work are described in the following.

7.2.1 Remote Sensing of Aerosols from the Ground

In the field of remote sensing of aerosols by ground based measurements, two dif-
ferent established measurement principles are widely applied, which can be divided
into passive and active techniques. The passive ground based technique utilizes Sun
photometers for the determination of aerosol optical properties of the total observed
atmospheric column above the instrument. However, the information on the aerosol
vertical distribution cannot be gained from Sun photometer measurements. For this
purpose, an active technique is used, which is the lidar (light detection and ranging)
technique and allows the determination of aerosol profiles.

Sun Photometer

The Sun photometer utilizes a radiometer measuring the spectral radiance from
either the direct Sun or sky at discrete wavelengths using appropriate filters. Its
detector measures voltages which are proportional to the radiance. By using high
mountain Sun photometer measurements at the Mauna Loa Observatory in Hawaii
for the estimated spectral radiance in terms of voltage at the top of the atmosphere,
the total optical depth of the observed air mass is retrieved by applying the Lambert-
Beer law. The aerosol optical depth (AOD) is then determined by subtracting the
Rayleigh and trace gas optical depth from the total optical depth (Holben et al.,
1998). The AOD measured at different wavelengths of the solar spectrum allow the
retrieval of the Angstrom exponent (Eck et al.| [1999). Furthermore, the aerosol size
distribution and absorption is determined from the Sun photometer measurements
by applying inversion algorithms (Dubovik et al.; |2000; Dubovik and King}, [2000)).
However, the Sun photometer observations rely on absolute measurements, which
requires regular calibration and maintenance of the instruments.

The AOD retrieved from MAX-DOAS measurements are compared to values mea-
sured by Cimel® Sun photometers of AERONET (Aerosol Robotic Network, http:-
//aeronet.gsfc.nasa.gov/), which is a world wide network with standards for instru-
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ments, calibration techniques, processing and data-distribution (Holben et al..|{1998)).
Depending on the station, these instruments are equipped with filters for 380, 440,
500, 670, 870 and 1020 nm. The AERONET instruments perform measurements in
intervals no longer than 15 min, except for cases when the direct view of the Sun
is blocked by clouds. Thus, the absence of Sun photometer measurements at the
according times can be used as a proxy for the presence of clouds (Kaufman and
Koren, 2006).

Lidar

The lidar technique utilizes lasers, which send short collimated radiation pulses into
the atmosphere. The time-resolved detection of intensity scattered back to the in-
strument allows the determination of the vertical structure along the direction of the
emitted and received radiation, e.g., in the troposphere. Lidar instruments consist
of an emitter, namely the laser, and a receiver. The optical axis of the receiver is
generally tilted by a small angle off the vertical to allow for a geometrical overlap
of the receiver field of view and the laser beam. The emitted laser pulses undergo
extinction and scattering by air molecules and particles. The temporal distance
between the time when the laser pulse was emitted and the time when the backscat-
tered signal was detected allows the determination of the layer height at which the
scattering occurred. The strength of the signal contains the information on the
amount of back scattering air molecules and particles. For the determination of
quantitative aerosol backscatter and extinction profiles from lidar measurements,
the so called lidar equation has to be solved (see e.g., Ansmann and Miiller, 2005).
Several different types of lidar instruments have been developed up to now. The
following two lidar instrument principles are used for the comparisons within this
work.

The ceilometer and elastic backscatter lidar instruments emit laser radiation at
only one wavelength. The detection of the backscattered signal is also limited to the
single wavelength. Ceilometer instruments are mainly used to determine cloud base
heights, but are limited in their capability to measure quantitative aerosol backscat-
ter and extinction profiles (Heese et al.,2010). These instruments are commercially
available and mainly deployed in meteorological measurement networks. In contrast,
backscatter lidar instruments with a better signal to noise ratio allow the retrieval
of aerosol backscatter and extinction profiles by applying several assumptions when
solving the lidar equation. This is necessary since the lidar equation contains two
unknown quantities, namely the particle backscatter and extinction, while only one
signal is measured by the backscatter lidar. The assumption of an altitude indepen-
dent particle extinction to backscatter ratio, the so-called lidar ratio, can be used
for the retrieval of extinction profiles (Klett, [1981; Fernald), 1984). However, this
assumption is generally not valid since the lidar ratio varies with altitude, which
results in remarkable errors in the retrieved extinction profile (Sasano et al., |[1985)).
The Raman lidar instruments contain an additional receiver channel to detect the
signal caused by inelastic Raman scattering by air molecules. This signal depends
only on the aerosol extinction, in contrast to the elastic signal depending on both,
the aerosol backscattering and extinction. Thus, the retrieval of the aerosol extinc-
tion profile without the assumption of the lidar ratio is possible (Ansmann et al.
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1990, 1992).

The aerosol extinction profiles retrieved from MAX-DOAS measurements are com-
pared to profiles measured by two different ceilometers. A collocated Vaisala® LD40
ceilometer was used for the comparisons of the profiles measured during the field
campaigns in Cabauw in 2009 and 2010. This ceilometer measures at the wavelength
of 855 nm using an InGaAs laser diode (see |[Emeis et al.| (2009) for details) and was
operated by the Royal Netherlands Meteorological Institute (KNMI) in DeBilt, the
Netherlands. The other ceilometer is a Jenoptik® CHMI15K, which uses an diode-
pumped neodymium-doped yttrium aluminum garnet (Nd:YAG) solid-state laser
emitting at the wavelength of 1064 nm (see [Flentje et al.| (2010) for details) and was
installed in Rheinstetten, Germany, and operated by the German Weather Service
(DWD) in Hohenpeissenberg, Germany. The profiles measured by this ceilometer
were regarded for the MAX-DOAS measurements in Heidelberg in 2010.

For the field campaign in Cabauw in 2008, the measurements of the HT'RL backscat-
ter lidar developed and operated by the Dutch National Institute for Public Health
and the Environment (RIVM) in Bilthoven, the Netherlands, was used for the aerosol
profile comparisons. This backscatter lidar is based on an Nd:YAG laser emitting
at 1064 nm. During the field campaign in Ispra in 2009, collocated backscatter lidar
measurements were performed by the European Commission Joint Research Center
(EC-JRC) in Ispra, Italy. The Clouds and Aerosol Micropulse Lidar (CAML) in-
strument manufactured by Cimel® utilizes an Nd:YAG laser operating at 532 nm
(see Barnaba et al.| (2010) for details).

During the campaign in Cabauw in 2008, also collocated measurements with the
Raman lidar CEALI (CESAR Water Vapour, Aerosol and Cloud Lidar) were per-
formed. This instrument was developed and operated by RIVM. The utilized
Nd:YAG laser emits at 355, 532 and 1064 nm and the additional receiver chan-
nels detect the Raman signals at 387 and 607 nm (see Apituley et al. (2009) for
details). The German Leibniz Institute for Tropospheric Research (IFT) in Leipzig,
Germany, developed and operated the Raman lidar POLLY (Portable Lidar Sys-
tem) during the field campaigns in Melpitz in 2008 and Leipzig in 2009. It emits
at 355, 532 and 1064 nm using an Nd:YAG laser and receives also the additional
Raman signals at 387 and 607 nm (see Baars et al. (2008); Althausen et al.| (2009)
for details).

The basic quantity measured by ceilometers and elastic backscatter lidars is the
range corrected signal (RCS), which is the detected signal multiplied with the square
of the signal altitude. The RCS is also corrected for the overlap function, which de-
termines the height dependent overlap of the laser beam and receiver field of view.
However, this correction requires the knowledge of the true overlap function, which
is not always given. When the true overlap function cannot be determined for any
reason, the correction is then applied using approximated overlap functions induc-
ing uncertainties for obvious reasons. Only the further analysis of the RCS using
the Fernald-Klett method allows the retrieval of aerosol backscatter and extinction
profiles, which also contain uncertainties due to above mentioned necessary assump-
tions.

Since the Raman signal is very weak, daytime Raman lidar measurements can only
be performed using high power laser systems to allow the unambiguous detection in
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the presence of the sky light background. Such lasers are strongly limited in their
applicability in mobile platforms, if not even unsuitable. Thus, the POLLY instru-
ment, designed for mobile applications was operated as a backscatter lidar during
the inter-comparison campaigns.

The aerosol extinction profiles from the POLLY and CAML instruments presented
in this work were retrieved using the Fernald-Klett method. In contrast, the RCS
of the LD40 ceilometer and the HTRL backscatter lidar were scaled using the AOD
from Sun photometer measurements to convert in aerosol extinction profiles, which
is a simple approximation of the Fernald-Klett method. The CEALI instrument was
in an early stage of its development and performance assessment during the inter-
comparison campaign. Therefore, the instrument potential was not fully available
and the extinction profiles were determined using the same method as for the LD40
ceilometer and HTRL lidar.

The general limitation of lidar instruments is the missing overlap of laser beam
and receiver field of view for the lowermost altitude range due to the measurement
principle. This area, where lidars are blind, can reach altitudes up to several km,
depending on the instrument design.

The solution of the lidar equation requires the knowledge of the actual tempera-
ture and pressure profile to account for the backscattering and extinction by air
molecules appropriately. In cases where radiosonde measurements are not available,
the estimations from in-situ measurements can induce uncertainties.

7.2.2 Ground Based In Situ Measurements

The results obtained from the MAX-DOAS measurements are also compared to in
situ measurements of the aerosol extinction coefficient and trace gas concentration.
The elements of the profiles retrieved from MAX-DOAS are representative for at-
mospheric layers of a certain extent, which is determined by the used altitude grid
resolution. For the comparison to in situ measurements, the MAX-DOAS results
for the lowermost altitude ranges are used. While the concentration of NOy can
be measured in situ by one instrument, the aerosol extinction is determined by the
combination of three independent measurement principles and thus instruments.

7.2.2.1 In Situ Measurements of the Aerosol Extinction

The aerosol extinction coefficient from in situ measurements is calculated as the
sum of the aerosol scattering coefficient measured by a nephelometer and the aerosol
absorption coefficient measured by an aethalometer and a multi angle absorption
photometer (MAAP) (see, e.g. Barnaba et al., 2010; |Zieger et al.; [2011)).

Commercial Nephelometer

One of the widely used nephelometer instrument is the TSI© 3563. It measures the
aerosol scattering coefficient at 450, 550 and 700 nm. The measurement principle is
based on the detection of light scattered in the sampled air containing the particles.
The scattered light of the Lambertian light source is integrated by the detector
over the sensing volume. The use of a shutter system allows also the measurement
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of the backscattering coefficient. Nephelometers have to be calibrated using air
or other gases with known Rayleigh scattering coefficients. The measured aerosol
scattering coefficients are derived after the correction for the Rayleigh scattering
occurring in the probed air. Furthermore, several instrument specific corrections
have to be applied, one of which being the truncation correction. It is necessary,
since the nephelometer misses certain scattering angles due to the optical integration
(Anderson and Ogrenl, 1998)).

Humidified Nephelometer

Following the recommendation of the Global Atmospheric Watch (GAW) programme
of the World Meteorological Organisation (WMO) the nephelometer measurements
are applied to dried air to allow the comparability of the aerosol scattering measure-
ments performed at different stations (WMO/GAW, 2003). However, the drying of
the sampled air results in changes in the scattering properties of the particles due to
the loss of the aggregated water. To account for this effect and to quantify the scat-
tering enhancement due to the hygroscopic growth of the aerosol particles, humidi-
fied nephelometers were developed (see, e.g Zieger et all 2010; Fierz-Schmidhauser
et al., 2010)). These instruments utilize special humidification systems consisting of
an humidifying and drying unit, which is integrated in the air sample line before the
nephelometer. This setup allows to control the relative humidity in the sampled air
and to measure the scattering coefficient at these defined conditions. By varying the
relative humidity over a wide range, the relationship between relative humidity and
scattering enhancement can be determined and the measured scattering coefficient
can be corrected for the according ambient relative humidity.

Aethalometer

The aerosol absorption coefficient is measured with an Aethalometer. A commonly
used instrument is the Magee© AE-31, which measures at 370, 470, 520, 590, 660,
880 and 950 nm. The working principle of this instrument is to draw a known amount
of particle laden air through a filter and measure the decrease of light transmission
in time. Omne well-known effect of this method is, that filter-based measurement
reads changes in the transmission that are not caused by absorbing particles but by
e.g. multiple scattering of the light beam at the filter fibers, light scattering effects
of the particles and reduced sensitivity when the particle load becomes substan-
tial. The latter effect is referred to as the loading effect. To account for all these
unwanted responses of the Aethalometer, correction methods were developed (e.g.,
Weingartner et al., 2003; Virkkula et al., 2007} |Collaud Coen et al.,|2010|). However,
these corrections seem not to be sufficient (Miller et al. 2011]).

Multi Angle Absorption Photometer

The multi angle absorption photometer (MAAP) like e.g. the Thermo Scientific©
model 5012 also measures the aerosol absorption coefficient. The basic principle
of the MAAP is similar to the aethalometer, but in addition to the transmission,
reflection is measured and a radiation transfer code is used to obtain the absorption
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coefficient. Studies using generated aerosol particles showed, that MAAP absorp-
tion measurements agreed closely with reference absorption measurements (Sheridan
et al., 2005).

The in situ measured aerosol extinction coefficients used for the comparisons for
the field campaign in Cabauw in 2008 were retrieved by the Netherlands Organi-
zation for Applied Scientific Research (TNO) from a combination of aethalometer,
MAAP and nephelometer measurements in Cabauw. The absorption coefficients
were derived by converting MAAP measurements to the according wavelength us-
ing the Angstréom exponent of absorption determined with the aethalometer. The
aethalometer measurements were corrected according to Virkkula et al.| (2007)) for
the loading effect, which minimizes the uncertainties in the Angstrém exponent of
absorption. The nephelometer scattering coefficient measurements were truncation
corrected according to |[Anderson and Ogren| (1998). Furthermore, scattering en-
hancement factors determined with an humidified nephelometer aboard an airplane
(Morgan et al., 2010) were used to account for the ambient relative humidity in the
measured scattering coefficients.

The in situ measurements in Ispra in 2009 were performed by EC-JRC and calcu-
lated in a similar manner. However, the absorption coefficients were determined
using only aethalometer measurements, which were corrected for loading and mul-
tiple scattering according to Schmid et al| (2006). The scattering coefficients were
measured with a nephelometer and corrected for truncation (Anderson and Ogren,
1998)), while the ambient relative humidity was not taken into account.

During the CINDI campaign and the following field campaign in Cabauw in 2009
and 2010, collocated humidified nephelometer measurements were performed by the
Swiss Paul Scheerer Institue (PSI), Villingen. The aerosol extinction coefficients
were calculated using additionally the absorption coefficient derived from MAAP
and aethalometer measurements performed by TNO and RIVM, respectively. The
detailed description of the humidified nephelometer and the data analysis is given
in Zieger et al.| (2011)).

The direct comparison of the MAX-DOAS results to in situ measurements is accom-
panied by discrepancies due to the differences in the probed airmass. While in situ
measurements are point-like, the airmass probed by MAX-DOAS can extend over
several kilometers. Furthermore, the values retrieved from MAX-DOAS are repre-
sentative for the altitude range from the surface up to several hundred meters and
are assumed to be constant in this range. Thus, gradients in the vertical distribution
can result in additional discrepancies.

7.2.2.2 In Situ NOy; Measurements

The Dutch National Institute for Public Health and Environment in Bilthoven op-
erates a national network equipped with instruments for the in situ measurement
of NO,. The deployed instruments are chemiluminescence monitors equipped with
photolytic converters (Kley and McFarland, [1980). The NO, measurements from
a station in close vicinity of the Cabauw site are used for the comparison with the
results from the MAX-DOAS retrievals.
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7.2.3 Satellite Trace Gas Observations

The tropospheric vertical column densities of NOy calculated by integrating the
profiles retrieved from MAX-DOAS are compared to tropospheric NOy VCD values
retrieved from passive DOAS observations aboard different satellite instruments.
These comparisons are made for the field campaigns in Cabauw. The satellite data
was provided by KNMI (http://www.temis.nl/airpollution/no2.html).

The Scanning Imaging Absorption Spectrometer for Atmospheric Chartography
(SCTAMACHY )is part of the atmospheric chemistry payload aboard the European
Space Agency’s (ESA) Environmental Satellite (ENVISAT), which was launched in
March 2002. Its spectrometer covers the ultra-violet to near-infrared wavelength
range. The spatial resolution in nadir is approximately 30 by 240 km. The details
of the tropospheric NOy VCD retrieval algorithm for the nadir viewing observations
are described in Boersma et al.| (2004)).

The Ozone Monitoring Instrument (OMI) is the Dutch-Finnish ultra-violet and vis-
ible spectrometer on the EOS-Aura satellite of the American National Aeronautics
and Space Administration (NASA). Aura was launched in July 2004. The tropo-
spheric NOy vertical column densities are retrieved using nadir observations. The
dimensions of the ground pixels are 13 - 26 km along track and 24 - 128 km across
track depending on the satellite viewing angle. The details of the retrieval algorithm
are described in |Boersma et al. (2007}, 2011). From 25 June 2007 onwards, OMI has
been affected by a number of so-called row anomalies that appear as signal suppres-
sions in the radiance spectra for particular satellite viewing angles over the complete
illuminated orbit. The origin of these anomalies is currently unknown. Thus, data
from rows affected by the anomalies are excluded for the comparisons in this work.

The Global Ozone Monitoring Experiment 2 (GOME-2) aboard the MetOp-A satel-
lite of ESA is the first of a series of three identical instruments. MetOp-A was
launched in October 2006. The tropospheric NO, vertical column densities are re-
trieved using nadir observations of the ultra-violet and visible spectrometer. With
a pixel size of 80 by 40 km, GOME-2 observes about 4 times smaller ground pixels
than its predecessor GOME on ERS-2. The retrieval algorithm is described in detail
in Boersma et al.| (2004).

For the studies in the context of the detection of the volcanic plume of the Ey-
jafjallajokull volcano over Heidelberg by MAX-DOAS, the retrievals of SO, from
measurements of the GOME-2 instrument are considered, which were provided by
Christoph Hérmann (Max Planck Institute for Chemistry, Mainz, Germany). For
the SO, retrieval, the wavelength range of 312.1-324 nm was used. Besides a cross
section for SOy (Bogumil et al., 2003), a O3 cross section (Gur et al., 2005), the
individual Sun Mean Reference Spectrum (SMR) from GOME-2 for each regarded
day (containing no atmospheric absorptions), the Ring spectrum (calculated from
the SMR) and the inverse SMR spectrum were included into the fitting process
(the inverse SMR spectrum should compensate the effects of possible spectrograph
stray-light). Since the atmospheric light paths within the selected fitting window
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change systematically with wavelength (e.g., Van Roozendael et al., 2006), not only
the original ozone absorption cross section but also a second one (the original cross
section scaled with a fourth order polynomial in wavelength) was included. A fifth
order polynomial was applied to remove the broad-band structures and a shift was
allowed for the measured spectra. Additionally, for the O3 references a first order
stretch was applied.

In order to correct the resulting column densities for a possible offset (mainly caused
by the spectral interference with ozone and/or imperfect fitting of the ring effect),
the data has been normalized by using the results from a 2-dimensional linear fit of
third degree to all pixels where the SO, geometrical vertical column density does
not exceed 20 (and therefore are supposed to be not part of a possible volcanic
plume). This correction process was only applied to a pre-selected region of interest
(38°W-15°E; 35°-72°N), covering Iceland and most parts of Europe.

7.2.4 Total Sky Imager

For the estimation of the cloud cover conditions during the measurements in Cabauw,
the observations of the YES© Total Sky Imager Model 440 installed at the site is
used. It captures images from the sky using a solid state CCD imaging camera
that looks downward on a heated hemispherical mirror. The mirror images the
hemisphere over the instrument into the camera lens. A shadow band attached on
the rotating mirror blocks the intensive direct solar radiation. The raw color image is
analyzed for fractional cloud cover, using a sophisticated image-analysis algorithm,
which determines the fraction of opaque and thin clouds within the image.

7.2.5 Transport Model FLEXPART

During the MAX-DOAS measurements in Heidelberg in 2010, the volcanic plume of
the Eyjafjallajokull eruption in Iceland was detected by the observation of elevated
SO, slant column densities. For the comparison with the MAX-DOAS SO, measure-
ments, model predictions are used for the estimation of the vertical and horizontal
distribution evolution of the Eyjafjallajokull volcanic plume. The Lagrangian par-
ticle dispersion model FLEXPART developed at the Norwegian Institute for Air
Research (NILU, |Stohl et al., 2005 was used to simulate the horizontal distribution
of the volcanic plume after the eruption. Furthermore, the vertical distribution as
well as the column of the particles of volcanic origin were simulated for the location
of Heidelberg. Since the model considers the particle transport, the simulations
for the comparison with MAX-DOAS SO, measurements were performed regarding
only small particles, which serve as a proxy for SOy emitted by the volcano (Stohl
et al., 2011)).



130 CHAPTER 7. INSTRUMENTATION



Chapter 8

Field Campaigns

Several intercomparison campaigns were performed within a joint research activity
on the development of aerosol retrieval algorithms from MAX-DOAS measurements
of the European EUSAAR project. The aim of these campaigns was the develop-
ment and validation of the newly developed MAX-DOAS instrument (Section
and the methods for the retrieval of aerosol and trace gas profiles from MAX-DOAS
measurements (Chapter[6]). The main focus of the EUSAAR project was the integra-
tion of atmospheric aerosol measurements performed at 20 European ground-based
stations. The integration was aimed to contribute to a sustainable aerosol data base,
which provides reliable support for atmospheric research issues. The intercompari-
son campaigns were performed at several sites in Europe involved in the EUSAAR
project. Most of the sites are equipped with a number of instruments measuring at-
mospheric aerosol properties and are located in urban, rural and background areas.
The results of the intercomparison campaigns are presented in this Chapter. The ex-
tinction profiles of atmospheric aerosols retrieved from MAX-DOAS O, and intensity
measurements are compared to results obtained from established aerosol measuring
instruments, i.e. in situ and remote sensing techniques. In addition, NOy profiles
retrieved from MAX-DOAS measurements are compared to in situ measurements
as well as satellite observation. Furthermore, the observation of a highly diluted
volcanic plume by MAX-DOAS measurements is presented.

The different measurement sites and their specific instrumental equipment are sum-
marized in Section 8.1} Section addresses the first field campaign in Cabauw
in 2008. In this section, the comparisons between MAX-DOAS and the other tech-
niques are carried out for different inversion methods, settings and parameters of
the MAX-DOAS profile retrieval to identify their influence on the results. The
MAX-DAOS measurements of the subsequent field campaigns were analyzed using
standardized settings of the profile retrievals. The Sections and contain the
results of the field campaigns in Melpitz and Ispra, respectively. The field campaigns
in Leipzig and Cabauw in 2009 were performed in the framework of the EARLINET
2009 and CINDI campaigns, and are content of Section and [8.6] respectively.
Finally, the long term measurements in Cabauw in 2009 and 2010 are presented in
Section 8.7} In addition to these intercomparison campaigns, which were carried out
within the EUSAAR project, MAX-DOAS measurements subsequently performed
in Heidelberg in 2010 allowed for the successful detection of the highly diluted plume

131



132 CHAPTER 8. FIELD CAMPAIGNS
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Figure 8.1: Overview of the measurement sites (source: Google Maps).

of the Eyjafjallajokull volcano, which is discussed in Section [8.8]

8.1 Measurement Sites and Instrumentation

The intercomparison campaigns were carried out at sites located in Central Europe.
These are Cabauw in The Netherlands, Melpitz and Leipzig in Germany and Ispra
in Italy. The map in Figure[8.1|shows an overview of the measurement site locations.
Table [8.1 summarizes the geographic positions of the sites and includes the periods
of the different intercomparison campaigns.

The Cabauw Experimental Site for Atmospheric Research (CESAR) is operated by
seven Dutch Research Institutes and Universities. The CESAR observatory is lo-

Table 8.1: The measurement sites and the periods of the intercomparison cam-
paLgns.

Site Lat. N [°] | Lon. E [°] | Period

Cabauw 52.0 4.9 03.05. — 30.06.2008
Melpitz 01.5 12.9 21.05. — 09.07.2008
Ispra 45.8 8.6 11.12.2008 — 25.03.2009
Leipzig 01.4 12.4 08.05. — 29.05.2009
Cabauw 52.0 4.9 09.06.2009 — 12.04.2010
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cated in the western part of the Netherlands in a polder at 0.7m below average
sea level. The nearby region is agricultural, and surface elevation changes are at
most a few meters over 20km. The closest city is Utrecht at about 19 km, while
Amsterdam, The Hague and Rotterdam are farther away. Major highways pass the
site at about 5km to the East and 10 km to the North. The shortest distance to the
North Sea is 44 km to the WNW.

During the first campaign in Cabauw in 2008, colocated remote sensing aerosol mea-
surements with the CEALI Raman lidar, HTRL backscatter lidar and AERONET
Sun photometer were performed. In situ measurements of the aerosol optical proper-
ties at the ground were made by a nephelometer, MAAP and aethalometer. During
the campaigns in Cabauw in 2009 and 2010, the colocated lidar measurements were
performed by the LD40 ceilometer, and the in situ aerosol measurements used hu-
midified nephelometer, MAAP and aethalometer. Ground based in situ NO, mea-
surements are routinely performed at the site in Cabauw using instruments equipped
with photolytic converters. Furthermore, overpass data of the tropospheric NO, ver-
tical column densities are available from different satellites, namely SCIAMACHY,
OMI and GOME-2 for the Cabauw site (see Section [7.2).

For continuous measurements of atmospheric aerosols in the continental rural back-
ground, the Leibniz Institute for Tropospheric Research (IFT) in Leipzig operates
a ground based research station, which is situated near the village Melpitz in the
river Elbe valley at 87 m above sea level. A federal main road crosses the region in
a minimum distance of 1.5km in northern direction. The distance to Leipzig in the
SW is 41 km. Leipzig is a large city with remarkable industrial settlement located
at 112m above sea level.

During the campaigns in Melpitz and Leipzig, colocated Raman lidar measurements
were performed with the portable POLLY instrument, while AERONET Sun pho-
tometer measurements are only available for the Leipzig site (see Section .

The atmospheric research station of the Joint Research Center (JRC) in Ispra is
located at 225 m above sea level, and is situated in a semi-rural area, at the edge of
one of the most polluted regions in Europe, namely the Po valley. Large pollution
sources are located at distances larger than 20 km, while the distance between Ispra
and the Alpine chain is ~ 100 km.

The CAML backscatter lidar and AERONET Sun photometer were installed in Is-
pra during the intercomparison campaigns. In addition, in situ measurements of
aerosol optical properties were performed using a nephelometer and aethalometer

(see Section [7.2).

8.2 Cabauw 2008

Figure 8.2 shows the areal view for the measurement site in Cabauw. The large
cities of Amsterdam, The Hague, Rotterdam and Utrecht are located at distances
of about 45, 45, 31 and 19km to Cabauw, respectively. The MAX-DOAS mea-
surements within the scope of the first intercomparison campaign in Cabauw were
performed from 3 May to 30 June 2008. During the first half of this period the EU-
CAARI Intensive Observation Period campaign tool place in Cabauw. The newly
developed MAX-DOAS instrument provides a two dimensional scanning capability



134 CHAPTER 8. FIELD CAMPAIGNS

L4
Haarlemy

E
‘ \M‘\\.,O Leiden J
/” d " mm e £
N4 1 [ R A ¥, R | \
o Tihe Hague 1 L A o l.j_trec:h!"r

“Cabauw \ /
L0} i

[~27]

Figure 8.2: Areal view for the measurement site in Cabauw (source: Google Maps).

of the viewing geometry, and the measurements were performed for a constant rela-
tive azimuth angle. The telescope was set to follow the solar azimuthal position with
a difference of 30° in the course of the day. Since the surrounding of the measure-
ment site is characterized by a agricultural and rural topography, the field of view
of the instrument was not disturbed remarkably by obstacles. The telescope unit
of the MAX-DOAS instrument was installed on the roof of a remote cabin, while
the spectrometer unit was setup indoors. However, additional instrumentation in-
stalled on the cabin roof obstructed the field of view for smaller elevation angles
during to two time periods, namely between 5:00 and 6:45 UT as well as 9:15 and
10:15UT. The measurements during these period were therefore neglected in the
profile retrievals. The elevation angles were set to values of 2°, 5°, 10°, 20° and 90°
for one measurement sequence, which was repeated consecutively for solar zenith
angles below 90°. In addition to these elevation scans, azimuthal scans were per-
formed once per hour, in which the relative azimuth angle was set to values of £ 5°,
+6°, £8°, +£10°, £15°, £20°, +30°, £45°, +£60°, £75°, £90°, +100°, 4+120°,
4 150° and 180°. During these azimuth scans, the elevation angle of the viewing
direction was chosen to point to 5° below the solar elevation angle. The azimuth
scans were carried out to explore the capability of MAX-DOAS O, and intensity
measurements to provide information on the aerosol phase function and single scat-
tering albedo (Section [6.1.2)). To avoid damaging the instrument by direct sunlight,
measurements in the solar almucantar and at smaller relative azimuth angle, which
would have a larger information content with respect to the aerosol phase function
owing to the dominating forward scattering of aerosols (Dubovik and King, 2000)),
were not performed. The total integration times per measurement during the eleva-
tion scans were set to 60s for solar zenith angles (SZA) less then 80° and 120s for
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SZAs greater 80°. The total integration times during the azimuth scans were set to
Ds.

8.2.1 Comparison of the O and Intensity Measurements to
Simulations Using Independent Aerosol Data

During the period from 6 May to 11 May 2008, persistent meteorological conditions
with a high-pressure system over the northern part of Europe caused cloud free
conditions over Cabauw. The measurements during these days are very well suited
to validate the used radiative transfer model and to explore the capabilities of the
profile inversion method in combination with real measurements.

To test the capabilities of the radiative transfer model, the MAX-DOAS O4 and in-
tensity measurements were simulated with the radiative transfer model SCIATRAN
2 for the period from 7 May to 10 May 2008 using independent aerosol measure-
ments. Aerosol backscatter profiles measured by the CEALI Raman lidar were
combined with Sun photometer measurements of the aerosol optical depth (AOD)
Tar, Angstrom exponent vy, single scattering albedo wy and the asymmetry param-
eter for the Henyey-Greenstein parametrization of the aerosol phase function g. The
basic quantity measured by the lidar instrument is referred to as the range corrected
signal (RCS) and was provided by Arnoud Apituley (Dutch National Institute for
Public Health and the Environment (RIVM), personal communication). The RCS
was converted to aerosol extinction profiles €),(z) using a scaling factor determined
by the Sun photometer AOD measurements. Thereby, the integrated eys(z) along
the height was constrained to match the AOD at the according wavelength of the
simulation. Since the lidar instrument is blind for the lowermost altitude ranges, the
RCS at altitudes around 400 m were adapted for the altitudes below. Thus, possible
gradients within this range are not considered. Furthermore, the profiles of wy and
g were assumed to be constant with altitude in the radiative transfer calculations.
The absolute values of the O4 absorption cross section obtained from laboratory
measurements by |Greenblatt et al. (1990) and Hermans (2002) were reported to
differ from observations by MAX-DOAS measurements in the literature (e.g., [Wag-
ner et al., [2009; |Clémer et al.; 2010). The laboratory measurements were found to
be smaller than the values retrieved from the atmospheric measurements. Thus,
a scaling factor was proposed to account for the difference of ~25%. To identify
the influence of this uncertainty in the O4 absorption cross section, the simulations
of the measurements were performed using different scaling factors. Thereby, the
values of 1.0, 1.125 and 1.25 were applied for the scaling of the O, absorption cross
section. An additional simulation using a surface albedo of 0.3 instead of 0.05 was
performed to determine the influence on the simulated measurement.

Figure |8.3| shows correlation plots of the measured and simulated differential O4 op-
tical densities (AOD) and relative intensities at 360, 477, 577 and 630 nm. In these
comparisons, only the data of the elevation scans, but not of the azimuth scans,
are considered. Panels (a)—(f) in Figure show comparisons for different scaling
factors, while the surface albedo of 0.05 is equal for these three cases. Measured and
simulated relative intensities are in very good agreement and show no remarkable
differences for different scaling factors, while the correlation of the Oy AODs is best
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Figure 8.3: Correlation of measured and simulated Oy AODs (left panels) and
relative intensities (right panels) at four wavelengths indicated by different colors.
Only the data of the elevation scans from 7 May to 10 May 2008 are considered for
different model settings: (a,b) surface albedo of 0.05 and scaling factor for the Oy
absorption cross-section (XS) of 1.0, (c,d) 0.05 and 1.125, (e,f) 0.05 and 1.25 and
(g,h) 0.3 and 1.0, respectively.
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Figure 8.4: Correlation of measured and simulated Oy AODs (left panels) and
relative intensities (right panels) color-coded according the elevation angle, for (a,b)
360, (c,d) 477, (e,f) 577 and (g,h) 630nm (data from panel (a) and (b) of Figure
. The purple lines indicate the results of the linear regression.
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Figure 8.5: Correlation of measured and simulated Oy AODs (left panels) and
relative intensities (right panels) color-coded according to the azimuth angle for (a,b)
360, (c,d) 477, (e.f) 577 and (g,h) 630 nm. Only the data of the azimuth scans from
7 May to 10 May 2008 are considered.
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for a scaling factor of 1.0 and degrades for increasing scaling factors by means of
an increasing overestimation of the modeled values. The temperature dependence
of the O, absorption cross section could be the reason, why the better agreement
in this case is observed when the scaling factor is avoided, which is in contrast to
the reported findings of the above mentioned studies. Panels (g) and (h) show the
comparisons for a scaling factor of 1.0 and a surface albedo of 0.3. In this case, the
modeled and measured O4; AODs correlate well, while the modeled intensities are
systematically smaller/larger than the measurements.

The same data as in Figures and are plotted in Figure but this time
each panel shows data from individual wavelengths, and color coded with the eleva-
tion angle. The comparisons of both O4 AOD and relative intensity are generally
in very good agreements. While the correlation of the relative intensity at 360 nm
shows the lowest level of scatter compared to the intensities at the other wavelengths,
the opposite is valid for the 360 nm O4 AODs, which is due to the limited instru-
mental performance in the ultra-violet. The correlations of the Oy AODs at all
wavelengths feature an increased scatter for smaller elevation angles, which is most
probably due to the missing knowledge on the true aerosol profiles at the lowermost
altitudes. The linear regression of the 630 nm O4 AODs has the largest deviation in
the slope from the optimal value of 1.0. The most probable reason is the difficulty
in the spectral retrieval to adequately remove the absorption features of HoO and
O in this wavelength range, leading to an underestimation of the 630 nm O, AODs
compared to the modeled values.

The comparisons of the O4 AODs and relative intensities retrieved from the azimuth
scans are depicted in Figure 8.5 The different panels contain the correlation plots
separated according the wavelengths and color coded with the relative azimuth an-
gle. The scatter in the correlation of the 360 nm O, AODs is higher compared to
the correlations of the 477 and 577nm AODs, which can also be attributed to the
instrumental limitations in the ultra-violet, even more for the relative short integra-
tion times of the azimuth scans. While the 477 nm AODs show the best correlations
compared to the AODs at the other wavelengths, the measured 577 nm AODs tend
to be higher than the modeled values for larger relative azimuth angles. The 630 nm
AODs show a rather less correlated relationship between the measured and modeled
values. Similar to the correlation of the elevation scans, the measured AODs are
smaller than modeled. Significant deviations from a linear relationship in the cor-
relation plots of the relative intensities can be identified for all wavelengths. While
the modeled and measured relative intensities agree well for large azimuth angles,
their comparison for relative azimuth angles between -20° and 20° show remarkable
structured differences. Possible reasons could be a height dependent g, which was
assumed to be constant in the calculations, and increasing uncertainties for these
geometries in the radiative transfer model, which applies several numerical approx-
imations. These discrepancies between measured and modeled relative intensities
for small relative azimuth angles hamper the application of the inversion method to
retrieve wy and ¢ from the MAX-DOAS azimuth scanning measurements.

The simulation studies show that the radiative transfer model is capable to reproduce
the measurement with a very good agreement. The best agreement was found when
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Figure 8.6: Retrieved and measured (a) Oy AODs and (b) intensities at 477nm
for the aerosol profile retrievals from MAX-DOAS measurements on 7 May 2008.

using the O4 absorption cross section as published without applying a correction
factor and using a realistic surface albedo. The simulation of the O4 measurements
at 630nm indicate uncertainties induced by inaccurate spectral retrievals in the
according wavelength range (see Section . The observed discrepancies between
simulated and measured relative intensities of the azimuth scans prevent the retrieval
of wy and g from the MAX-DOAS measurements (see Section [6.1.2)).

8.2.2 Retrieval of Aerosol Extinction Profiles and Optical
Depths

The results of the aerosol extinction profile and optical depth retrievals from the
MAX-DOAS measurements are presented in this section. First, the results retrieved
from MAX-DOAS using the optimal estimation method are compared to the obser-
vations of the established techniques. The cloudless conditions during the period
from 6 to 11 May 2008 allowed to investigate the performance of the retrieval with-
out the disturbing influence of clouds. After this first overview on the capabilities
of the results retrieved from MAX-DOAS O, and intensity measurements, the influ-
ence of selected retrieval settings and parameters on the comparisons are explored.
Subsequently, the comparison of the results retrieved using the optimal estimation
method is extended over the whole field campaign period. Finally, the parameterized
profile retrieval using optimal estimation as well as the full profile retrieval using
the regularization method are applied for the cloudless period and the performance
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Figure 8.7: Comparison of €y;(z) at 477nm retrieved from lidar and MAX-DOAS
for 7 May 2008: (top) averaged profiles from lidar, (center) profiles from lidar con-
volved with the AVK of the MAX-DOAS retrieval and (bottom) profiles from MAX-
DOAS.

of the different retrieval approaches is compared.

Figure[3.6]shows an example for the retrieved and measured O, AODs and intensities
at 477 nm resulting from the aerosol profile retrieval for 7 May 2008. The retrieved
and measured quantities are in very good agreement. Figures - show the
comparison of €y/(z) retrieved from MAX-DOAS and the CEALI instrument for
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Altitude [krn]

Altitude [krn]

Altitude [kmn]

the period of 7 to 10 May 2008. The upper panels show the diurnal development
of €pr(2) measured by the lidar. These profiles were determined from the RCS as
described in Section [8.2.1] Since the lidar provides a high resolution with respect to
time and height (11s and 7.5m, respectively), the profiles were averaged according
the height grid as well as the temporal resolution of the MAX-DOAS retrieval. The
center panels contain the plots of the lidar profiles, which were convolved according
to equation with the averaging kernel (AVK) of the MAX-DOAS retrieval.
The bottom panels show the profiles retrieved from the MAX-DOAS Oy AOD and
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Figure 8.9: Same as Figure but for 9 May 2008.

relative intensity measurements of the elevation scans at 477 nm. The inversion was
performed using the optimal estimation method (see Section |5.6.1)). The retrievals
were performed using settings, which will be referred to as standard settings in the
following. These standard settings were applied for all aerosol profile retrievals pre-
sented in this work for the different campaigns. An exception is Section [8.2.2.],
where the sensitivities of the aerosol profile retrievals to changes in the settings and
parameters of the standard settings are tested. Any differences in the applied re-
trieval settings to the standard settings are pointed out where relevant.
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Figure 8.10: Same as Figure but for 10 May 2008.

The standard settings of the aerosol profile retrievals are:

e A height grid with a resolution of 200 m was used.

Aer. extinetion @ 477 nm [1 k] Aer. extinction @ 477 am [1 k]

Ler. extinetion @ 477 nm [1 /km]
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e Due to the findings in Section the O4 absorption cross section was not

corrected with a scaling factor.

e The surface albedo of 0.05 was assumed due to the findings in Section [3.2.1]

e The profiles of pressure, temperature and trace gases were adapted from the
climatological data base (see Section |4.4.2]).
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Figure 8.11: Time series of the AOD retrieved from MAX-DOAS (open circles)
and Sun photometer (solid squares) at (a) 360, (b) 477, (c) 577 and (d) 630 nm for
the period of 6 to 11 May 2008 .

The aerosol optical parameters wy and g were adapted from AERONET Sun
photometer measurements (see Section [7.2.1)). Thereby, coincident measure-
ments of these values were used as far as available and daily or monthly aver-
ages otherwise.

The weighting functions of the retrievals were calculated for the a priori profile
for each retrieval sequence and used throughout the iteration sequence.

A linearly decreasing a priori profile was used with a surface aerosol extinction
of 0.1km™! and a height of 3km (see Figure . The error of the a priori
profile was set 100 %

The O4 AODs and relative intensities at 477 nm were used as measurement
vector unless stated otherwise.

For better comparability, the color code in the different contour plot panels in Fig-
ures - for the individual days cover the same range of €,(z) values. The
profiles measured by lidar and retrieved from MAX-DOAS show generally a very
good agreement for the considered period. The temporal changes in €,/(z) reflect
the diurnal development of the boundary layer. In the morning hours of 7 May, an
increased aerosol load localized at altitudes around 1.8 km is present in the residual
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Figure 8.12: Correlation of the AOD retrieved from MAX-DOAS and Sun pho-
tometer at (a) 360, (b) 477, (c) 577 and (d) 630nm for the period of 6 to 11 May
2008. The one to one line is indicated in dashed black and the linear regression in
red. The implemented histograms show the frequency of the differences in the AOD.

layer as observed by lidar (upper panel of Figure . The comparison with the
convolved lidar profiles shows, that this elevated aerosol layer is well reproduced by
the MAX-DOAS retrieval with respect to its height and vertical extent. Between
10:00 and 11:00 UT, increased heating of the lowermost air masses by the surface
results in an increase in the mixing layer height, which is well reproduced by the
MAX-DOAS retrieval. Furthermore, the higher aerosol load in the afternoon and
the height of the boundary layer apparent in the profiles retrieved from MAX-DOAS
are in very good agreement with the convolved lidar profiles. The comparison of the
profiles for 8 and 9 May in Figure [8.§ and [8.9] respectively, indicate the very good
agreement between the lidar and MAX-DAOS measurements with respect to the
development of boundary layer height as well as the absolute values of €,/(z) in the
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Figure 8.13: Tume series of €y retrieved from MAX-DOAS for 0-200m (open
circles) and in situ measurements (solid squares) at (a) 360, (b) 477, (c) 577 and
(d) 630 nm for the period of 6 to 11 May 2008.

course of the day. The increase in the convective mixing layer height between 10:00
and 12:00 UT of 10 May apparent in the lidar profiles, is very well resembled by the
MAX-DOAS profiles demonstrating the capability of the MAX-DOAS retrieval to
capture these processes in the boundary layer.

The integrated extinction profiles from Max-DOAS are compared to AOD measure-
ments from the AERONET Sun photometer in Figure for the wavelengths of
360, 477, 577 and 630 nm. Here, the AODs from MAX-DOAS were retrieved using
the O4 AODs and relative intensities at the individual wavelengths. The panels (a)
— (d) contain the time series of the AODs for the period from 6 to 11 May, separated
according to wavelength. The AODs from the Sun photometer were calculated using
the measurements at 440 and 675nm and «,; of the according wavelength range.
Overall, a good agreement between the AODs from MAX-DOAS and Sun pho-
tometer is achieved for all wavelengths with respect to the daily trend. The best
correlation is achieved for 477 nm for the considered period with the lowest AOD
values occurring on 11 May. In contrast to the AODs retrieved from MAX-DOAS
for 477 nm, increased differences to the values from the Sun photometer occur during
individual time periods on several days for the other wavelengths.

The correlation of the AODs from MAX-DOAS and Sun photometer are shown in
individual scatter plots in Figure|8.12, The panels also include frequency histograms
of the AOD differences. As expected from the comparisons of the time series, the
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Figure 8.14: Correlation of €y retrieved from MAX-DOAS for 0-200m and in
situ measurements at (a) 360, (b) 477, (c) 577 and (d) 630nm for the period of 6
to 11 May 2008, color coded with the AOD from Sun photometer. The one to one
line is indicated in dashed black and the linear regression in solid black.

correlation of the AODs at 477nm show the best agreement with respect to the
offset, slope and correlation coefficient R of the linear regression. Furthermore, the
scatter in the correlation is lowest for 477 nm compared to the other wavelengths
indicated and quantified by the histograms. Possible larger differences in the AODs
from MAX-DOAS and Sun photometer at 360, 577 and 630 nm were already dis-
cussed in Section in the context of the comparison of measured and simulated
O4 AODs and relative intensities. The poorer instrumental performance in the
ultra-violet results in larger errors and scatter in the measured O4 AODs at 360 nm,
which influence the retrieval performance, are the likely reason for the observed
differences. In the case of the AODs at 577 and 630 nm, the larger differences are
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most probably due to an inaccurate spectral retrieval of the O4 AODs caused by an
improper removal of H,O and Os.

Figure[8.13|shows the comparison of €); retrieved from MAX-DOAS for the altitude
range of 0-200 m and derived from in situ measurements at the ground. The values
of €); measured in situ are calculated from a combination of nephelometer, MAAP
and aethalometer measurements (Section and were provided by Bas Henz-
ing (The Netherlands Organization for Applied Scientific Research (TNO), personal
communication). Although the surface extinction from MAX-DOAS exhibits a simi-
lar diurnal pattern as the in situ measurements, significant differences in the absolute
extinction values are present. The aerosol extinction values retrieved from MAX-
DOAS are significantly larger than those from in situ measurements. The largest
discrepancies occur at 630 nm with respect to both the diurnal developments as well
as absolute values. This is most likely due to the difficulties in the MAX-DOAS
spectral retrieval. On the other hand, the in situ values were calculated from the
477 and 577 nm measurements according to equation (4.13)), under the assumption
of a similar relationship with respect to the wavelength for the necessary corrections
applied on the in situ measurements, which is not the case. Therefore, the in situ
values at 630 nm are rather an approximation than real measurements in this case.
The correlation of €j; at the surface is shown in Figure [8.14] as scatter plots, which
are color coded according the AOD from Sun photometer. The best correlation coef-
ficients of the linear regressions are obtained for the 477 and 577 nm data sets with a
slope of 0.53 in both cases. Thus, €j; retrieved from MAX-DOAS for the lowermost
200 m is generally larger by a factor of roughly 2 compared to the in situ measure-
ments. While the correlation of €, at 577 nm shows no obvious dependency on the
AOD, the data set for 477 nm tends to larger differences between the MAX-DOAS
and in situ values for higher AOD values. The possible reasons for these discrep-
ancies are diverse since the comparisons of quantities measured by remote sensing
and in situ techniques are difficult and challenging. The values of €, retrieved from
MAX-DOAS are representative for the lowermost 200 m of the boundary layer as-
suming homogeneous aerosol properties within this layer, while the in situ values
originate from point measurements. Thus, possible gradients of €,,(z), which are
not resolved by the MAX-DOAS retrieval due to the coarse height resolution can
result in differences in €); compared to the in situ values. On the other hand, in
situ aerosol measurements can be affected by losses in the inlet system as well as
inside the instrument itself. Furthermore, €,; is calculated from measurements of
three different in situ measuring instruments, where each of which requires instru-
ment specific corrections of the measured quantity. These correction may induce
uncertainties (see Section . An additional source for uncertainties in in situ
measurements is the fact that the sampled air is dried prior to the measurement.
The aerosol scattering coefficient measured by a nephelometer is corrected according
the ambient humidity to account for the scattering enhancement due to the hygro-
scopic growth of the aerosol particles. This correction can also induce uncertainties.
However, given the very good agreement of the aerosol extinction profiles from
MAX-DOAS and lidar as well as the highly correlated AODs from MAX-DOAS and
Sun photometer especially at 477 nm, the major fraction of the differences between
the €y, values for the surface from MAX-DOAS and in situ measurements is most
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Figure 8.15: The mean (left panel) absolute and (right panel) relative differences
and corresponding standard deviations of €p(z) at 477nm retrieved from MAX-
DOAS and lidar for the period of 7 to 10 May 2008. The differences to the (blue)
original and (red) convolved lidar profiles for different retrieval setting: (a,b) only O,
AODs are used; (c,d) Oy AODs and relative intensities are used; (e,f) radiosonde
data is used; (g,h) scaling factor of 1.25 is applied on the Oy absorption cross section

(see text for details).
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probably caused by uncertainties in the in situ measurements. Similar discrepancies
between in situ and MAX-DOAS were observed by |Zieger et al.| (2011)).

8.2.2.1 Sensitivity Studies on the Aerosol Profile Retrieval

The aerosol profile retrievals from the MAX-DOAS measurements were performed
using different retrieval settings and parameters to identify the influence of these
changes on the retrieval results.

These changes in the retrieval settings and parameters relate to modifications of the
standard settings listed on page [144] The applied cases for the tests are:

The retrievals were performed using only the O4 AODs at 477 nm to determine
the resulting changes in the retrieved profiles, which are attributable to the
composition of the measurement vector. In all other retrievals performed in the
scope of these sensitivity studies, except the ones using several wavelengths,
the Oy AODs and relative intensities at 477 nm were used as measurement
vector (Case A).

The influence of different retrieval iteration strategies was explored by several
tests, in which the following changes were made compared to the standard
settings. The maximum number of the iteration steps, which was normally set
to b, was changed to a value of 10. The iteration sequence was repeated using
the retrieved profile as the starting point of the second iteration sequence with
a recalculated weighting function. The weighting function was recalculated for
each iteration step (Cases B).

The retrieval was performed using the monthly mean values of oy and g instead
of the coincident measurements from the Sun photometer. The surface albedo
was set to 0.3 instead of 0.05. Scaling factors of 1.125 and 1.25 were applied
on the O4 absorption cross sections. The profiles of pressure and temperature
were adapted from radiosonde measurements of the according days instead of
the usage of climatology data (Cases C).

The radiative transfer model assumes homogeneous conditions within the indi-
vidual atmospheric layers, while horizontal inhomogeneities in the atmospheric
aerosol distribution may occur in reality. To account for this limitation of the
radiative transfer model, the errors of the measurement vector components
were increased using a factor of 5. Different cases were tested, in which the
04 AOD and relative intensity errors were increased separately as well as
simultaneously (Cases D).

The influence of the measurement vector components was explored by re-
trievals simultaneously using O4 AODs and relative intensities at several wave-
lengths. Different combinations of the measurement vector containing 2, 3 and
4 wavelengths were used for the retrieval (Cases E).

The average differences between €,,(z) retrieved from MAX-DOAS and lidar as well
as the corresponding standard deviations were calculated with respect to absolute
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and relative differences. The differences were calculated for the original and con-
volved lidar profiles. The mean differences allow for the quantitative comparison of
the profiles from MAX-DOAS and lidar as well as the comparison of the retrieval
performance for the different settings. Figure |8.15|shows the average profile differ-
ences for selected retrieval settings. Panels (a) and (b) show the mean absolute and
relative profile differences, respectively, for retrievals using only the O, AODs as
measurement vector. The considered time period is the 7 to 10 May 2008. The dif-
ferences resulting from retrievals with standard settings as shown in the Figures|8.7]
— are depicted in panels (c) and (d) of Figure [8.15] The panels (e,f) and (g,h)
contain the results for the retrievals using radiosonde measurements of pressure and
temperature profiles and a scaling factor of 1.25 for the O4 absorption cross section,
respectively. The considered profile differences for the different retrieval settings
have several features in common. The average profile differences are characterized
by a sigmoidal shape which is attributable to the height dependent sensitivity and
resolution of the retrieval. Since the convolution of the lidar profile accounts for
the height dependent sensitivity and resolution of the retrieval, the differences are
smaller for the convolved lidar profiles. The higher retrieval sensitivity for altitudes
below ~ 1.5 km results in smaller relative difference at these altitudes. The compar-

Table 8.2: The influence of different retrieval settings. Linear regression fit and
statistical parameters for the correlation of the AOD retrieved from MAX-DOAS
and Sun photometer for the period of 6 to 11 May 2008 (see text for details).

Case | Retrieval setting Wave- | N | Slope | Offset | R Bias | Std.
length dev.

360 nm 360 197 | 0.86 0.08 | 0.82 | -0.03 | 0.06

Std. 477 nm 477 1197 | 0.89 0.02 | 0.90 | 0.00 | 0.03
577 nm 577 | 196 | 0.71 0.04 | 0.77 | 0.01 | 0.03

630 nm 630 197 | 0.53 0.05 | 0.64 | 0.02 | 0.03

A Only O4 AOD 477 | 197 | 0.71 0.07 | 0.76 | -0.01 | 0.04
Npax = 10 477 | 197 | 0.88 0.03 | 0.89 | 0.00 | 0.03

B 2 iteration runs 477 1197 | 0.83 | 0.036 | 0.89 | 0.00 | 0.03
Vary. weight. func. 477 | 197 | 0.82 0.04 | 0.90 | 0.00 | 0.03
Mean wy and g 477 | 197 | 0.89 0.02 | 0.89 | 0.01 | 0.03

Surf. albedo=0.3 477 1197 | 0.59 0.07 | 0.70 | 0.04 | 0.05

C Oy scale=1.125 477 1197 | 091 0.01 | 092 0.01 | 0.03
Oy4 scale=1.25 477 | 197 0.91 0.00 | 0.93 | 0.02 | 0.02
Radiosonde 477 1 197 | 0.89 0.03 | 0.95| 0.00 | 0.03

Oy error x5 477 1197 | 0.85 0.03 | 0.88 | 0.00 | 0.03

D Int. error x 5 477 | 197 | 0.81 0.05 | 0.86 | 0.00 | 0.03
O4 & int. error x5 | 477 | 197 | 1.04 0.01 | 0.91-0.02 | 0.03

360 and 477 nm 418 197 | 0.91 0.03 | 0.90 | -0.01 | 0.04

B 477 and 577 nm 527 | 196 | 0.84 0.03 | 0.85| 0.01 | 0.03
360,477,577 nm 471 196 | 0.91 0.02 | 0.89 | 0.00 | 0.03
360,477,577,630 nm 511 193 | 0.84 0.02 | 0.84 | 0.01 | 0.03
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ison of the differences depicted in panels (a,b) and (c,d) shows that the additional
usage of the relative intensities results in a better agreement of the profiles retrieved
from MAX-DOAS and lidar. The differences decrease for altitudes above a1 km due
to the additional information from the intensities. The agreement between MAX-
DOAS and lidar profiles further improves, when radiosonde measurements of the
pressure and temperature profiles is used instead of profiles from the climatological
data base. This improvement can be attributed to the O4 profile, which depends
on pressure (see Section . The assumed Oy profile for the radiative transfer
calculations agrees better with the actual Oy4 profile, when the radiosonde data is
used for its calculation. In contrast, the usage of a scaling factor of 1.25 for the
Oy absorption cross section results in an increase in the profile differences (Figure
,h) compared to the retrievals omitting a scaling factor (Figure ,d).

The details of the correlation between the AOD retrieved from Sun Photometer
and from MAX-DOAS using the different retrieval settings are summarized in Table
B.2] where the linear regression fit and statistical parameters are listed. The average
difference between the AOD values is referred to as bias with the corresponding
standard deviation. N indicates the number of points. The reference wavelengths,

Table 8.3: The influence of different retrieval settings. Linear regression fit and
statistical parameters for the correlation of €y (in km™) retrieved from MAX-DOAS
for 0-200m and in situ measurements for the period of 6 to 11 May 2008 (see text
for details).

Case | Retrieval setting Wave- | N | Slope | Offset | R | Bias | Std.
length dev.

360 nm 360 | 240 | 0.51 0.04 | 0.56 | 0.03 | 0.04

Std. 477 nm 477 | 240 | 0.53 0.01 | 0.73 | 0.04 | 0.02
577 nm 577 | 238 | 0.53 0.00 | 0.78 | 0.03 | 0.02

630 nm 630 | 237 | 0.08 0.03 | 0.18 | 0.06 | 0.04

A Only O, AOD 477 | 240 | 0.56 0.01 | 0.76 | 0.04 | 0.02
Nmax = 10 477 | 240 | 0.51 0.01 | 0.76 | 0.04 | 0.02

B 2 iteration runs 477 240 | 0.54 0.01 | 0.79 | 0.04 | 0.02
Vary. weight. func. 477 | 240 | 0.54 0.01 | 0.75 ] 0.04 | 0.02
Mean wy and g A7T7 1240 | 0.54 | 0.01 | 0.72 | 0.04 | 0.02

Surf. albedo=0.3 477 | 240 | 0.58 0.01 | 0.71 | 0.03 | 0.02

C Oy scale=1.125 477 | 240 | 0.41 0.01 | 0.69 | 0.06 | 0.03
Oy4 scale=1.25 477 | 240 | 0.32 0.02 | 0.64 | 0.07 | 0.04
Radiosonde 477 | 240 | 0.56 0.01 | 0.74 | 0.03 | 0.02

Oy error x5 477 | 240 | 0.22 0.04 | 0.35| 0.05 | 0.04

D Int. error x5 477 | 240 | 0.56 0.01 | 0.76 | 0.04 | 0.02
O4 & int. error x5 | 477 | 240 | 0.30 0.03 | 0.46 | 0.05 | 0.03

360 and 477 nm 418 | 240 | 0.59 0.01 | 0.75 ] 0.04 | 0.03

B 477 and 577 nm 527 | 238 | 0.56 0.00 | 0.80 | 0.04 | 0.02
360,477,577 nm 471 238 | 0.61 0.00 | 0.82 ] 0.05 | 0.02
360,477,577,630 nm 511 235 | 0.56 0.00 | 0.81 | 0.04 | 0.02
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Figure 8.16: The mean (left panel) absolute and (right panel) relative differences
and corresponding standard deviations of ep(z) at 477nm retrieved from MAX-
DOAS and lidar for the period of 3 May to 30 June 2008. The differences to the
(blue) original and (red) convolved lidar profiles for opaque cloud fraction less than

(a,b) 30 %, (c,d) 10% and (e,f) 5% (see text for details).

for which the AODs are calculated, are also listed. In addition to the results of this
sensitivity study, the details of the linear regression fits of the correlations for the
standard settings shown in Figure |8.12| are listed at the beginning of Table 8.2l The
most significant change in the agreement between the AODs from MAX-DOAS and
Sun photometer compared to the retrievals using standard settings at 477 nm with
respect to the correlation coefficient R and slope of the linear regression occur for
the retrieval using ground albedo of 0.3. Table|8.3|summarizes the details of the cor-
relation between e;; retrieved from MAX-DOAS and measured in situ. The results
for the different retrieval settings show that the increase of the O4 AOD error sig-
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Figure 8.17: Correlation of the AOD at 477nm retrieved from MAX-DOAS and
Sun photometer for the period of 3 May to 30 June 2008 and conditions with an
opaque cloud fraction of (a) < 100%, (b) <30% and (c) <10%. The one to one
line is indicated in dashed black and the linear regression in solid black.

nificantly worsens the agreement between the values from the different techniques.
The average differences of the retrieved profiles for all the different retrieval settings
are summarized in the Appendix [A]in plots similar to Figure [8.15

8.2.2.2 Aerosol Profile Retrieval for the Entire Campaign

For the entire campaign from 3 May to 30 June 2008, aerosol extinction profiles
were retrieved using only the Oy AODs at 477nm. Due to the high sensitivity of
the intensity for the presence of clouds, the inclusion of the relative intensity in the
measurement, vector was omitted for this long period. Since lidar profiles from the
CEALI instrument are of high quality but merely available for selected days, the
comparisons of €)/(z) were related to measurements of the HTRL backscatter lidar.
The RCS of the HTRL instrument was provided by Arnoud Apituley (RIVM, per-
sonal communication) The aerosol extinction profiles were calculated from the RCS
in the same way as for the CEALI instrument. The RCS of the HTRL instrument
has a poorer signal to noise ratio at altitudes above &~ 2km compared to the CEALI
instrument, which induces overestimations in €,(z) at these altitudes for the applied
conversion from the RCS. While Sun photometer measurement were available for
the whole campaign duration, in situ measurements of €,; cover only the period of
3 to 31 May 2008.

Figure|8.16| shows the average differences in the retrieved profiles for conditions with
different opaque cloud fractions. The profiles were selected according to the cloud
fraction measured by the total sky imager (see Section . The agreement of the
profiles from MAX-DOAS and lidar improves when conditions with smaller cloud
fractions are considered, since the possibility for influences of clouds on both the
MAX-DOAS and lidar measurements decreases.

Figure[8.17|shows the correlation of the AODs from MAX-DOAS and Sun photome-
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Figure 8.18: Correlation of ey at 477nm retrieved from MAX-DOAS for 0-200m
and in situ measurements for the period of 3 to 31 May 2008 and conditions with an
opaque cloud fraction of (a) < 100%, (b) <30% and (c) <10%. The one to one
line is indicated in dashed black and the linear regression in solid black.

ter. The correlation of €;; from MAX-DOAS and in situ measurements are shown in
Figure [8.18] The scatter plots are color coded according to the opaque cloud frac-
tion. In both cases, for conditions with cloud fractions less than 30 %, agreements

in AOD and €,; values are achieved, which are comparable to the cloudless cases
discussed in Section [8.2.2.1]

8.2.2.3 Parameterized Retrieval of Aerosol Profiles

The parameterized version of the retrieval of €,,(z) using the optimal estimation
method was applied using the two and three parameters descriptions of the aerosol
profile (see Section . An overview on the results and their comparison to lidar,
Sun photometer and in situ measurements is given in this Section for the cloudless
period from 6 to 11 May 2008. The general retrieval settings were equal to the
standard settings for the retrievals of the complete profiles (see page . For the
retrievals using two parameters, an a priori AOD of 0.2 and surface extinction of
0.1km~! were applied. For the three parameter description of the profile, the a
priori parameters were set to 0.2, 1.0km and 0.5km for the AOD, aerosol layer
center height and layer FWHM, respectively. The a priori errors of the parameters
were set to 100 %. The O, AODs and relative intensities were used as measurement
vector.

The comparison of €,/(z) is shown in Figures and for 7 and 9 May 2008,
respectively. Since the profile shape is constrained by the parameterized description,
the elevated aerosol layer in the morning hours of 7 May is not well reproduced by
the retrieval using two parameters. However, the top of the residual layer is roughly
reproduced by the smoothed box-shaped representation. In contrast, the diurnal
development in the remaining part of the day is well captured by the two parameter
retrieval with respect to boundary layer height and increase in aerosol load. A
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Figure 8.19: Comparison of €p(z) at 477nm retrieved from lidar and MAX-DOAS
for 7 May 2008: (top) averaged profiles from lidar, (center) profiles retrieved from
MAX-DOAS using 2 and (bottom) 3 parameters for the profile description.

similarly good agreement with the lidar profiles is achieved on 9 May. Although
the three parameters representation allows for a description of an elevated layer,
the retrieved profiles in the morning hours of 7 May remarkably differ from the
lidar profiles. The aerosol extinction at altitudes near the surface can hamper the
retrieval, since a two-layered profile can not be approximated by the three parameter
description. Furthermore, the retrieved boundary layer heights are generally lower
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Figure 8.20: Same as Figure but for 9 May 2008.

than observed by the lidar and retrieved with the two parameter description.

The correlations of the AODs retrieved from Sun photometer and MAX-DOAS
are shown in Figure for both versions of the parametrization. Although the
shapes of the retrieved profiles using two and three parameters remarkably differ,
the correlations with the AODs from Sun photometer show similar properties for
both versions and are comparable to the results achieved with the complete profile

retrieval in Figure .
Figure [8.22 shows the correlations of €, retrieved from MAX-DOAS and measured



8.2. CABAUW 2008 159
0.40 [ T B [ 0.40 [ T B [
| = AOD@ 477 nm all | = AOD@ 477 nm blL
- = 1:1line 4 - = 1:1line 4
0.35 Linear fit: > 0.35 Linear fit: >" =
y=0.04 +0.81x 4. y=0.04 +0.81x re
5 N=197 R=089 = =« A7 . 5 N=197 R=088 . « Ap %
@ 0.30 . @ 0.30 A o
€ - £ -,
] 4 ] J
- -
S 0.25- . S 0.25- . L
o c
3 b 3 1
17 7]
c 0.20- £ 0.20- L
o o2
Qa a
QO 0.15 5 QO 0.15 5 -
< <
0104 « * %608 000 008 0104 4= " %% o000 008 |
7 AOD difference / AOD difference
T T T T T T T T T T T T T T T T T T T T T T T T
010 015 020 025 030 035 040 010 015 020 025 030 035 040

AOD from MAX-DOAS AOD from MAX-DOAS
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Figure 8.22: Correlation of ey at 477nm retrieved from MAX-DOAS for 0-200m
and in situ measurements for the period of 6 to 11 May 2008 using (a) two and
(b) three parameters for the profile description, color coded with the AOD from Sun
photometer. The one to one line is indicated in dashed black and the linear regression

in solid black.

in situ. In this case, the agreements are poorer compared to the results from the full
profile retrieval in Figure [8.14b due to the limitation of representable profile shapes.

Possible gradients in the true profiles are not resolved appropriately.
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8.2.2.4 Retrieval of Aerosol Profiles Using the Regularization Method

The regularization method was applied to retrieve €,/(2) using the O, AODs and
relative intensities as measurement vector. The retrievals were performed using the
identity matrix, discrete first- and second-derivative operator as regularization op-
erators. The general retrieval settings were equal to the standard settings for the
retrievals of the complete profiles using the optimal estimation method (see page
144]). The applied regularization parameters were determined from retrievals using
synthetic measurements and the L-curve method (see Section[6.2.1). The parameter
values of 10, 1 and 0.01 were used for the the retrievals with the identity matrix,
discrete first- and second-derivative operator, respectively. The comparisons of the
results to lidar, Sun photometer and in situ measurements for the cloudless period
from 6 to 11 May 2008 are content of this Section.

Figure shows the correlations of the AODs retrieved from Sun photometer
and MAX-DOAS for the different regularization operators. The best agreement is
achieved for the retrievals using the identity matrix. The linear regression fit pa-
rameters of the correlation are comparable to values determined for the retrievals
using the optimal estimation method with the standard settings shown in Figure
B.12b.

In Figure [8.24] the diurnal development of €y(z) retrieved by applying different
regularization operators are compared for 7 May 2008. While the general features
of epr(z) agree well between the different operators, the elevated layer in the morn-
ing hours is reproduced differently. It should be noted that the used regularization
parameters are not optimal, since they were not determined for the actual inversion
problem but only for a particular aerosol scenario. The determination of the regu-
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Figure 8.23: Correlation of the AOD at 477nm retrieved from Sun photometer
and MAX-DOAS for the period of 6 to 11 May 2008 using the (a) identity matriz,
(b) discrete first- and (c) second-derivative operator with regularization parameters
of 10, 1 and 0.01, respectively. The one to one line is indicated in dashed black and
the linear regression in red. The implemented histograms show the frequency of the
differences in the AOD.
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Figure 8.24: ¢y (z) at 477nm on 7 May 2008 retrieved from MAX-DOAS using
different regularization operators: (top) identity matriz, (center) discrete first- and
(bottom) second-derivative operator with reqularization parameters of 10, 1 and 0.01,
respectively.

larization parameter for each individual retrieval would require several retrieval runs
for a number of parameters, which would significantly increase the computational
effort.

Figure [8.25 shows the correlations of €, retrieved from MAX-DOAS and measured
in situ. Compared with the results from the optimal estimation method in Figure
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B.14p, significant improvements in the agreement of the different data sets are not
achieved by using the regularization method.

8.2.3 Retrieval of NO, Profiles

The retrieval of NOy profiles from the MAX-DOAS ASCDs measurements is con-
tent of this Section. First, the retrieved NOy profiles from MAX-DOAS using the
optimal estimation method are compared to co-located observations from satellite
instruments and in situ measurements for the cloudless period of 6 to 11 May 2008.
After these comparisons, the influence of selected retrieval settings and parameters
on the retrieved NOy profiles are explored. In the subsequent Section, the com-
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Figure 8.26: Retricved and measured NOy ASCDs for the profile retrievals from
MAX-DOAS measurements on 7 May 2008.
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Figure 8.27: Diurnal development of the NOy VMR profile retrieved from MAX-
DOAS for the period of 6 to 8 May 2008.

parison of the MAX-DOAS results retrieved using the optimal estimation method
is extended over the whole field campaign period. Finally, the resulting profiles
retrieved using the regularization method for the cloudless period are shown in se-
lected examples.

Figure [8.26 shows an example for the simulated and measured NOy ASCDs result-
ing from the profile retrieval for 7 May 2008. The simulated and measured ASCDs
are in very good agreement. Figures and show the diurnal development
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Figure 8.28: Same as Figure but for the period of 9 to 11 May 2008.

of the NO; VMR profiles retrieved from MAX-DOAS using the optimal estimation
method (see Section [5.6.1]). The NOy retrievals were performed using settings, which
will be referred to as standard settings for the trace gas retrieval in the following.
These standard settings were applied for all trace gas profile retrievals presented in
this work for the different campaigns. An exception is Section where the
sensitivities of the profile retrievals to changes in the settings and parameters of the
standard settings are tested. Any differences in the applied retrieval settings to the
standard settings are pointed out where relevant.
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The standard settings of the trace gas profile retrievals are:

e A height grid with a resolution of 100m was used. The trace gas profile
retrieval from MAX-DOAS has a better height resolution than the aerosol
profile retrieval, which is accounted for by the usage of this finer resolution.

e The surface albedo of 0.05 was assumed due to the findings in Section [8.2.1]

e The profiles of pressure, temperature and other trace gases were adapted from
the climatological data base (see Section {4.4.2)).

e The aerosol optical parameters wy and g were adapted from AERONET Sun
photometer measurements (see Section . Thereby, coincident measure-
ments of these values were used as far as available and daily or monthly aver-
ages otherwise.

e A linearly decreasing a priori profile was used with a surface VMR of 10 ppb
and 0 ppb at 3km altitude. The error of the a priori profile was set 100 %

e The NO, ASCDs retrieved from the elevation scan measurements in the visible
wavelength range of 425-490 nm were used as measurement vector.

e The aerosol profiles retrieved from the MAX-DOAS O4 AOD and relative
intensity measurements using the standard settings were used as input for the
NO, profile retrievals, unless stated otherwise.

The NO, VCDs determined by the integration of the profiles over the altitude range
considered in the MAX-DOAS retrievals is shown in Figure 8.29%. The tropospheric
NO, VCDs retrieved from measurements of the SCTAMACHY, OMI and GOME-
2 satellite instruments (see Section are also plotted in this panel and color
coded according to the individual pixel center distances to the Cabauw site. The
satellite data was provided by Ankie Piters and Ronald van der A (both KNMI,
personal communication). Since the OMI instrument shows pixel anomalies, the
affected measurements for the Cabuaw site were neglected for the comparisons.
Figure shows the NO, surface concentrations from in situ measurements (see
Section and retrieved from MAX-DOAS for the altitude range of 0-100 m.
The retrieved surface concentrations are generally highest in the morning, when
NO, is strongly confined to the lowermost 100 m (Figure and . This daily
trend can be attributed to processes and conditions occurring during the night. The
radiative cooling of the surface often leads to surface air that is colder than the air
above it. This leads to an inversion near the ground resulting in a stable layer of
some hundred meters extent, in which the ventilation of NOy emissions is prevented.
Furthermore, the missing NO, photolysis during the night enables the generation
of the reservoir species NoOs.  As the sun rises, the onset of photolysis and the
increase in mixing layer height results in a decrease in NO, surface concentration,
with a minimum at noon due to the high photolysis frequency of NOs. Accordingly,
the NOy concentration increases in the evening due to its reduced photolysis and
the reaction of NO with Os.
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Figure 8.29: Time series of the NOy VCD and surface concentration for the period
of 6 to 11 May 2008: (a) NOy VCD retrieved from MAX-DOAS for 0—4km (open
black squares) and the tropospheric VCD from SCIAMACHY (stars), OMI (trian-
gles) and GOME-2 (diamonds) color coded according to the distance of the satellite
pizel center to the Cabauw site; (b) NOy concentration measured in situ (solid red
circles) and retrieved from MAX-DOAS for 0-100km (open blue squares).
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Figure 8.30: Correlation of the NOy surface concentration measured in situ and
retrieved from MAX-DOAS for 0-100m for the period of 6 to 11 May 2008. The
one to one line is indicated in dashed black and the linear regression in solid red.
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The NOy, VCDs from MAX-DOAS are in good agreement with the satellite mea-
surements. Larger discrepancies tend to occur for situations where the satellite pixel
center has a larger distance to the Cabauw site. Depending on the actual covered
area of the satellite pixels, the large cities in the surrounding of Cabauw can con-
tribute to the observed NOy VCDs. The comparison of the surface concentrations
shown in Figure [8.30| shows a very good agreement between the MAX-DOAS and
in situ measurements.

8.2.3.1 Sensitivity Studies on the NO, Profile Retrieval

The NO; profile retrievals for the period of 6 to 11 May 2008 were performed using
different retrieval settings and parameters to identify the influence of these changes
on the retrieval results. Thereby, specific changes compared to the standard settings
listed on page [165| were made. The applied cases for the tests are:

e The NO,; ASCDs were also retrieved from the MAX-DOAS measurements in
the ultra-violet wavelength range of 338-370nm. The profile retrievals were
also performed for these NOy ASCDs.

e The retrievals were performed using height grids with resolutions of 50 and
200m to explore the changes in the resulting profiles compared to the resolu-
tion of 100 m in the standard settings (Cases F).

e The errors of the measurement vector components were increased using a factor

of 5 (Case G).

e The profiles of the pressure and temperature were adapted from radiosonde
measurements of the according days instead of the usage of the climatology
data. Different aerosol profiles were used to identify the resulting changes.
Instead of aerosol profiles from the MAX-DOAS retrievals using the O4 AODs
and relative intensities at 477nm, the profiles retrieved with measurement
vectors containing only the O, AODs were used. Furthermore, the aerosol
profiles retrieved using the two parameters description of the profile were used
as well as the aerosol profiles measured by the CEALI instrument (Cases H).

The details of the correlation between the NO4 surface concentration retrieved from
in situ measurements and MAX-DOAS using the different retrieval settings are
summarized in Table [8.4] where the linear regression fit and statistical parameters
are listed. The average difference between the surface concentrations is referred as
bias with the corresponding standard deviation. N indicates the number of points.
The wavelengths, at which the radiative transfer calculations were performed, are
also indicated.

Best agreement between MAX-DOAS and in situ is achieved for a height grid with
100 m vertical resolution. The shallow NO, layers in the morning hours are not
appropriately resolved for a 200 m height grid. In contrast, the height grid resolution
of 50m is smaller than the vertical resolution of the retrieval at lower altitudes.
Therefore, the agreement in the surface concentrations is not improved significantly.
The usage of the aerosol profiles retrieved from MAX-DOAS with the two different
approaches result in relative small changes in the correlation properties.
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Table 8.4: The influence of different retrieval settings. Linear regression fit and
statistical parameters for the correlation of the NOy surface concentration (in pg/m?)
retrieved from MAX-DOAS for 0-100m and in situ measurements for the period of
6 to 11 May 2008 (see text for details).

Case | Retrieval setting Wave- | N | Slope | Offset | R | Bias | Std.
length dev.

Std. NO, SCD Vis. 458 | 243 | 0.93 1.64 | 0.89 | -0.60 | 5.36
NO, SCD UV 354 | 237 | 1.19 1.59 [0.91 | -4.05 | 5.01

F Height grid 50 m 458 | 243 | 0.86 2.32 | 0.88 | -0.01 | 5.71
Height grid 200 m 458 | 243 | 1.17 0.24 | 0.88 | -2.52 | 5.68

NOy SCD error x5 | 458 | 243 | 1.12 0.25 | 0.86 | -1.95 | 6.03
Radiosonde 458 | 243 | 0.93 1.69 | 0.89 | -0.67 | 5.37

I Aer. retr. only Oy 458 | 243 | 090 | 2.16 | 0.89 | -0.63 | 5.34
Aer. retr. 2 param. | 458 | 243 | 1.01 0.16 | 0.84 | -0.25 | 6.22

Aer. prof. CEALI 458 | 243 | 0.94 3.00 | 0.82|-2.12 | 6.63

8.2.3.2 NO; Profile Retrieval for the Whole Campaign Duration

The NO, profiles were retrieved for the whole duration of the campaign. In these
retrievals, the aerosol profiles retrieved using only the O4 AODs at 477 nm were
used. Figure [8.31] shows the correlation of the NO, surface concentration from
MAX-DOAS and in situ measurements. The scatter plots are color coded accord-
ing to the opaque cloud fraction. The level of agreement increases with decreasing
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Figure 8.31: Correlation of the NO, surface concentration measured in situ and
retrieved from MAX-DOAS for 0-100m for the period of 3 May to 30 June 2008
and conditions with an opaque cloud fraction of (a) < 100%, (b) <30% and (c)
< 10%. The one to one line is indicated in dashed black and the linear regression
in solid black.
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Table 8.5: The influence of the cloud fraction. Linear regression fit and statistical
parameters for the correlations shown in Figure [8.31]

Cloud Number | Slope | Offset | R | Bias | Standard
fraction | of points deviation
< 100 % 2368 0.64 | 4.14 | 0.75 | 0.88 7.64
< 30% 740 0.85 1.51 | 0.84 | 0.36 7.64
<10% 378 0.90 1.22 | 0.88 | 0.02 5.10
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Figure 8.32: Time series of the NOy VCD for the period of 03 May to 30 June
2008 retrieved from MAX-DOAS for 0-4km and the tropospheric VCD from (a)
GOME-2, (b) OMI and (¢) SCIAMACHY. The color code is according the distance
of the satellite pizel center to the Cabauw site.
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cloud fraction (Table . Correlation properties, which are comparable to cloudless
conditions discussed in Section [8.2.3.1] are achieved for cloud fractions of less than
10 %.

The time series of the NOy VCD retrieved from MAX-DOAS and coincident mea-
surements of the different satellite instruments are depicted in Figure The
relatively large variation of the VCDs measured by OMI reflect the large horizontal
variability of the NOy distribution, since the OMI instrument has the smallest pixel
size compared to the other satellite instruments (see Section . However, the
VCDs retrieved from MAX-DOAS agree well with the OMI measurements, with
larger differences occurring at large pixel center distances to the Cabauw site. The
pixel sizes of the SCIAMACHY and GOME-2 instruments are larger. Therefore, the
probed air masses by the SCIAMACHY and GOME-2 instruments and the MAX-
DOAS instrument may differ remarkably, which is most probably the reason for the
larger differences in the NOy, VCDs.

8.2.3.3 Retrieval of NO, Profiles Using the Regularization Method

Figure shows the diurnal variation of the NOy profile retrieved by applying
different regularization operators. The applied regularization parameters were de-
termined from retrievals using synthetic measurements and the L-curve method (see
Section The parameter values of 5, 0.1 and 0.05 were used for the the retrievals
with the identity matrix, discrete first- and second-derivative operator, respectively.
The diurnal development of the NO, profiles show comparable features between the
different regularization operators. However, the enhanced NO, VMRs at altitudes
between 500 m and 2km are attributed to different heights, due to the different
strengths of the constraints on the smoothness of the profiles. Table summarizes
the correlation results for the comparison of the surface concentrations to in situ
measurements. The different constraints result in comparably correlated surface
concentrations, while the slope of the linear regression differs between the different
regularization operators. Best agreement is achieved for the first-derivative operator.

Table 8.6: The influence of the reqularization operator. Linear regression fit and
statistical parameters for the correlation of the NOy surface concentration (in pg/m?)
retrieved from in situ measurements and MAX-DOAS for 0-100m for the period of
6 to 11 May 2008 (see text for details).

Regularization Regul. | Number | Slope | Offset | R | Bias | Standard

operator param. | of points deviation
Unity matrix ) 243 0.73 | 2.87 | 088 | 2.03 6.54
first-derivative 0.1 243 1.04 1.29 | 0.88 | -1.90 5.55

second-derivative | 0.05 243 1.10 | 0.62 | 0.87 | -2.08 5.79
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Figure 8.33: The NOy, VMR profiles on 8 May 2008 retrieved from MAX-DOAS
using different reqularization operators: (top) identity matriz, (center) discrete first-
and (bottom) second-derivative operator with reqularization parameters of 5, 0.1 and
0.05, respectively.
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8.3 Melpitz 2008

The intercomparison campaign in Melpitz took place in the period of 21 May to 9
July 2008. The MAX-DOAS measurements were performed with a constant rela-
tive azimuth angle of 90° following the solar azimuthal position in the course of the
day. The surroundings of the measurement site are characterized by an agricultural
and rural areas with a flat topography, so that only minor obstacles disturbed the
field of view of the instrument. The measurements during the time periods between
5:30 and 6:45 UT as well as 9:15 and 10:15 UT were neglected in the analysis. The
elevation angles were set to values of 2°, 5°, 10°, 20° and 90° for one measurement
sequence. The total integration times per measurement during the elevation scans
were set to 60s for solar zenith angles (SZA) less then 80° and 120 s for SZAs greater
80°.

The meteorological conditions during this campaign were mainly characterized by
the presence of a closed cloud cover. Completely cloudless conditions did not oc-
cur, while broken cloud cover was occasionally present. Time periods with mea-
surement conditions, which allow the undisturbed retrieval of aerosol profiles from
MAX-DOAS Oy and intensity measurements were strongly limited. In addition, the
POLLY lidar instrument failed for two weeks due to a defect of the laser.

The Melpitz site was not equipped with a Sun photometer. Therefore, data from the
AEORNET station in Leipzig (located in SW direction at a distance of 41 km to the
measurement site) were used for the comparison with the results from MAX-DOAS
(Figure 8.1). Figure shows the comparison of €,/(2) at 477 nm retrieved from
lidar and MAX-DOAS for the periods of 10:30 to 11:00 UT and 12:30 to 13:00 UT
on 10 June 2008. The profiles from MAX-DOAS were retrieved using the standard
settings (see page and the O4 AODs and relative intensities. The temperature
and pressure profiles were adapted from the climatological data base and wy and g
were adapted from Sun photometer measurements. The lidar profiles were deter-

[10:30-11:00 UT | 10/06/2008 [12:30 - 13:00 UT
4 P 1 1 1 1 1 1 1 1 1 1 | 1 | 1 | L 1 L 4
—— MAX-DOAS
— Lidar
34 T Convolved lidar | |- 3
€
2,
o 24 —+ »
k] 4
2 TN L 1 5= . .
< 4 ¢ . — 4 F — i | 4
- N " i \ A \
— L ' 1 / . ' i
0 e : :Iﬁﬁ T b 0

LI T LI
0.00 0.05 0.10 0.15 020 0.00 0.05 0.10 0.15 0.20 0.25
Aerosol extinction @ 477 nm [km'1]

Figure 8.34: Comparison of ep(z) at 477nm retrieved from lidar and MAX-DOAS
for two periods on 10 June 2008. The original (blue) and convolved lidar (red)
profiles and the profiles from MAX-DOAS (black).
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Figure 8.35: Correlation of the AOD at 477nm retrieved from Sun photometer
in Leipzig and from MAX-DOAS in Melpitz for cloudless conditions during 21 May
to 9 July 2008. The one to one line is indicated in dashed black and the linear
regression in red. The implemented histograms show the frequency of the differences
in the AOD.

mined using the Fernald-Klett method and the backscatter signal (see Section
and provided by Holger Baars (Institute for Tropospheric Research (IFT), personal
communication). The conversion from the lidar wavelength of 532 nm to 477 nm was
calculated with aj; from the Sun photometer. The error bars of the lidar profiles in
Figure indicate the uncertainty due to a change of £10sr in the applied lidar
ratio of 50 sr, which is assumed to be constant in height in this case. This uncer-
tainty range illustrates that the appropriate choice of the lidar ratio is crucial and
indicates the possible changes in the profile shape due to a height dependent lidar
ratio. The error bars of the profiles from MAX-DOAS represent the total (noise
+ smoothing) retrieval error. The profiles from MAX-DOAS and lidar show good
agreement within the uncertainty ranges. The weak €),(z) feature between 2 and
3km in the lidar profile of Figure [8.34k is not resolved by the MAX-DOAS retrieval,
due to the limited sensitivity and height resolution at these altitudes indicated by
the convolved lidar profile.

The comparison of the AOD for cloudless conditions during the whole duration of
the campaign is depicted in Figure 8.35 Although the distance between both sites
is roughly 41 km, the retrieved AODs show a high degree of correlation.
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8.4 Ispra 2009

The intercomparison campaign in Ispra was carried out, during the period from
11 December 2008 to 25 March 2009. During the winter period, the MAX-DOAS
measurements were restricted to shorter daily time periods accompanied by small
solar zenith angles. Initially, the MAX-DOAS measurements were performed with a
constant relative azimuth angle of 30°. Since the field of view of the instrument was
obstructed by trees in the surrounding of the measurement site, the observation ge-
ometry was changed to a fixed azimuth angle of 212° roughly corresponding to SSW
on 18 February 2009. Due to the obstacles in the field of view, the measurements
before 18 February are limited to the second half of the day. The elevation angles
were set to values of 2°, 5° 10°, 20° and 90° for one measurement sequence. The
solar zenith angle dependent total integration time of each measurement was set to
the same values as in the previous campaigns.

The measurement site in Ispra is equipped with an AERONET Sun photometer
and the CAML lidar instrument (see Section [7.2.1)). The CAML instrument has an
emitter optics, which simultaneously serves as receiver. This concept of the optical
bench has the advantage of an overlap region starting at lower altitudes compared
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Figure 8.36: Comparison of €y;(2) at 477nm retrieved from MAX-DOAS and lidar
for selected time periods: the original (blue) and convolved lidar profiles (red) and
the profiles from MAX-DOAS (black).
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Figure 8.37: Time series of the (top) AOD at 477 nm retrieved from MAX-DOAS
and Sun photometer and (bottom) €y from MAX-DOAS for 0-200m and measured
in situ for selected time periods.

to instruments with a separate emitter and receiver. On the other hand, in case
of the CAML instrument, it was found that the performance of this single optical
bench setup shows remarkable temperature dependencies with respect to the signal
quality and overlap region. These effects result in a general overestimation of €,;(z)
at altitudes above 1 to 1.5 km.

Figure[8.36 shows the comparison of €)/(z) at 477 nm retrieved from lidar and MAX-
DOAS for selected periods with cloudless conditions. The profiles from MAX-DOAS
were retrieved using the standard settings (see page and the O, AODs and
relative intensities. Temperature and pressure profiles were adapted from the cli-
matological data base. The optical aerosol parameters wy and g were adapted from
Sun photometer measurements. The lidar profiles were determined using the Ferald-
Klett method and the backscatter signal (see Section [7.2.1]) and provided by Maria
Adam (European Commission Joint Research Center (EC-JRC), personal communi-
cation). The lidar profiles were converted from 532 nm to 477 nm using «, from the
Sun photometer. The comparison of the AODs retrieved from MAX-DOAS and Sun
photometer for cloud free conditions is depicted the upper panel of Figure[8.35] The
lower panel shows the comparisons of €,; retrieved from MAX-DOAS for 0—200m
and in situ measurements. The latter were determined from a combination of neph-
elometer and aethalometer measurements (see Section and were provided
by Carsten Griining (EC-JRC, personal communication).

The aerosol profiles retrieved from MAX-DOAS compare very well with the profiles
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Figure 8.38: Correlation of the AOD at }77nm retrieved from Sun photometer
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the AOD.

from lidar. The height of the shallow boundary layer on 9 January 2009 is repro-
duced very well by the MAX-DOAS retrieval (Figure ) The linearly decreasing
shape of the lidar profile above ~ 1 km is rather due to the above mentioned problem
of the optics than a true feature. Since the lidar profiles are constrained with the
AOD from Sun photometer, the overestimations in the profile at higher altitudes
result in the opposite for the lowermost altitudes. Therefore, the extinction values
from MAX-DOAS retrieved for the lower altitudes are generally higher than the li-
dar profiles. The elevated aerosol layer present in the afternoon of 12 January 2009
is reproduced by MAX-DOAS as well as the boundary layer height on 19 February
2009 (Figures [8.36c and [8.36d, respectively). While the AODs from MAX-DOAS
and Sun photometer show an excellent agreement for the considered periods, the
aerosol extinctions at the surface measured in situ remarkably differ from the MAX-
DOAS values (Figure [8.37).

Figure[8.38| shows the correlation of the AODs for the period of 11 December 2008 to
25 March 2009, color coded according x? of the MAX-DOAS profile retrieval, which
is determined by equation (5.2)). The correlation of the data set improves signifi-
cantly when the AODs from MAX-DOAS retrievals with x? > 1000 are neglected.
Although the availability of level 2 AERONET data indicates cloudless conditions
during direct Sun observations (see Section [7.2.1)), the MAX-DOAS measurements
can be influenced by scattered clouds at the same time. The dependency of the
correlation on y? illustrated in Figure can be used to determine a threshold
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Figure 8.39: Correlation of €pr at 477nm retrieved from MAX-DOAS for 0-200m
and measured in situ for the period of 11 December 2008 to 25 March 2009, color
coded according the AOD from Sun photometer. The one to one line is indicated in
dashed black and the linear regression in solid black.

value of x2, which enables to filter the MAX-DOAS results to ensure high quality
AOD measurements.

The correlation of the aerosol extinction at the surface from MAX-DOAS and in
situ measurements is shown Figure .39 While the values from the different instru-
ments differ during the short periods of Figure [8.37 the retrieved surface aerosol
extinctions for the period of 11 December 2008 to 25 March 2009 during cloudless
conditions are well correlated. In contrast to the correlation observed during the
field campaign in Cabauw in 2008 (Figure[8.14]), the measurements of €5 at 477 nm
in Ispra do not show larger differences at higher AODs and the slope of the linear
regression is closer to one.

8.5 Leipzig 2009

The intercomparison campaign in Leipzig was performed in the period from 8 to 29
May 2009. The instrument was set up on the roof of the Institute for Tropospheric
Research (IFT). Due to the surrounding buildings, the azimuth angle of the MAX-
DOAS viewing geometry was set to a fixed value of 180°, i.e. pointing to the South.
The elevation angles were set to values of 2°, 5°, 10°, 20° and 90°. The total
integration time for each spectrum recorded for the according viewing geometry was
set to the same values as in the previous campaigns.

As an AERONET site, the IFT is equipped with a Sun photometer. The lidar
measurements were performed with the POLLY instrument, which was also deployed
during the field campaign in Melpitz (Section . The aerosol profiles from lidar
were determined in the same way using the Fernald-Klett method (see Section
and provided by Holger Baars (IFT, personal communication).
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The MAX-DOAS retrieval settings and parameters used for the previous campaigns
in Melpitz and Ispra were adapted for the retrievals presented for this campaign.
The comparison of the profiles is depicted in Figure for cloudless periods on
13 May 2009. In addition to the profiles retrieved from MAX-DOAS using the Oy
AODs and relative intensities at 477 nm, the results of retrievals with measurement
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vectors consisting only of Oy AODs are shown for comparison in the panels on
the right hand side. In the morning hours, the profiles from MAX-DOAS using
different measurement vectors show no significant differences and compare well with
the profiles from lidar within their uncertainty range (Figure 8.40h and [8.40pb).
This range illustrates the changes in the lidar profile when the lidar ratio varies by
410 sr around the used value of 50 sr. The small peak in aerosol extinction between
2—4 km measured by lidar between 09:15 and 10:00 UT is not reproduced by MAX-
DOAS due to the lower sensitivity for these altitudes. The increased boundary
layer top height between 13:40 and 14:20 UT and the sharp edge in the aerosol
distribution with decreasing extinction towards the ground, indicated by the lidar
profile, is reproduced differently by two MAX-DOAS retrievals (Figure and
8.40d). The consideration of the relative intensities in the measurement vectors
slightly increases the sensitivity at higher altitudes, which results in a shift of the
retrieved maximum extinction toward higher altitudes. This increased sensitivity
also results in the better agreement of the profiles from lidar and MAX-DOAS when
the intensities are considered for the period of 16:00 to 17:00 UT. For the whole
campaign duration, the AODs retrieved for cloudless conditions from MAX-DOAS
and Sun photometer compare well and the correlation improves when the relative
intensities are considered in the MAX-DOAS retrievals (Figure 8.41]). Thus, the
retrievals using only the O, AODs in the measurement vector deliver sufficient
results, but atmospheric conditions can occur in which the consideration of the
relative intensities improves the accuracy of the results.
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8.6 CINDI 2009

The MAX-DOAS instrument was installed at the Cabauw site on 9 June 2009 to
perform a long term intercomparison campaign, which was scheduled in the scope
of the EUSAAR project. This schedule allowed for the participation in the CINDI
(Cabauw Intercomparison of Nitrogen Dioxide measuring Instruments) campaign,
in the period of 9 June to 8 July 2009. After this period, the instrument remained
in Cabauw and made continuous measurements until 12 April 2010. The results
of this long term measurements are addressed in the Section [8.7] while this section
contains the results from the CINDI campaign.

Around 22 MAX-DOAS instruments operated by different working groups from all
over the world made simultaneous measurements of atmospheric trace gases during
the CINDI campaign. The main focus of the campaign was on the measurement of
NOs, HCHO and Oy, as well as the retrieval of trace gas and aerosol profiles from
MAX-DOAS measurements. An overview of this campaign is given in [Piters et al.
(2011)) including selected highlights of the campaign outcomes. A detailed compar-
ison of the NO, and O, dSCDs retrieved from the measurements of the different
MAX-DOAS instruments is presented in |[Roscoe et al.| (2010)), showing that they are
mostly consistent within 5 to 10 %, when retrieved with standardized settings.

In addition to the standardized settings of the DOAS retrieval, the participating in-
struments made measurements for standardized viewing geometries. The elevation
angles were set to 2°, 4°, 8°, 15°, 30° and 90°, and differ from the values for the
previous campaigns. The azimuth angle of the viewing direction was set to 287°
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Figure 8.42: Correlation of the AOD at 477 nm retrieved from Sun photometer and
MAX-DOAS using the Oy AODs and relative intensities for conditions with opaque
cloud fractions < 10 % in the period of 9 June to 8 July 2009, color coded according
to the time of day. The one to one line is indicated in dashed black. The larger
differences in the AODs occur in the afternoon.
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(WNW). The total integration times per measurement were set to 60s for SZAs less
than 80° and 120s for SZAs greater than 80°.

8.6.1 Retrieval of Aerosol Extinction Profiles and Optical
Depths

The value for the constant azimuth angle of the viewing direction, on which the
participating groups agreed, has an implication on the results of the MAX-DOAS
aerosol profile retrieval. In the afternoon, when the Sun is proceeding to set, the rel-
ative azimuth angles become smaller than ~ 25°. The viewing directions close to the
Sun increased the difficulties for the correct modeling of the aerosol phase function
in the radiative transfer calculations, which affected the retrieval and is illustrated
in Figure [8.42] It shows the comparison of the AOD retrieved from Sun photometer
and MAX-DOAS using the optimal estimation method with the O, AODs and rel-
ative intensities as measurement vector. The retrieval settings and parameters were
selected according the standard settings (see page . The comparison dataset in
Figure for the period of 9 June to 8 July 2009 considers conditions with an
opaque cloud fraction less than 10% to minimize the interference of the retrieval
with clouds. The larger differences in the AODs from MAX-DOAS and Sun pho-
tometer occur in the afternoon, for small relative azimuth angles. These deviations
can be attributed to larger discrepancies between the measured and modeled rel-
ative intensities, which were determined in Section by the comparison of the
measured relative intensities of the azimuthal scans to radiative transfer calcula-
tions using independent aerosol data (Figure . Therefore, the retrievals of the
aerosol profiles were performed using only the O, AODs in the measurement vector.
The retrieved AODs are compared to Sun photometer measurements in Figure [8.43]
for the whole campaign duration. Increased AODs are retrieved from MAX-DOAS
for conditions with opaque cloud fraction larger than ~30 % and the highest values
generally occur for cloud fractions larger than ~ 50 %. The AODs from MAX-DOAS
for these high cloud fractions are shown to illustrate the influence of clouds on the
retrieval results. These values should rather be regarded as effective aerosol opti-
cal depths than the true optical depths caused by the presence of clouds, since an
appropriate consideration of clouds in the radiative transfer model is challanging
and not applied in these retrievals. The AODs from MAX-DOAS for conditions
with a cloud fraction smaller than =30 % compare well with the Sun photometer
measurements. Their correlation improves when regarding measurements for cloud
fractions smaller than 10 % (Figure [8.44]).

During the CINDI campaign, in situ measurements of aerosol scattering coefficients
were performed with the humidified nephelometer developed and operated by PSI
(see Seciton [7.2.2.1)). These measurements were combined with aethalometer and
MAAP measurements of the aerosol absorption coeflicient to calculate €,;. The com-
parison of €,; retrieved from MAX-DOAS for 0-200 m and measured in situ during
the CINDI campaign and the subsequent period until October 2009 is discussed in
detail in Zieger et al. (2011)) for a previous version of the MAX-DOAS profile re-
trieval, in which the radiative transfer model SCIATRAN 1 (Rozanov et al., |2002)



182 CHAPTER 8. FIELD CAMPAIGNS

20 P T TS T TN NS ST NN ST ST NI N N S S S SR S S SR S S | 1 | .| 1 1 1

1.8 MAX-DOAS -, [ g 100.0

16 © Sun photometer . . i =

1:4_— " i ] svoog
£ i = "om L | 1 | @
S 1'2—- : : . 6000 %
‘@50.82 . - : s ;- . . -t 4o.oo§
8 oel »% - L S ¥ " g
<06y I :‘i‘E |5 nee é ° gl 2ooo§

ket B g ;aﬁ-e%ﬁéwééiﬁ‘@ |

00‘| b Thik g'lgaﬁgﬁé & |_ | E _gi ¥ 0.000

L
910111213141516171819202122232425262728293012345678
June 2009 July 2009

Figure 8.43: Time series of the AOD at 477nm retrieved from Sun photometer
(open black circles) and MAX-DOAS (solid squares) using only the Oy AODs for
the period from 9 June to 8 July 2009, color coded according to the opaque cloud
fraction.
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Figure 8.44: C(Correlation of the AODs from Sun photometer and MAX-DOAS
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the linear regression in solid black. The correlation tmproves for decreasing cloud
fractions.

was used.

Figure shows the times series of €); measured in situ and retrieved from MAX-
DOAS for 0-200m for the period of the CINDI campaign. The MAX-DOAS
retrievals were performed using only the O, AODs and the radiative transfer model
SCIATRAN 2. The comparison features a similar relationship between €,; and the
prevailing cloud fraction as in Figure As observed during the first intercom-
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Figure 8.46: Correlation of €y at 477nm from MAX-DOAS and in situ mea-
surements shown in Figurefor conditions with an opaque cloud fraction of (a)
<100%, (b) <30% and (c) <10%. The one to one line is indicated in dashed
black and the linear regression in solid black. An improvement of the correlation
with decreasing cloud fraction is not observed.

parison campaign in Cabauw 2008, the retrieved surface aerosol extinction from
MAX-DAOS is generally larger than the in situ measurements. In contrast to the
AODs, the correlations of €, for cases considering all data points and conditions
with opaque cloud fractions of less than 30 % are comparable, while a further limi-
tation of the considered data to conditions with opaque cloud fractions of less than
10 % degrades the correlation. This indicates that the surface extinction retrieval
from MAX-DOAS is not much affected by clouds. During the field campaign in
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Figure 8.47: Comparison of the aerosol profiles retrieved from MAX-DOAS O,
measurements of different groups for 3 July 2009. The top plot shows the backscat-
ter profile from ceilometer and the second plot shows the convolved profiles from
ceilometer. The plots below that show €y (z) retrieved from MAX-DOAS instru-
ments from BIRA, IUPHD, JAMSTEC and MPIC (top-down), respectively (Udo
Friefl, IUPHD, personal communication).



8.6. CINDI 2009 185

Cabauw in 2008, a better agreement in €;; was achieved for the in situ and MAX-
DOAS measurements for a similar limitation of the considered data set (see Figure
B.18k). Thus, in addition to the difficulties of a comparison of €j; from MAX-DOAS
and in situ measurements, which was discussed in Section [8.2.2] uncertainties which
are specific for the used humidified nephelometer instrument could be the reason
for the worse correlation in Figure [8.46] The additional drying and humidifying of
the drawn particles could result in underestimations of certain aerosol types due to
their loss during these processes.

A further objective of the CINDI campaign was the comparison of aerosol profiles
retrieved from MAX-DOAS O4 AOD measurements of the different groups. An ex-
ample for this ongoing study is shown Figure[8.47 The different DOAS groups apply
different approaches for the aerosol profile retrievals. BIRA (Belgian Institute for
Space Aeronomy, Brussels, Belgium) applies the optimal estimation method for the
retrieval of the complete aerosol profile (see |Clémer et al. 2010} for details). JAM-
STEC (Japan Agency for Marine-Earth Science and Technology, Yokohama, Japan)
also applies the optimal estimation method, but retrieves the profile on a coarse
height grid of 1 km vertical resolution (see Irie et al., 2011} for details). MPIC (Max
Planck Institute for Chemistry, Mainz, Germany) applies a least squares approach in
which the aerosol profile is described by two parameters (see Wagner et al., 2011} for
details). The profiles in the panel indicated by IUPHD (Institute of Environmental
Physics, Heidelberg, Germany) were retrieved in the scope of this work using the
optimal estimation method and a previous version of the retrieval, which used the
radiative transfer model SCIATRAN 1. The two panels at the top of Figure [8.47]
shows the averaged and convolved profiles from the LD40 ceilometer (see Section
. The RCS from ceilometer was provided by Henk Klein Baltink (The Royal
Netherlands Meteorological Institute (KNMI), personal communication).

The retrieved aerosol extinction profiles from ITUPHD and BIRA show good agree-
ment with respect to the absolute extinction values and the diurnal development of
the boundary layer. Also their qualitative comparison to the profiles from ceilometer
exhibit an overall good agreement. The profiles from JAMSTEC and MPIC differ
from the profiles retrieved by IUPHD and BIRA due to the difference in the applied
retrieval approaches.

8.6.2 Retrieval of NO, Profiles

The aerosol profiles retrieved using the O4 AODs served as input for the NO, profile
retrievals, which were performed using the standard settings for the trace gas profile
retrieval (see page [165)).

The time series of the retrieved NOy VCDs is compared to satellite measurements of
the SCTAMACHY, OMI and GOME-2 instruments in Figure[8.48h. The comparison
considers only simultaneous MAX-DOAS and satellite measurements. Furthermore,
satellite measurements with cloud radiance fractions larger than 50 % were neglected.
Figure[8.48b shows the time series of the NO, surface concentration measured in situ
and retrieved from MAX-DOAS for 0-100 m for conditions with an opaque cloud
fraction of less than 30% determined by the total sky imager. The NO, VCDs
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Figure 8.48: Time series of the NOy VCD and surface concentration for the period
of 11 June to 8 July 2009: (a) NOy VCD retrieved from MAX-DOAS for 0—4km
(open black squares) and the tropospheric VCD from SCIAMACHY (stars), OMI
(triangles) and GOME-2 (diamonds) color-coded according the distance of the satel-
lite pizel center to the Cabauw site; (b) NOy concentration measured in situ (solid
red circles) and retrieved from MAX-DOAS for 0-100km (open blue squares).
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Table 8.7: The influence of the cloud fraction. Linear regression fit and statistical
parameters for the correlations shown in Figure [8.49.

Cloud Number | Slope | Offset | R | Bias | Standard
fraction | of points deviation
< 100 % 938 0.04 | 10.26 | 0.23 | 2.61 39.92
<30 % 364 0.38 | 7.05 | 0.46 | -0.76 7.65
<10% 150 0.61 | 6.37 | 0.50 | -3.15 6.68

retrieved from MAX-DOAS favorably compare with the satellite observations. In
cases with a large variation of the NOy VCD measured by the satellite instruments
for a certain time period, the values retrieved from MAX-DOAS are within the
variation range. In cases with individual satellite measurements, the differences to
the VCD from MAX-DOAS tend to be larger for longer distances of the satellite
pixel center to the Cabauw site. The agreement of the NO, surface concentrations
retrieved from MAX-DOAS and in situ measurements is poorer compared to the
observations during the field campaign in Cabauw in 2008 (see Figure . How-
ever, the correlation improves when only conditions with an opaque cloud fraction
of less than 10 % are considered (Figure and Table [8.7)).

8.7 Cabauw 2009 and 2010

After the CINDI campaign, the MAX-DOAS instruments remained installed at the
Cabauw site to perform a long-term intercomparison until 12 April 2010. For these
measurements, the viewing geometry of the instrument was changed to follow the
azimuthal position of the Sun with a constant relative azimuth angle of 30°. The
elevation angles of 2°, 4°, 8°, 15°, 30° and 90° were adapted from the settings used
during the CINDI campaign. The total integration times for the measured spectra
were equal to the values used in the previous campaigns.

8.7.1 Retrieval of Aerosol Extinction Profiles and Optical
Depths

The aerosol profile retrievals were performed using the standard settings (see page
144). Figure shows the correlation of the AOD retrieved from MAX-DOAS
and Sun photometer for the period of 9 July 2009 to 11 April 2010, while Figure
depicts the correlation of €, measured in situ and retrieved from MAX-DOAS
for the surface layer. For these comparisons, only the measurements for conditions
with an opaque cloud fraction of less than 10 % are considered. Since the humidified
nephelometer was installed at the Cabauw site only until the end of October 2009,
the comparison data set for €); includes less measurements than the AOD compar-
ison. The comparison of €); shows that the values retrieved from MAX-DOAS are
generaly larger than the in situ measured ones, which was also observed during the
CINDI camapaign and is most probably attributable to the effects described in Sec-
tion[8.6.1] However, the good agreement of the AODs and the well correlated suface
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Figure 8.50: Correlation of the (a) AOD and (b) ey at 477nm retrieved from
MAX-DOAS, Sun photometer and in situ measurements for cloudless conditions
during 9 July 2009 to 11 April 2010. The one to one line is indicated in dashed
black and the linear regression in red.

extinctions for the long time period demonstrate the capability of the MAX-DOAS
aerosol retrieval to provide reliable information on atmospheric aerosols over long a
time period.

8.7.2 Retrieval of NO, Profiles

The results of the NOy profile retrievals for the long-term measurements are shown
in Figure 8.51I] The aerosol extinction profiles retrieved from MAX-DOAS served
as input for the NOy profile retrievals. The compared VCDs retrieved from MAX-
DOAS and the different satellite instruments consider only simultaneous measure-
ments with cloud radiance fractions less than 50 % with respect to the satellite
observations. The NOy surface concentrations are shown for conditions with an
opaque cloud fraction of less than 30 %. The time series in Figure illustrates
that MAX-DOAS is a powerful tool. It provides reliable information on the vertical
distribution of atmospheric NOy and enables measurements containing information
whose determination usually requires several different measurement techniques.
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Figure 8.51: Time series of the NOy VCD and surface concentration for the pe-
riod of (a,b) 9 July to 17 December 2009 and (c,d) 2 February to 11 April 2010:
(a,c) NOy VCD retrieved from MAX-DOAS for 0—4 km (open black squares) and the
tropospheric VCD from SCIAMACHY (stars), OMI (triangles) and GOME-2 (dia-
monds) color-coded according the distance of the satellite pizel center to the Cabauw
site; (b,d) NOy concentration measured in situ (solid red circles) and retrieved from
MAX-DOAS for 0-100km (open blue squares).
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8.8 Observation of the Volcanic Plume of Eyjaf-
jallajokull over Heidelberg in 2010

In March 2010 the Eyjafjallajokull volcano, situated at the southern part of Iceland
(Figure , started to erupt after being in a state of unrest for more than 15
years (e.g., Pedersen and Sigmundsson, 2004) with a more intense seismic unrest
beginning in 2009 (Sigmundsson et al., 2010)). The eruption was a small to interme-
diate size eruption, but due to its large amount of ash emission combined with the
intermittent prevailing wind direction from northwest it caused high levels of dust
in the mid-troposphere, which led to the closure of the European airspace between
the 14 and 20 April 2010 and in some places even until the 18 May 2010. The 2010
Eyjafjallajokull eruption lasted until 19 May 2010.

Ash emission during volcanic eruptions is a common phenomenon, nothing unex-
pected or new, nevertheless not much attention was paid to the potential problems
Icelandic volcanic eruptions can cause on the European and American air traffic.
Notwithstanding volcanic eruptions take place on Iceland on average about every
4 years (Gudmundsson et al. 2010). Volcanoes generally emit large amount of
aerosols and gases, the latter being mainly HyO, CO,, SOy and lower levels of hy-
drogen halides in the state of quiescent degassing as well as during eruptions. Ash
emission is usually observed in phases of higher volcanic activity and often accompa-
nied by increased gas emissions. Due to the high atmospheric background, volcanic
H>O and CO4 are usually difficult to measure with remote sensing methods avail-
able today. In contrast, SO, is the easiest measurable gas tracer of volcanic plumes.
In aged volcanic clouds, a separation of SOy and ash can appear due to fall out of
larger particles resulting in a movement of both clouds in different directions due to
wind shear. For young volcanic clouds, SO, and ash concentrations remain highly
correlated up to three days after the emission (Schumann et al., 2011]).

Shortly after the long-term measurements in Cabauw, the MAX-DOAS instrument

~<——— 2700 km > - 290 km
‘ iy AERONET
Fran{kfurt on the Main | } Sun photometer
' M0 " Mainz il
70 km
Heidelberg'o MAX-DOAS
N, Fav g I 56 km
70 Rheinstetten
e DWD
: ‘ Ceilometer

Figure 8.52: The location of the Eyjafjallajokull volcano and the overview of the
measurement sites and considered instrumentation (source: Google Maps). The
yellow array indicates the viewing direction of the MAX-DOAS instrument.
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was installed on the roof of the Institute of Environmental Physics in Heidelberg
(49.4°N, 8.7°E, 114 m above sea level (asl)). Figure shows the location of the
Eyjafjallajokull volcano and the measurement sites of the considered instruments,
which are used for the comparison of the MAX-DOAS observations. The viewing
direction of the MAX-DOAS instrument is indicated by the yellow array in the map
and corresponds to an azimuth of 330° (NNW). The AERONET Sun photometer
closest (7T0km) to Heidelberg is located at the Max Planck Institute for Chemistry
in Mainz (50.0°N, 8.3°E, 150 m asl). The ceilometer in Rheinstetten (49.0°N, 8.3°E,
117m asl) is operated by the German Weather Service (DWD) and is located at a
distance of 56 km) to Heidelberg. The eruption style of the Eyjafjallajokull volcano
changed from an effusive to a more violent explosive eruption on 14 April 2010, and
continuous MAX-DOAS measurements were performed beginning on 17 April 2010.

8.8.1 Detection of the Volcanic Plume of Eyjafjallajokull by
SO, Measurements

To increase the retrieval quality of the spectral retrieval of SO, dSCDs from the
MAX-DOAS measurements, three subsequent spectra of equal viewing directions
were added prior the analysis (see Section [3.6.2)). The wavelength range of 310.8-
330 nm was used for the spectral retrieval and the zenith measurement at noontime
of the according day was used as referenc spectrum (see Section .

Figure [8.53] shows the overview of the simulated volcanic ash vertical columns and
measured SOy, dSCDs over Heidelberg for the period of 17 April to 23 May 2010.
The simulations of the volcanic ash vertical columns over Heidelberg were performed
with the Lagrangian particle dispersion model FLEXPART (see Section and
provided by Nina Iren Kristiansen (Norwegian Institute for Air Research (NILU),
personal communication). The simulations of the atmospheric transport and evolu-
tion of the volcanic plume of the Eyjafjallajokull volcano were performed considering
ash particles with a diameter of 0.25-3 um. This limitation of the considered size
range to fine particles was made to approximate the transport of volcanic SO,
which means that the simulated volcanic ash particle vertical columns over Heidel-
berg serve as proxy for volcanic SOy. However, the different removal processes of
fine particles and SO, (see Section and , respectively) as well as wind shear
can cause the separation of both components in aged volcanic plumes. Figure [8.53p
shows only SOy dSCDs from MAX-DOAS, which are above the detection limit of
6 o for clarity. Three periods with a significant number of increased SO, dSCDs can
be identified. These periods are shown in more detail in Figures -B.53h. On
19 April, a day with cloudless conditions, increased SO, dSCDs occur during the
entire period of the MAX-DOAS measurements for all off-axis viewing directions,
and the simulations predict the occurrence of volcanic fine particles over Heidel-
berg. In contrast, on 29 April, SO, dSCDs above the detection limit are measured
by MAX-DOAS only during the morning, while the simulation does not predict the
occurrence of volcanic fine particles. Therefore, the measured SO, dSCDs are most
probably due to local emissions of pollution sources. On 18 May, the FLEXPART
simulation predicts increased vertical columns of volcanic fine particles, which is
correlated to the MAX-DOAS SO, dSCD observations with increased values for all
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Figure 8.53: The (a) simulated volcanic ash vertical columns and (b) measured
SOy dSCDs over Heidelberg for the period of 17 April to 23 May 2010. Volcanic
ash particles with a diameter of 0.25-3 pum were considered in the FLEXPART sim-
ulations and serve as proxy for volcanic SO. For clarity, the SOy dSCDs from
MAX-DOAS are only shown for values above the detection limit of 6. The light
grey areas indicate nighttimes. Periods with a significant number of increased SO,
dSCDs are enlarged in the bottom panels (c-h).

viewing directions. In the period of 11 to 15 May, several smaller peaks in the sim-
ulated vertical columns of fine particles appear (Figure . For this period, the
MAX-DOAS measurements do not detect SOy dSCDs which are above the detection
limit. Figure shows the comparison of the SO, VCDs observed by the GOME-2
satellite instrument (see Section and the simulation of the volcanic ash verti-
cal column for 19 April and 18 May 2010 over northern Europe. The GOME-2 data
was provided by Christoph Hérmann (Max Planck Institute for Chemistry, personal
communication). The FLEXPART simulations for the horizontal distribution of the
volcanic ash vertical column were performed considering particles with a diameter
of 0.25-250 pm.

The increased SO, dSCDs measured by MAX-DOAS on 19 April indicate the detec-
tion of the volcanic plume over Heidelberg, since these observations are in agreement
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Figure 8.54: (a,c) GOME-2 measurements of the SOy VCD and (b,d) FLEX-
PART simulations of the volcanic ash vertical column for (top) 19 April and (bot-
tom) 18 May 2010 over northern Europe. Volcanic ash particles with a diameter of
0.25-250 um were considered in the FLEXPART simulations. The location of the
FEyjafjallajokull volcano and Heidelberg is indicated in the maps.

with the predicted vertical columns of volcanic ash particles. However, the GOME-
2 measurements show no significant SO, VCDs over Heidelberg. The observations
during this cloudless day require a detailed analysis to determine whether the ob-
served SOy dSCDs by MAX-DOAS are attributable to local pollution sources or
arise due to an actual detection of the volcanic plume. The appropriate considera-
tions and discussions are presented below in Section [8.8.3

In contrast, the situation for 18 May is unambiguous. The simulations, MAX-DOAS
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and GOME-2 measurements are in agreement with respect to the presence of the
volcanic plume over Heidelberg. During this day, a persistent complete cloud cover
was present. The SO, dSCDs measured by MAX-DOAS show no separation accord-
ing the elevation angle. This relationship confirms that the location of the observed
SO, layer in or above the water clouds. In such a case, the light paths through
the SO, layer is approximately equal for all viewing directions. Furthermore, the
spectral retrieval of the MAX-DOAS spectra using the zenith measurement from
the current elevation sequence as reference spectrum showed that no increased SOq
ASCDs can be observed. Therefore, the detected SO dSCDs on 18 May arise from
volcanic emissions of Eyjafjallajokull. The location of the volcanic SO, layer in or
above the water clouds is favorable for the satellite measurements, since the sensitiv-
ity increases for these conditions. The light paths in the water clouds are increased
due to multiple scattering, and the amount of scattered light reaching the satellite
instrument from directly above the cloud is increased due to the high albedo of water
clouds.

The period from 17 to 20 April 2010 was characterized by persistent cloudless con-
ditions. For this period, aerosol extinction profiles were retrieved to explore the
capabilities of MAX-DOAS measurements to detect volcanic ash related enhance-
ments in the atmospheric aerosol load. The results of the aerosol profile retrieval
are discussed in the following section. The retrieved aerosol profiles were used as
input parameter for the trace gas profile retrievals presented in Section [8.8.3

8.8.2 Retrieval of Aerosol Extinction Profiles and Optical
Depths

The aerosol profile retrievals were performed using the standard settings and pa-
rameter described in Section [8.2.2 using the O, AODs and relative intensities. An
overview of the AOD retrieved from MAX-DOAS and Sun photometer, €y (2) re-
trieved from MAX-DOAS, RCS from ceilometer and FLEXPART simulations of the
volcanic ash vertical distribution is shown in Figure[8.55] The AODs from Sun Pho-
tometer were measured at the AERONET site in Mainz (Figure ,b,i,j). The
aerosol profiles from the DWD ceilometer in Rheinstetten were provided by Harald
Flentje (Meteorological Observatory Hohenpeissenberg of the German Weather Ser-
vice, personal communication) and are expressed as RCS (Figure ,f,m,n). The
FLEXPART simulations show the vertical distribution of the volcanic ash plume
over Heidelberg (Figure ,h,o,p). These simulations were performed consider-
ing volcanic ash particles with a diameter of 0.25-20 pum.

The AODs retrieved from MAX-DOAS agree well with the Sun photometer mea-
surements with respect to the trend observed for the period of 17 to 20 April. The
differences in the AODs from both instruments partly arise due to the distance of
the measurement sites of roughly 70km. A remarkable increase in atmospheric
aerosol load is observed for Mainz and Heidelberg for 19 April with AODs of up to
~1.2 (Figure [8.2.2}).

Despite the distance of the measurement sites of roughly 56 km, several similar fea-
tures in the RCS from ceilometer and €y/(z) from MAX-DOAS can be identified. In
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Figure 8.55: Diurnal developments of the (a,b,i,j) AOD retrieved from MAX-
DOAS and Sun photometer, (c,dk,l) ep(z) retrieved from MAX-DOAS, (e,f,m,n)
RCS from ceilometer and (g,h,0,p) FLEXPART simulations of the volcanic ash ver-
tical distribution (see text for details). Note that the instruments are located at
different sites. The simulations consider the profiles above Heidelberg.
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Figure 8.56: Diurnal developments of the (a,b,e,f) NOy ASCDs and (c,d,g,h) NOy
VMR profiles retrieved from MAX-DOAS in Heidelberg for the period of 17 to 20
April 2010. Increased NOy VMR were observed on 19 April.

the morning hours of 17 April, a descending volcanic ash layer at altitudes around
1.5-3.5km is observed by the ceilometer (Figure ) Such a development in the
vertical distribution of the volcanic ash plume over Heidelberg is predicted by the
simulations (Figure ) Increased aerosol extinction values are retrieved from
MAX-DOAS for altitudes between 1.0 and 2.5km (Figure [8.55¢), which is in agree-
ment with the ceilometer observations and FLEXPART simulations. The observed
increase in the profiles from MAX-DOAS can therefore be attributed to volcanic
ash particles. Around noon and the early afternoon of 18 April, the aerosol profiles
from MAX-DOAS reproduce an elevated layer at altitudes between 1.0 and 2.5 km,
which is in good agreement with the ceilometer measurements with respect to the
layer height and temporal occurrence (Figure [8.55(,f). On 19 April, which is the



8.8. HEIDELBERG 2010 197

19/04/2010
| 1 L 1 N | L 1 , | , |
N'_'09—- a & o no I%,I?Yatiin: o ano = measured _
A 5 g 17274757 15730790 ° retrieved ||
O © CRE
» © 06+ % g o I
o Fosl® ;g &% L %%% i
0 ) [] B [~ 5l 7
\C—> 13 = EE a g 5 T § |
0.0 T of 2 R
] - 10
] w
3 Mg O
3= _] s S
2 £ 27 - 5
< | 4 5
3 _‘I2 S,
01 - — . )
8 9 10 11 12 13 14 15

Time [UT]

Figure 8.57: Diurnal developments of the (a) SOy dSCDs and (b) SOy VMR
profiles retrieved from MAX-DOAS in Heidelberg for 19 April 2010. An elevated
SOy layer is observed in the morning hours.

day with the increased SO, dSCDs and AODs, a good agreement in the diurnal
development of the increasing mixing layer height between 5:00 and 14:00 UT can
be identified in the profiles from MAX-DOAS and ceilometer (Figure [8.2.2k,m).
While the simulations predict increased amounts of volcanic ash at altitudes above
~2.5km (Figure[8.2.2p), the RCS measured by the ceilometer shows no significantly
increased aerosol signals at these altitudes with the according extent. Weak signals
at altitudes above ~3km are detected and indicated by bluish colors, which are
possibly due to volcanic ash particles. An increase in €)/(z) at these altitudes is not
observed by MAX-DOAS due to the lower sensitivity and height resolution of the
retrieval at the according altitudes. On 20 April, the profiles from MAX-DOAS and
ceilometer agree well with respect to the boundary layer height and the increased
aerosol load at altitudes below ~ 1 km.

8.8.3 Retrieval of SO, and NO, Profiles

The aerosol extinction profiles retrieved from the MAX-DOAS measurements were
used as input parameters for the trace gas retrievals. The retrieval parameters and
settings were adapted from the standard settings described in Section for the
NOs and SO, profile retrievals. Figure shows the measured and retrieved NO,
ASCDs and the retrieved NOy VMR profiles. A very good agreement is achieved
for the measured and simulated ASCDs. The retrieved NOy profiles show increased
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VMRs at altitudes below = 500m in the morning hours of 19 and 20 April. On 19
April the NO, layer height increases beginning at noon time, which is attributable to
the increasing mixing layer height as reproduced by the MAX-DOAS aerosol profile
retrieval (Figure [8.55k).

The measured and retrieved SO, dSCDs as well as the retrieved SOy VMR pro-
files are depicted in Figure [8.57, The measured and retrieved dSCDs show a very
good agreement. The retrieved SO, profiles show increased VMRs in the lowermost
altitude range in the morning hours. In the afternoon, the increased SO, VMRs
are retrieved for higher altitudes. This diurnal development correlates with the re-
trieved NO, profile trend indicating that these SO, fractions can be attributed to
local emissions form pollution sources. However, the SO, profile retrieval also repro-
duces an elevated layer occurring at altitudes between 1-3 km in the morning hours,
which is likely caused by SO, originating from emissions of the Eyjafjallajokull vol-
cano. During cloudless conditions, which was the case on 19 April, the satellite
measurements have a relatively low sensitivity for trace gases (and in particular for
SO,) at lower altitudes. This explains why the GOME-2 measurements do not show
increased SOy VCDs over Heidelberg (Figure .

These findings show that MAX-DOAS is a powerful technique, which is suitable
for the detection of elevated volcanic SOy plumes. It has the advantage of the
SO, detection also during conditions with dense cloud cover, when other techniques
for the measurement of volcanic ash particles, like lidar and Sun photometer, are
impeded in their effectiveness. Furthermore, SO, located at lower altitudes can be
separated according to its residence altitude, which allows the identification of its
origin.
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Conclusions and Outlook

In the scope of this work, the MAX-DOAS technique was combined with sophis-
ticated inversion methods to retrieve the vertical distribution of atmospheric trace
gases and aerosols. A new kind of MAX-DOAS instrument was developed, which
meets the requirements of automated long term measurements. Following the con-
cept of a separated telescope and spectrometer unit, the instrument was especially
designed to provide multi-functional capabilities. The integration of three miniature
spectrometers enables MAX-DOAS measurements over a wide wavelength range
with a high spectral resolution. This provides the capability to measure a variety of
trace gases absorbing at different wavelengths ranging from ultra-violet to visible.
The inlet aperture of the telescope unit can rotate around two axes, which allows
for collecting scattered Sun light from any direction in the sky. This allows for
the adaptation of the viewing geometry of the MAX-DOAS measurements to the
surrounding of the measurement site. Furthermore, measurements at several differ-
ent azimuth angles can be performed. These kind of measurements contain further
information on the optical properties of atmospheric aerosols. A further potential
application of this telescope design is the measurement of direct sun- and moonlight.

An existing retrieval algorithm, which applies the optimal estimation method for
the inversion of aerosol extinction profiles from MAX-DOAS O4 and intensity mea-
surements, was further developed and improved. A newer version of the radiative
transfer model was implemented in the retrieval. With the new algorithm, the
aerosol optical properties, i.e. the single scattering albedo, phase function, and
Agnstrém exponent, can be directly chosen in the retrieval without a conversion us-
ing a parametrization and aerosol data base. In addition to the optimal estimation
method, further inversion approaches where implemented in the retrieval algorithm.
A description of the aerosol extinction profile using two and three parameters was
introduced for a parameterized retrieval. Also the regularization method was ap-
plied for the retrieval of the complete aerosol extinction profile. These developments
of the aerosol retrieval algorithm were adapted and adjusted for the retrieval of trace
gases from MAX-DOAS measurements, and appropriate algorithms were developed.

Major parts of the work performed within this thesis, including the instrument and
retrieval algorithm development, were carried out in the scope of a joint research

199
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activity of the European EUSAAR project. Several field campaigns were performed
at different sites in Europe within this project. The aim of these campaigns was the
comparison of this relatively new MAX-DOAS application to aerosol measurements
with established in situ and remote sensing techniques. The intercomparison cam-
paigns were carried out in Cabauw (The Netherlands), Melpitz (Germany), Ispra
(Italy), and Leipzig (Germany).

The improved aerosol and trace gas retrieval algorithms were tested by intensive
sensitivity studies using synthetic measurements. The capability of MAX-DOAS
O4 and intensity measurements from azimuth scans to provide information on fur-
ther aerosol optical properties by the retrieval of the single scattering albedo, phase
function parameter, and Agnstrém exponent was demonstrated, confirming previ-
ous studies on the information content of such measurements. The retrievals using
a parameterized description of the aerosol profile were found to be limited in their
capabilities to reproduce aerosol profiles with structured shapes, which is frequently
observed in the atmospheric boundary layer, due to the restrictions of representable
shapes by the according parametrization. In contrast, the complete profile retrieval
using optimal estimation showed its capability to reproduce a variety of profile
shapes, including two-layered structures. An important finding is that this capa-
bility is still available at relative low aerosol loads. The regularization method was
applied for the retrieval of aerosol and trace gas profiles using different regularization
operators, whereat each of which allows for constraining the profile independently
from a priori knowledge.

The comparisons of the MAX-DOAS results to the measurements of the other in-
struments during the numerous field campaigns were used to identify several aspects
with respect to the MAX-DOAS aerosol and trace gas profile retrieval using opti-
mal estimation. For cloudless conditions, the comparisons of the aerosol extinction
profiles retrieved from MAX-DOAS to measurements from lidar instruments showed
very good agreement. Elevated aerosol layers were reproduced by MAX-DOAS and
the diurnal development of the aerosol load in the boundary layer was also cap-
tured. In addition, the AOD retrieved from MAX-DOAS agreed very well with
Sun photometer measurements. The comparison of the aerosol extinction retrieved
from MAX-DOAS for the lowermost altitude layer to in situ measurements showed,
that both exhibit a similar diurnal pattern, but significant differences in the ab-
solute extinction values were present. The aerosol extinction values retrieved from
MAX-DOAS were significantly larger by a factor of 2-3 than those from in situ mea-
surements. While several possible explanations for this difference exist, the actual
reason is not known yet and requires further investigation.

NO, surface concentrations from the MAX-DOAS profile retrievals show very good
agreement with in situ measurements. The retrieved NOy VCDs were found to agree
well with satellite measurements within the variation expected for satellite measure-
ments as a result of the pixel center distance to the ground based measurement site
and the large area of a satellite pixel.

Sensitivity studies considering different MAX-DOAS aerosol retrieval settings and
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parameters were performed. These allowed for the identification of several issues
from the comparison to the other measurement techniques. The usage of measured
intensity in addition to the O, measurements increases the information content of
the retrieval and improves the comparison of the AODs from MAX-DOAS and Sun
photometer as well as the extinction profiles from MAX-DOAS and lidar. While
the MAX-DOAS retrieval using the Oy AODs and relative intensities at 477 nm
shows the best agreements with the other techniques, the retrieval at 360, 577 and
630 nm resulted in poorer agreements due to difficulties in the spectral DOAS anal-
ysis. The usage of co-located measurements of pressure and temperature profiles
from radiosondes as retrieval parameters instead of standard profiles improves the
quality of the retrieval.

Two different parameterizations for the aerosol retrieval were tested. In the two-
parameter approach, the layer height and AOD of a box-profile was assumed. The
three-parameter approach describes the aerosol profile as a Gaussian function with
AOD, layer height and layer width as parameters. The parameterized version of the
retrieval was found to perform better with respect to the aerosol profile results and
their comparison to lidar measurements, when two parameters were used for the pro-
file description. However, the comparison of the retrieved AODs to Sun photometer
measurements shows similar agreements for the two and three parameter case. The
regularization method increases the computational effort due to additional iteration
sequences, which are necessary to determine the optimal regularization parameter.
This limits its applicability for near real-time retrievals.

When comparing the different approaches for the MAX-DOAS retrieval, the best
results were achieved using the optimal estimation method for the retrieval of the
complete aerosol profile.

Sensitivity studies for the NOy profile retrieval showed that the usage of a height
grid, which is too coarse, results in larger differences in the comparisons to in situ
measurements. A height resolution of 100 m for the altitude grid was found to be
sufficient. Better correlations to in situ measurements were achieved, when the
aerosol profiles retrieved from MAX-DOAS were used as input for the NO, profile
retrievals instead of the co-located lidar profiles.

Overall, the MAX-DOAS aerosol and trace gas profile retrievals performed within
this thesis show very good agreements with independent measurements, especially
for cloudless conditions but also during the field campaigns over longer periods at
sites with different typical levels of aerosol and NOy abundances. This demonstrates
that the MAX-DOAS technique is a powerful tool for monitoring the vertical distri-
bution of atmospheric constituents. The capability of MAX-DOAS instruments to
perform automated measurements allows their operation even at remote stations.
Furthermore, the comparably low cost of MAX-DOAS instruments makes the de-
ployment in measurement networks feasible.

The MAX-DOAS instrument was set up in Heidelberg (Germany) after the inter-
comparison campaigns within the EUSAAR project. The highly diluted plume of the
Eyjafjallajokull volcano in Iceland was detected by MAX-DOAS SO, measurements
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over Heidelberg in 2010. These measurements allowed the unambiguous detection
during conditions with complete cloud cover, and were in agreement with satellite
observations and model predictions. Since the established techniques for the ground
based remote sensing of volcanic ash particles, like lidar and Sun photometer, are
impeded in their effectiveness during cloud cover conditions, the MAX-DOAS tech-
nique is highly suited to perform complementary measurements of volcanic SO,.
Therefore, the integration of MAX-DOAS instruments in worldwide networks for
the real-time observation of volcanic plumes is recommended, since these additional
measurements can be used to improve the particle transport models as well as con-
tribute to aviation safety management. To decrease the influence of SO, originating
from local pollution sources and thus possibly masking the MAX-DOAS measure-
ments of the volcanic plume, the network sites should be located in areas with low
pollution levels.

Although the O4 absorption cross section was reported in previous studies to show
uncertainties with respect to the absolute values, the radiative transfer simulations
as well as the aerosol profile retrievals in this work showed best results if the original
values of the O4 cross section reported in the literature was used. A possible tem-
perature dependence leading to such differences could be an explanation for the fact
that it is necessary to scale the absolute value of the O4 cross section for measure-
ments at particular sites. Therefore, intensive studies and laboratory measurements
of the O4 absorption cross section and its temperature dependence are necessary
to determine the actual reason for the observed discrepancies and to provide more
reliable spectroscopic data on the oxygen collision complex.

Since the aerosol profile retrievals using measured intensities are influenced by
clouds, retrievals using only the O, AODs, which enable a more robust retrieval
performance, should be used in near real-time applications for long term measure-
ments.

The aerosol profile retrievals using synthetic measurements showed that the simul-
taneous usage of the Oy AODs and relative intensities at 360, 577 and 630 nm
improves the retrieval sensitivity and height resolution. The improvement of the
spectral DOAS analysis of the 577 and 630 nm O,4 absorption bands, as well as the
application of spectrometers with higher sensitivities in the ultra-violet, e.g., us-
ing back-thinned area detectors, could result in aerosol profile retrievals of higher
quality and accuracy. The observed difficulties of the radiative transfer model to
simulate the appropriate aerosol phase function at small relative azimuth angles re-
quires further investigation. Once these discrepancies are resolved, the retrieval of
the aerosol single scattering albedo, phase function, and Agnstrém exponent from
MAX-DOAS azimuth scans would be possible. In a further step, the combination
of these retrieved optical parameters with Mie theory could be used to retrieve the
aerosol size distribution and complex refractive index.

Additionally, the consideration of the Ring effect can improve the information con-
tent of MAX-DOAS measurements on aerosols (Wagner et al., 2009). Also the con-
sideration of polarization would yield additional information on atmospheric aerosols
(Seidler;, |2008). However, both effects require radiative transfer models, which are
capable of modeling Raman scattering and polarization.
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The ongoing comparison of the aerosol profile retrievals applied by the different
MAX-DAOS groups in the scope of the CINDI project, allows the development of
standardization approaches for the profile retrievals. Especially in this early stage
of this new technique, such efforts can help to improve the retrieval performance
as well as the comparability of the resulting data products from the different in-
struments. The level of agreement between the profiles retrieved from groups using
similar algorithms is already encouraging.
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Appendix A

Sensitivity Studies

Figures — show the results of the sensitivity studies for the intercompari-
son campaign in Cabauw 2008 (Section [8.2.2.1). The average differences between
the aerosol extinction profile €);(2) retrieved from MAX-DOAS and lidar as well as
the corresponding standard deviations were calculated with respect to absolute and
relative differences. The shown cases are related to the different retrieval settings
described on page (151}

Figures and show the comparison of €,/(z) retrieval from lidar and MAX-
DOAS using the parameterized retrieval with two and three parameters (Section

F223).
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Figure A.1: The mean (left panel) absolute and (right panel) relative differences
and corresponding standard deviations of €y (z) retrieved from MAX-DOAS and
lidar for the period of 7 to 10 May 2008 in Cabauw. The differences to the (blue)
original and (red) convolved lidar profiles for retrievals using Oy AODs and relative
intensities at (a,b) 360, (c,d) 477, (e,f) 577 and (g,h) 630nm (Cases Std. from

Section )
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Figure A.2: The mean (left panel) absolute and (right panel) relative differences
and corresponding standard deviations of ey(z) at 477nm retrieved from MAX-
DOAS and lidar for the period of 7 to 10 May 2008 in Cabauw. The differences to
the (blue) original and (red) convolved lidar profiles for different retrieval setting:
(a,b) only Oy AODs are used; (c,d) mazimum of 10 iteration steps instead of 5;
(e.f) performing two subsequent iteration sequences; (g,h) calculating the weighting

function for each iteration step (Cases A and B from Section |8.2.2.1)).
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Figure A.3: The mean (left panel) absolute and (right panel) relative differences
and corresponding standard deviations of ey(z) at 477nm retrieved from MAX-
DOAS and lidar for the period of 7 to 10 May 2008 in Cabauw. The differences to
the (blue) original and (red) convolved lidar profiles for different retrieval setting:
(a,b) using the monthly mean aerosol optical properties; (c,d) surface albedo of 0.3
instead of 0.05; (e,f) using radiosonde data; (g,h) using a scaling factor of 1.25 for
the Oy absorption cross-section (Cases C from Section .
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Figure A.4: The mean (left panel) absolute and (right panel) relative differences
and corresponding standard deviations of €p(z) at 477nm retrieved from MAX-
DOAS and lidar for the period of 7 to 10 May 2008 in Cabauw. The differences
to the (blue) original and (red) convolved lidar profiles for retrievals using a scaling
factor of 5 for (a,b) the Oy AOD errors, (c,d) the intensity errors and (e,f) the Oy

AOD and intensity errors (Cases D from Section |8.2.2.1]).
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Figure A.5: The mean (left panel) absolute and (right panel) relative differences
and corresponding standard deviations of €y (z) retrieved from MAX-DOAS and
lidar for the period of 7 to 10 May 2008 in Cabauw. The differences to the (blue)
original and (red) convolved lidar profiles for retrievals using simultaneously the O,
AODs and intensities at 360 and 477nm, (c,d) 477 and 577nm, (e,f) 360, 477 and
57Tnm and (g,h) 360, 477, 577 and 630nm (Cases E from Section .
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Construction Plans

The following figures show the telescope and spectrometer unit construction plans
of the MAX-DOAS instrument.
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Figure B.1: Engineering drawing of the telescope unit
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Figure B.2: Engineering drawing of the telescope optical bench
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Figure B.3: Engineering drawing of the spectrometer unit
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