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Die Anwendung von multispektraler Polarimetrie in der atmosphérischen Fern-
erkundung durch die MAX-DOAS Methode

Die Multi-Axiale differentielle optische Absorptionsspektroskopie (MAX-DOAS) ist eine etablierte
Fernerkundungsmethode zum Nachweis von atmosphérischen Aerosolen und Spurengasen. Sie
basiert auf der Analyse von Himmelslichtspektren im ultravioletten und sichtbaren Spektralbere-
ich. Die Kombination von mehreren unter verschiedenen Sichtgeometrien aufgenommenen Spek-
tren (,Multi-Axial“) ermoglicht es, Vertikalverteilungen von Aerosolen und Spurengasen sowie
Aerosoleigenschaften abzuleiten. Letzteres geschieht unter Anwendung von numerischen Inver-
sionsverfahren. Es ist bereits ldnger bekannt, dass der Polarisationszustand des Himmelslichts
zusatzliche Informationen iiber den atmosphérischen Zustand liefern kann. Dies wurde in bisheri-
gen MAX-DOAS Messungen jedoch nicht ausgenutzt. Hauptziel der vorgestellten Arbeit war es,
das Potenzial polarimetrischer MAX-DOAS Messungen abzuschitzen. Zu diesem Zweck wurden
ein polarisationsempfindliches MAX-DOAS-Instrument (PMAX-DOAS) und ein entsprechender
Inversionsalgorithmus (RAPSODI) entwickelt, die sowohl die Erfassung als auch die Verarbeitung
polarimetrischer Informationen erlauben. RAPSODI erméglicht aufferdem als erster MAX-DOAS
Inversions-Algorithmus die Bestimmung von mikrophysikalischen Aerosoleigenschaften. Im Vergle-
ich zu herkommlichen MAX-DOAS-Messungen, die keine Polarisation beriicksichtigen, konnte fiir
die polarimetrischen Messungen ein signifikanter Informationszuwachs bzgl. des atmosphérischen
Zustands festgestellt werden: unter typischen Sichtgeometrien erhoht sich die Anzahl ableitbarer
Freiheitsgrade fiir Aerosolprofile und Aerosoleigenschaften um etwa 50 % bzw. 70 %, fiir Spuren-
gasprofile um etwa 10 %. Unter der Annahme idealer Messbedingungen, prognostizieren die Studien
anhand synthetischer Daten eine Verbesserung der Messgenauigkeit (mittlere quadratische Abwe-
ichung zum wahren Wert) von etwa 60 %, 40 % und 10 % fiir vertikale Aerosolsdulen, Aerosoleigen-
schaften und vertikale Spurengassiulen.

Enhancing MAX-DOAS atmospheric remote sensing by multispectral
polarimetry:

Multi-AXis Differential Optical Absorption Spectroscopy (MAX-DOAS) is a well-established re-
mote sensing technique for the detection of atmospheric aerosol and trace gases. Ultra-violet and
visible radiation spectra of skylight are analysed to obtain information on different atmospheric
parameters. An appropriate set of spectra recorded under different viewing geometries ("Multi-
Axis") allows to infer aerosol and trace gas vertical distributions as well as aerosol properties by
applying numerical inversion methods. It is well known but not yet used in MAX-DOAS applica-
tions that, besides the spectra, the polarisation state of skylight provides additional information
on the atmospheric conditions. The major aim of the presented work was to assess the poten-
tial of polarimetric MAX-DOAS observations. For this purpose, a novel polarization-sensitive
MAX-DOAS instrument (PMAX-DOAS) and a corresponding inversion algorithm (RAPSODI)
were developed, capable to record and process polarimetric information. Furthermore, RAPSODI
is the first MAX-DOAS inversion algorithm allowing to retrieve aerosol microphysical properties.
Compared to conventional non-polarimetric MAX-DOAS approaches, the information on the at-
mospheric state contained in polarimetric observations is strongly enhanced: assuming typical
viewing geometries, the degrees of freedom of signal increase by about 50 % and 70 % for aerosol
vertical distributions and aerosol properties, respectively, and by approximately 10 % for trace gas
vertical profiles. For an ideal atmosphere, the studies on synthetic data predict an improvement
in the results’ accuracy (root-mean-square differences to the true values) of about 60 %, 40 % and
10 % for aerosol vertical columns, aerosol properties and trace gas vertical columns, respectively.
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Background



1 Introduction and motivation

Comprehensive and accurate observations of atmospheric aerosol and trace gases
are crucial to understand physical and chemical processes in the Earth’s atmo-
sphere. Despite their low abundance compared to the main gaseous atmospheric
constituents, trace gases play a crucial role for life on Earth as we know it. Promi-
nent examples are the green-house gases or the stratospheric ozone layer. But also
phenomena like urban photochemical smog or acid deposition are attributed to trace
gases. Atmospheric aerosol plays an important role e.g. regarding air quality, het-
erogeneous chemistry and the radiative balance of our planet. Many of the related
chemical and physical processes are not yet completely understood. In particular

aerosols still contribute the largest uncertainty to recent radiative forcing estimates
(IPCC, 2014).

In the recent decades, passive spectroscopic remote sensing of atmospheric con-
stituents from ground-based and air-borne platforms as well as satellites has made
great progress. Many of the corresponding approaches record and analyse spectra
of direct or scattered solar radiation, exploiting the fact that different atmospheric
species alter the extraterrestrial solar spectrum in a characteristic manner, depend-
ing on their absorption and scattering properties. In contrast to in-situ sampling
methods, remote sensing allows contact-free detection of atmospheric constituents
averaged over considerable spatial scales (up to hundreds of km) and, particularly
in the case of satellites, allows to achieve extensive temporal and spatial coverage.

Multi-AXis Differential Optical Absorption Spectroscopy (MAX-DOAS) (e.g. Hon-
ninger and Platt, 2002; Honninger et al., 2004; Wagner et al., 2004; Heckel et al.,
2005; Frief et al., 2006; Platt and Stutz, 2008; Irie et al., 2008; Clémer et al., 2010;
Wagner et al., 2011; Vlemmix et al., 2015) is a versatile passive remote sensing
technique for the simultaneous detection of aerosol and trace gases. The typical
MAX-DOAS instrument consists of a motorised telescope and a spectrometer unit,
allowing to record ultraviolet (UV)- and visible (Vis) radiation spectra of scattered
sunlight in different viewing directions ("Multi-Axis"). The spectra are analysed us-
ing Differential Optical Absorption Spectroscopy (DOAS, Platt and Stutz, 2008),
to obtain information on different atmospheric parameters, integrated over the ef-
fective light path from the top of the atmosphere (TOA) to the instrument. An
appropriate set of spectra allows to retrieve tropospheric aerosol and trace gas ver-
tical distributions as well as aerosol properties by applying inverse modelling ap-
proaches, implemented in the form of so-called "retrieval algorithms". Throughout
this thesis we focus on the ground-based application of MAX-DOAS. It is mean-
while widely applied all around the world, not least because it allows to confine the
atmospheric state at rather low financial and logistic effort with relatively simple



instrumentation.

Due to limitations in the design of instruments and retrieval algorithms, present
MAX-DOAS measurements do not exploit the full information contained in skylight
observations. Particularly, the polarisation state of the light and its spectral depen-
dence have largely been ignored (apart from few investigations e.g. by Seidler (2008)
and Bernal (2017)), even though it is well known that its consideration enhances
the sensitivity of passive remote sensing to aerosol abundances and properties (e.g.
Herman et al., 1971; Mishchenko and Travis, 1997; Boesche et al., 2006; Hasekamp
and Landgraf, 2007; Hansen and Travis, 1974). In fact, in the recent decades po-
larimetry has already been extensively utilized for aerosol detection with radiome-
ters/polarimeters, most prominently in the Aerosol Robotic Network (AERONET
Holben et al., 1998; Li et al., 2009) and the POLarization and Directionality of
Earth’s Reflectances (POLDER) satellite instrument (Deschamps et al., 1994).

Nevertheless, the application of polarimetry for MAX-DOAS measurements comes
along with novel aspects, challenges and possibilities, arising from fundamental dif-
ferences between the MAX-DOAS technique and radiometer observations. First,
in contrast to radiometers/polarimeters, MAX-DOAS instruments are typically not
radiometrically calibrated and therefore do not provide absolute radiances. Instead,
observations performed at different viewing directions are evaluated against each
other to obtain "differential" quantities. A second major difference are the instru-
ments’ spectral resolutions: polarimeters focus on broadband spectral features of
skylight. They apply optical bandpass filters at few individual wavelengths, typically
covering a broad spectral range (approximately from 400 to 1000 nm). In contrast,
MAX-DOAS focusses on the detection of atmospheric trace gases with characteris-
tic narrow-band absorption features that require a much higher spectral resolution
(=~ 1nm) to be resolved. Information on atmospheric aerosol is inferred indirectly
by analysing narrow-band absorption features of proxy gases with well known ver-
tical distributions (Wagner et al., 2004; Friefs et al., 2006). The high resolution is
achieved with dispersive techniques (typically one or more grating spectrometers
with spectral coverage of ~ 150 nm each).

The major aim of this thesis is to investigate the potential of polarimetry for the
retrieval of atmospheric trace gas and aerosol vertical distributions as well as aerosol
properties from ground-based MAX-DOAS observations. For this purpose we devel-
oped the "PMAX-DOAS" (Polarimetric MAX-DOAS) instrument, and the "RAP-
SODI" (Retrieval of Atmospheric Parameters from Spectroscopic Observations using
DOAS Instruments) retrieval algorithm. The key component of the PMAX-DOAS
is a motorised linear polariser inside the telescope unit, which allows to record sky-
light spectra at arbitrary polarisation orientations (in the following referred to as
"polarimetric spectra"). The key feature of the RAPSODI algorithm is its capa-
bility to process these polarimetric observations and to exploit the corresponding
information.

The thesis is divided into four parts. The first part provides an overview on
the atmospheric constituents of relevance for the presented work and describes the
basic principles of the MAX-DOAS technique. It further discusses the problem of
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polarised radiative transfer in the atmosphere and introduces the RAPSODI re-
trieval algorithm. The second part presents investigations on the basis of synthetic
data. Amongst others, the general potential of the polarimetric MAX-DOAS tech-
nique in comparison to the conventional non-polarimetric approach is assessed. The
third part shows first retrieval results from polarimetric field data recorded with the
PMAX-DOAS instrument. Part four summarises the major findings of the thesis.
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2 Atmospheric constituents

The following chapter briefly introduces the atmospheric constituents of relevance
for this work. Note, however, that this thesis focusses on the methodological aspects
of MAX-DOAS measurements rather than the physics or chemistry of the detected
species. We therefore keep the descriptions short. Most of this chapter is based on
textbook knowledge, adapted from Seinfeld and Pandis (2016) and Finlayson-Pitts
and Pitts Jr. (1999). For further details, the reader is referred to these textbooks.

The main gaseous constituents of the atmosphere are Nitrogen (78.08 %), Oxygen
(20.95 %) and Argon (0.93%), which account for > 99.9% of atmospheric gases.
The remaining constituents with volume mixing ratios (VMR) less than 0.1 % are
typically referred to as "trace gases" (the exact definition varies throughout the
literature, though). Among others, these include carbon dioxide (=~ 0.04 %) other
noble gases than Argon (0.0025 %) and methane (0.00017 %). Also water vapour is
often considered as a trace gas, even though its highly variable VMRs between up
to few percent violate the above definition.

Neglecting changes in temperature, the air density is proportional to the pressure.
The latter in good approximation decays exponentially with altitude with a scale
height of about 8 km. Regarding the major components and trace gases with long
residence times (e.g. carbon dioxide and methane), the atmospheric composition is
relatively constant up to altitudes of &~ 100 km. This can be very different for aerosols
and trace gases with short atmospheric residence times: the vertical distribution then
strongly depends on their origin (e.g. whether they are directly emitted or formed
during chemical reactions), transport and sinks.

Ground based MAX-DOAS observations are most sensitive to the lowest kilome-
tres of the atmosphere, hence to the lower part of the troposphere. The troposphere
can be subdivided into two regimes, the "planetary boundary layer" (PBL) and
the "free troposphere". The PBL is the lowest part (=~ 1km) of the atmosphere,
whose behaviour is directly influenced by its contact with the Earth’s surface. Even
though it only covers a small altitude range, it is subject to a large and diverse field
of research. It is of particular scientific interest, since most short living pollutants
and related chemistry are confined to this layer.

In principle any element in the periodic table can be found in the atmosphere
when going to sufficiently low concentrations. However, in the following we will
limit most of our considerations to the gases of relevance for this thesis, which are
nitrogen dioxide (NOy), formaldehyde (HCHO) and the oxygen collision complex
(Oy4). Furthermore, we discuss the role of aerosols (particles suspended in the atmo-
sphere) as another relevant atmospheric constituent.
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2.1 Nitrogen dioxide

Nitrogen dioxide (NOy) is strongly chemically active and affects the abundance and
partitioning of hydroxyl and peroxy radicals, which determine the atmosphere’s
oxidation capability. NO, is often regarded in conjunction with nitric oxide (NO)
since both species are rapidly converted into each other. NO, and NO are typically
summarised as "NO,". During daytime, the partitioning of NO, into NOy and
NO is predominantly driven by the abundance of tropospheric ozone and the solar
actinic flux (Leighton, 1961). Typical daylight partition ratios of [NO|/[NOy] vary
between 0.5 and 1.0. Most of the tropospheric NO, originates from emissions at the
surface, predominantly in the form of NO. A major source is the combustion of fossil
fuels, accounting for about 60 % of all NO, emissions. Other sources are biomass
burning, soil emissions and lightnings. Typical volume mixing rations of NO, in
the PBL vary between 0.02ppb (remote areas) and several 100 ppb (urban areas).
The lifetime of tropospheric NO,, is approximately 1 day. NOs is also present in the
stratosphere at volume mixing rations of few ppb, originating from the photolysis
of nitrous oxide (N5O). Regarding the methodological aspects of this thesis, NO, is
of particular interest since it exhibits significant radiation absorption features over
a broad wavelength range from the UV to the Vis.

2.2 Formaldehyde

Formaldehyde (HCHO) appears in the atmosphere predominantly as intermediate in
the oxidation of different hydrocarbons. Many of the latter originate from emissions
at the Earth surface by biogenic, combustion and industrial processes and feature
relatively short residence times. Consequently, highest HCHO volume mixing ratios
are encountered in the PBL, typically between few and several tens of ppb. HCHO
itself exhibits a residence time of a few hours only, since it is quickly removed from
the atmosphere by photolysis and reaction with hydroxyl radicals. HCHO exhibits
significant radiation absorption in the UV, at wavelengths < 360 nm.

2.3 Ozone and water vapour

Ozone (O3) and water vapour (HyO) are not target species of the retrievals performed
in this thesis, but need to be considered in parts of the evaluation due to their
absorbing properties. Oj features strong absorption in the UV (the "Hartley" and
the "Huggins band") but also in the Vis ("Chappuis band"). Approximately 90 %
of O3 is contained in the stratosphere, where it is produced through photolysis of
Oy molecules into single atoms that again react with O, to form Oz. Maximum
volume mixing ratios are on the order of 5 ppm here. But O3 is also present in the
troposphere. A small fraction results from vertical transport of stratospheric Os.
However, particularly in urban regions and in the case of strong solar radiation,
most of the tropospheric O3 originates from chemical reactions involving pollutants
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like hydrocarbons and NO,. Typical tropospheric volume mixing ratios are on the
order of several tens of ppb. The residence time of tropospheric O3 varies between
hours and months.

H0 is mostly confined to the troposphere. Its concentrations are highly variable
in the temporal as well as the spatial dimension. On a global scale tropospheric
VMRs vary between 10~* and few percent. Its residence time in the atmosphere is
on the order of 10 days. HoO exhibits strong radiation absorption bands in the infra-
red. Of relevance for this thesis, however, are its much weaker but still significant
absorption bands in the UV and Vis.

2.4 Oxygen collision complex

A peculiar role for the MAX-DOAS technique plays the collisionally induced complex
(O2)2 of oxygen molecules (Perner and Platt, 1980), in the following referred to
as "O4". Since it requires the collision of two Oy molecules, its concentration is
proportional to the square of the O, concentration |Oy]?. The vertical distribution
of the latter basically only depends on the rather weakly varying temperature and
pressure profile of the atmosphere and is therefore well known. Note that the vertical
profile of [O]? has only half the scale height (~ 4km) of the [O,] vertical profile. Oy
exhibits several radiation absorption bands over the solar spectral range. Neither the
constant of proportionality between O4 and [Os]?, nor the absorption cross-section
of Oy, are exactly known. However, their product oo, has been well determined (e.g.
Greenblatt et al., 1990). Apart from a few peculiarities regarding the units, oo,
can mathematically be treated like an absorption cross-section, as it directly relates
[O4]? to the O4 absorption coefficient (see Section 3.3.2 for further details). With the
accurate knowledge on |Os]? and oo, , the magnitude of O4 absorption features in a
skylight spectrum are a proxy for the air mass traversed by the light. They thereby
provide information on the light path distribution. In the atmosphere, the latter is
mostly driven by the abundance and properties of aerosol. Accurate detection of Oy
absorption features therefore not only allows to confine the radiative transfer but
also enables to retrieve aerosol vertical distributions and properties (Wagner et al.,
2004; Friefk et al., 2006). In fact, in conventional MAX-DOAS profile inversions, Oy4
absorption is the only source of information on atmospheric aerosol.

2.5 Aerosols

Aerosols (or "particulate matter") in the atmosphere originate from natural sources,
like windborne dust, seaspray, volcanic emissions, but also from anthropogenic ac-
tivities, like the combustion of fuels. Aerosols originate either from direct emission
or from conversion of certain gases with the capability to condense as particles.
Close to the ground, aerosols are mostly removed from the atmosphere by settling
and dry deposition. At higher altitudes (2 100 m), wet deposition is the dominant
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removal process. Usual residence times are on the order of few days to few weeks and
strongly depend on the aerosol size. Highest aerosol concentrations are encountered
in the PBL: here, typical concentrations are on the order of 10 to 10000 cm—2 for
small particles with radii < 1pum while for larger particles they are below 1cm™3.
Aerosols might either be solid or liquid and their chemical composition is versatile:
main constituents of tropospheric aerosols are sulfate, ammonium nitrate, sodium,
chloride, trace metals, carbonaceous material, crustal elements and water.

Aerosol sizes in the atmosphere are described by aerosol size distribution (for
further details and different representations, see also Section 3.3.3). Typical size
ranges cover radii of few Angstrom to several hundred pm and throughout their life
in the atmosphere, aerosols change in size and chemical composition mainly due to
coagulation.

As a consequence of the different contributing sources as well as the coagulation
and removal processes, aerosol size distributions can often be divided into different
modes, as indicated in Figure 2.1. Particles in the "Aitken" or "nucleation mode"
are formed through condensation of hot combustion vapours or the nucleation of
certain atmospheric species. The main loss mechanism in this mode is coagulation
with larger particles, "shifting" the aerosol to the "accumulation mode". The latter
typically accounts for most of the aerosol in terms of surface area and a substantial
part of the their mass. The name of this mode originates from the fact that removal
mechanisms in this size range are least efficient. Particles in this mode therefore
accumulate and achieve the longest atmospheric residence times. Coarse particles
mostly originate from anthropogenic and natural dust-particles. Due to their con-
siderable size, they exhibit large sedimentation velocities and quickly settle out of
the atmosphere compared to accumulation mode aerosol. Throughout this thesis we
typically assume bi-modal size distributions, considering the accumulation and the
coarse mode only. In the solar spectral range, nucleation mode aerosol is basically
invisible (see Section 3.3.3) and is therefore not considered in passive remote sensing
applications based on sunlight.

It shall be noted that aerosol is also present in the stratosphere in the form of
sulfuric acid droplets, originating from the photodissociation of long lived carbonyl
sulfate diffusing into the stratosphere. Typical stratospheric aerosol optical thick-
nesses at 400 nm wavelengths are on the order of 107% to 10™2 but can increase
significantly if strong volcanic eruptions inject large amounts of sulfuric compounds
directly into the stratosphere. However, most of the time, the optical effect and the
negligible sensitivity of MAX-DOAS observations to stratospheric altitudes allow to
ignore stratospheric aerosol and we do so for the investigations performed in this
thesis.
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Figure 2.1: Idealised schematic of the aerosol size distribution (in terms of surface

area) with its principal modes. Sources, coagulation and removal mech-
anisms are indicated (Seinfeld and Pandis, 2016).
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3 Radiative transfer in the atmosphere

To understand the MAX-DOAS measurement principle and the approaches taken in
this thesis, it is important to outline what in scientific literature and in the follow-
ing is referred to as atmospheric radiative transfer (RT), namely the behaviour of
electromagnetic radiation in the Earth’s atmosphere. Most of this chapter’s content
is based on textbook knowledge, adapted from Petty (2006), Bohren and Huffman
(2008) and Roedel and Wagner (2017).

Two major spectral regimes of radiation can be distinguished: the solar radiation
arriving from the Sun and the thermal radiation emitted by the Earth’s surface
and the atmosphere. At the top of the atmosphere (TOA), solar radiation covers
an approximate wavelength range between 0.2 and 2.5 pm with a spectral intensity
maximum at about 0.5nm, hence it comprises ultra violet (UV), visible (Vis) and
near infrared (NIR) radiation, therefore frequently called "short-wave" radiation.
Thermal radiation spectra at typical atmospheric and Earth surface temperatures
(200 to 300K) lie in the far infrared between 2.5 and 50 pm with maxima around
10 pm, therefore typically referred to as "long-wave" radiation. Both are subject to
interactions with atmospheric constituents and the Earth’s surface by absorption,
scattering and (re-)emission processes.

The MAX-DOAS technique is primarily applied to in the UV and Vis spectral
ranges. Therefore, for the discussion of RT and throughout this thesis, we will focus
on short-wave solar radiation between 300 and 600 nm, even though, apart from a
few approximations, the basic concepts apply to thermal radiation, either.

In Section 3.1 we will first introduce the "Stokes vector" (or "Stokes parame-
ters"), a convenient concept to describe macroscopic radiative properties including
the state of polarisation in radiative transfer calculations. Section 3.2 introduces
the so called "Miiller matrices", which mathematically describe the effect of dif-
ferent light-matter-interactions on the Stokes parameters. In Section 3 we will go
into the details of short wave radiative transfer in the atmosphere, in particular
discussing the various interactions of light with molecules and particles. Sections
3.3.5 and 3.4 conclude with a summary of the most important aspects and remarks
on atmospheric radiative transfer models, respectively.

3.1 The stokes vector

For most electrodynamic problems, and also for our purposes, it is convenient to
stick to the wave picture of electromagnetic (EM) radiation with plane waves being
the "smallest unit" to consider. We avoid any considerations in terms of photons to
not get stuck in the apparent contradictions between the quantum mechanic and the
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wave picture. We will make use of the complex notation of EM-waves, as it allows to
easily include phase information, which is particularly useful for the description of
polarised light and any algebra that requires to keep track of phase differences and
related interference effects. Note that the "physical" representation of the complex
quantities can be obtained at any point by regarding only their real part.

In the atmosphere, we typically deal with large ensembles of mostly incoherent
photons and thus radiative transport calculations are commonly carried out in terms
of macroscopic quantities, such as radiances or irradiances. Nonetheless, it is illustra-
tive to start by considering a single plane wave (monochromatic and fully polarised)
described in terms of its electric field (E-field)

E = Ege' k=) (3.1)

with ¢ being time and r indicating a point in space. w is the angular frequency,
related to the radiation oscillation frequency v, the speed of light in the traversed
medium c¢ and the radiation wavelength A according to

c
w=27v = 27TX. (3.2)

The wave vector k is defined according to

27 2y
k=—ec=—e€ 3.3
A K c K (3.3)
with ey being the unit vector pointing in the wave’s propagation direction (in the
following example oriented along the x-axis). The complex vector

0
EO = E()y ey (34)
EOZ eicpz

defines the amplitude and state of polarisation (SOP), the latter being determined
by the phase difference ¢ = ¢, — . between the two transversal components as
further described below. In the vacuum, the instantaneous energy transport in
W m~? through a plane perpendicular to the propagation direction is described by
the Poynting vector

S = 5%(13)2 ex, (3.5)

with € and p being relative permittivity and permeability of the vacuum. Typically,
not the instantaneous energy flux but the average over a time period > 1/v of S is
of interest. It is

(8) = 51 (BoBp)ex = [ (5, + F ) (3.6)
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The radiative flux through a surface - the irradiance F - in units of [W m™2] can be
considered as a sum of the energy transport of many plane waves i from different
directions, each projected onto the surface’s normal ey:

F=> S, (3.7)

In the case of continuous fluxes of sufficiently large ensembles of plane waves, it is
reasonable to replace the sum by an integral and to introduce the radiance I(2) in
units of [Wsr~! m™2|, which might be considered as the temporally averaged value
of Poynting vectors in a certain direction ). Equation 3.7 can then be expressed as

F:/[(Q’)eQ/ e, dQ. (3.8)
Q

In polar coordinates the direction € is defined by the polar angle 6 and the azimuth
angle ¢ and the infinitesimal solid angle element is df2 = sin 6 df d¢.

In the following F' and I must be regarded spectrally resolved. They then depend
on A and are given in units of [Wm™?nm™!] and [Wsr™' m~2nm™!|, respectively.

For many applications it is sufficient to consider I simply as a scalar quantity.
Sometimes, e.g. in this study, it is however necessary to not only keep track of the
radiative energy, but also of the light’s SOP. A common representation of radiance
for this purpose are the Stokes parameters, often summarised in the Stokes vector

(3.9)

= SO ~

While [ is equal to the scalar radiance, (), U and V carry the information on the
SOP as described in more detail below. For a plane wave according to Equation 3.1
above, the stokes vector components in the y-z-plane are given by

I = Ej, + Eg,
Q = Ej, — Eg.
U =2 Ey, Ey. cos(p, — ¢,)
V =2 Ey, Ey.sin(p, — ¢.)

Note that from Equation 3.10 on we will drop the proportionality factor that ensures
the equality between electric field and energy density (compare Eq. 3.6). Depending
on the purpose, it is often convenient to normalise I to I = 1, anyway. In the case
of the superposition of multiple plane waves of different phase and thus different
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SOPs, the Stokes parameters can be expressed according to:

I=(E, +E,)) (3.14)
Q= (B, —E.) (3.15)
U= (2E, E, cos(¢)) (3.16)
V = (2E, E,sin(¢)) (3.17)

with Ey and E, being the instantaneous components of the total electromagnetic
field vector resulting from the superposition of all incident plane waves, ¢ being
their relative phase and () indicating the temporal average. For the rest of this
thesis we will not consider any plane waves but describe the state of light only in
terms the macroscopic quantities I, ), U and V. A major advantage of the stokes
parameters (and probably the most intuitive access to their actual meaning) is that
they can be calculated straightforward from a small set of radiance measurements /s
using a linear polariser at different orientations 6 =€ [0, 45, 90, 135°| (with respect
to to a reference plane, here, the x-y-plane) and circular polarisers (right-hand and
left-hand, represented by 6 = RH and LH, respectively) according to:

T = I + Ioge = Lugo + T1so (3.18)
Q = I — Ioge (3.19)
U = Ligo + L1z (3.20)
V=Ipu+ Iy (3.21)

It becomes particularly apparent here that () and U carry the information on the lin-
ear and V on the circular polarisation. In general, any plane wave can be considered
elliptically polarised, with linear and circular polarisation being special cases. The
latter are illustrated in Figure 3.1 together with the corresponding stokes parameter
vector. For unpolarised light, only I is non-zero while for fully polarised light it is
I? = Q? + U? + V2. Obviously, light beams consisting of many plane waves can be
partially polarised (with some prevailing SOP). Thus in general it is

0<QQ*+U*+V2<? (3.22)
It is often useful to mathematically decompose I into a polarised (/,,) and an
unpolarised (Inp0) component. The degree of polarisation (DOP) is defined as

2 2 2
Dot _V@FUHV (3.23)

Ipol + Iunpol B I

Further, we can differentiate between the degree of circular polarisation Do = V/I
and the degree of linear polarisation (DOLP)

p, = Y&+ (3.24)

1
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Figure 3.1: E-field oscillation patterns and corresponding normalised Stokes vectors
for the six limiting cases of fully polarised radiation.

In the atmosphere, the degree of circular polarisation is negligible for our purposes
(De <1074, Kemp et al. (1971); Hansen (1971)) and in the following, we there-

fore focus on the DOLP as a measure for the polarisation strength. The angle of
maximum polarisation is given by

1 90°, iftQ >0
X = 5 arctan <g> + { Q= (3.25)

Q 0, Q<0

Assuming V' = 0, the radiation at a distinct location and direction in the atmo-
sphere is fully described by three parameters and therefore we require three suitable
measurements to determine the entire stokes vector. The PMAX-DOAS instrument,
as described in detail in Section 11, basically consists of a telescope unit with a mo-
torised linear polariser, accepting light of a distinct polarisation orientation only.
With such a setup, and assuming that y is not known prior to the measurement
(in general this is the case, see Section 6.2), it is reasonable to perform radiance
measurements Is at three linear polariser orientations ¢ in steps of Ad = 60°. In
this study, these measured radiances are typically Iye, Ig0o and I199o. The observed
intensity I; for a given incident stokes vector can be derived using Eq. 3.34 below
to:

1
Is = 5(1 + @ cos 20 + U sin 20) (3.26)

From this, it is straightforward to derive expressions for the quantities introduced
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above in terms of the three measurements:

2

] == g(]oo + -[600 + ]1200> (327)
2

Q= 5(2[00 — Ieoe — L120°) (3.28)
2

U - %([GOO - ]1200) (329)

12 + 120 + 1200 — IgoIggo — IgoI1900 — Igo0 L1200
D, =2 \/ + Lg00 + 1799 0° 460 004120 60° 1120 (3.30)

1 Is0o — 11900
X=3 arctan (\/5 ® 120 ) (3.31)

2]00 — IGOO — ]1200

As we shall see later (Section 6 and 9.3), under some conditions, the orientation
of polarisation y can be well predicted from simple geometric considerations. In
this case, only two degrees of freedom are left in the Stokes parameters, and two
measurements with 0 perpendicular and parallel to the expected x are sufficient to
capture nearly the full information on the SOP.

3.2 Miiller matrices

Any process altering the scalar radiance I can be described by multiplying I with
a scalar factor. However, in the formalism for full stokes vector calculations, these
factors become matrices - the Miiller matrices - which, in contrast to scalar mul-
tiplication, account for the changes in all Stokes parameters. In the following, we
will introduce a few basic Miiller matrices. For further details please refer to the
literature given above.

Generally, it is often necessary to rotate the Stokes reference frame by an angle
v, which can be achieved applying the matrix

1 0 0

0
0 cos(2y) sin(2y) 0
0
1

Mg(y) = (3.32)

0 —sin(2y) cos(2y)
0 0 0

The Miiller matrix of an optical attenuator acting equivalently on light of any
SOP is given by

100 0
0100

Ma=4|0 01 0 (3.33)
0001

with 0 < A < 1 being the attenuation factor. The Miiller matrix of an ideal linear
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polariser at orientation ¢ is (Bohren and Huffman, 2008):

1 cos(29) sin(24) 0

1] cos(26) cos®(24) cos(24) sin(26) 0
Mep = 2 | sin(26) cos(29) sin(26) sin?(20) 0 (3.34)

0 0 0 0

Applying it to an arbitrary Stokes vector according to Myp - (I,Q,U, V)T and re-
garding [ only, yields equation 3.26. We further introduce the matrix for a linear
retarder (birefringent optical components):

1 0 0 0
M, — 0 cos?(20) + sin?(26) cos(®)  cos(26) sin(20)(1 — cos(®))  sin(26) sin(P)
0 cos(20)sin(20)(1 — cos(®)) cos?(25) cos(®) + sin*(25)  — cos(28) sin(P) |’
0 — sin(29) sin(®P) cos(20) sin(P) cos(P)
(3.35)

(Bohren and Huffman, 2008), with ¢ being the orientation of the fast axis and @
being the induced phase difference between fast and slow axis. Half- and quarter
wave plates are special cases of the linear retarder with ® = 7 and & = 7/2,
respectively. Of particular interest are the Miiller matrices describing scattering of
light on air molecules and particles as they appear in the atmosphere. These are
introduced in Section 3.3.2 and 3.3.3, respectively.

3.3 The radiative transfer equation

The effects of light-matter interactions determining the atmospheric radiative trans-
port are succinctly summarised in the radiative transfer equation (RTE). Let’s con-
sider a beam of rays of wavelength A and Stokes parameters I (we drop wavelength
and direction dependencies for better readability), coming from a distinct direction
2 and penetrating an air volume element dV = A - ds with cross-sectional area A
and length ds, oriented along €). Then, I along € is altered by different processes:

1. The incoming beam gets attenuated by absorption on molecules and particles.

2. Similarly the beam gets attenuated due to scattering of radiance out of its
initial propagation direction (2.

3. Beams from other directions I(€)’) are potentially scattered into the direction
2, resulting in an increase in radiance.

4. Thermal emission of the air parcel adds further radiance. However, this effect
will in the following be neglected as its contribution is negligible in the UV
and Vis spectral range at typical Earth surface and atmospheric temperatures.
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The total change in radiance is described by the RTE:

dl K®
ai— OO iy g S | / P(QY. OL(Q)dSY 3.36
75 t N (Y, L) (3.36)

The first, second and third term account for the effects described in points 1 to 3 in
the enumeration above, respectively. K(® and K are the wavelength dependent
absorption- and scattering coefficient, respectively. The total effect of scattering and
absorption is referred to as extinction and consequently we can define the extinction
coefficient K© = K@ 4 () All three coefficients can be expressed as a sum over
all contributing species ¢ present in dV at number concentration ¢; with absorption-,
scattering- and extinction cross-sections ai(a), UZ(S) and Ui(e)i

K = Z o e, K = Z(fl(s)ci K9 = Z o (3.37)

Generally, K@, K®) and K(© are Miiller matrices, however, for randomly oriented
molecules and particles as encountered in the atmosphere, their attenuating effects
act equally on light of any SOP and therefore, according to Eq. 3.33, can be repre-
sented by a scalar multiplication. Another useful quantity is the air parcels single
scattering albedo, defined as

K®)
Ke

W= (3.38)
P (Y, ) in the last term of Eq. 3.36 is the scattering phase matrix (in analogy to the
phase function for the scalar radiance case), basically describing how much of the
light I(€?') incoming from any direction )’ is scattered into the observer’s direction
Q. It is normalised, such that integration of P, over the full solid angle yields 4.

In the atmosphere, light interacts with molecules and aerosols. Both contribute
very differently to K@, K and P. This will be discussed in detail in the following
subsections.

3.3.1 General properties of scattering matrices

Single scattering processes in the atmosphere are most conveniently described, if the
Stokes parameter reference frames of the incident as well as the scattered beam are
oriented within the scattering plane, as illustrated in Figure 3.2. This significantly
simplifies the scattering matrix structure and the matrix can be parametrised solely
by the scattering angle ©, which is the angle between the directions of incoming (2)
and scattered (€2') beam. Any required reference frame rotation can be achieved
by applying Eq. 3.32. Throughout this thesis, we assume atmospheric scatterers to
be randomly oriented (Hulst and van de Hulst, 1981). This assumption is invalid
only for few exceptions (e.g. levitating ice crystals). Given these assumptions, any

24



z X v
Zl
Stokes X Y'J/'

reference X

frame
o
Scatterer @

Figure 3.2: Coordinate systems and quantities for the description of scattering pro-
cesses.

scattering process can be described by a matrix of the form

P11(©) Pi2(0©) 0 0
P12(©) Px(0) 0 0
P©)= 0 0 P33(0)  Psu(0) (3:39)
0 0 —P34(®) P44(@)

with only six independent elements. For spherical particles (as they are assumed for
molecular and Mie scattering), the matrix simplifies further, since P;; = Py, and
P33 = Py Note that Pj; corresponds to the scattering phase function that is used
in scalar RT calculations.

3.3.2 Extinction by molecules

Scattering of light by molecules is often referred to by Rayleigh scattering. 1t com-
prises several sub-processes and the exact definition of Rayleigh scattering slightly
differs between communities and has raised confusion in the past (Young, 1982). In
this thesis we refer by Rayleigh scattering to any scattering process on air molecules
apart from vibrational Raman scattering, which is considered negligible for our appli-
cations (compare Lampel et al., 2015). Rayleigh scattering can then be subdivided
into Cabannes scattering and rotational Raman scattering. Cabannes scattering
describes elastic scattering, in the sense that it includes the processes causing radia-
tion wavelength shifts of zero or much smaller than of relevance for our purposes. It
comprises the Brillouin doublet (with wavelength shifts smaller than typical atmo-
spheric Doppler-broadening) and the Gross or Landau-Plasczek line (Wang et al.,
2003). Rotational Raman scattering is inelastic: in Rayleigh scattering events, there
is a chance of typically 2 to 4% that photons loose or gain energy during scattering
by increasing or decreasing the molecule’s rotational quantum state (Raman, 1928),
resulting in wavelength shifts up to ~ 2nm.
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Considering light in the solar spectral range, molecules have radii » < A. In
contrast to larger particles (see Section 3.3.3) molecules can therefore be regarded as
being exposed to an temporally oscillating but spatially homogenous electric field.
This significantly simplifies mathematical considerations, such that rather simple
analytical expressions exist for the scattering cross-sections and phase matrices.

In this thesis we apply the Rayleigh scattering cross-section of air according to
Bucholtz (1995):

2473 (n? —1)?

or(A) = N N2(n2 + 2)2

Fy. (3.40)

N is the molecule number density that can be obtained for a given pressure p and
temperature 7" from the ideal gas law. n is the air refractive index and serves as
the macroscopic description of the molecules” mean polarisability. Eq. 3.40 contains
the well-known A\~ wavelength dependence, but n and Fx also depend on A and
cause slight deviations from this simplified picture. Fx is the King correction factor
that accounts for the depolarisation of scattered radiation due to anisotropies in the
polarisability of air molecules. The values of Fi for Ny, Oy, Ar and CO5 are given
by Bates (1984) and allow to derive an expression for Fi for standard atmospheric
compositions:

Fi(X\) = 1.046 4+ 5.036 - 10~ pum? - ™2 +2.896 - 10" pm* - A™* (3.41)

F'x is related to another parameter that is sometimes used in the literature:

¢ — ng _). (3.42)

€ is a more direct measure for the anisotropy of a molecule, as it directly compares its
polarisability along the spatial axes (see Young (1982) for details). Typical effective
values for Fx and € in the atmosphere are around 1.05 and 0.22, respectively.

For the refractive index ny under standard conditions (7" = 15°C, p = 1013 hPa,
dry air) we use the approximation by Ciddor (1996) for the UV-Vis spectral range:

5792105 pm > 167917 pm—2

10%(ny — 1) =
0o ) 238.0185 pm=2 — A2 + 57.362 pm—2 — \~2

(3.43)

For arbitrary temperatures T', pressures p and water vapour pressure pgoo the re-
fractive index is

(n—1) = (no— 1) 104126 hPa~" - p
n — = (nnp — .
0 108 + 367100 K-1 - (T — 273.15K)
 po - (4.292 = 0.0341 pm? - A72)
108 hPa

(3.44)
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Table 3.1: Values for the constants in Eq. 3.45 for different scattering processes,
adapted from Landgraf et al. (2004).

Scattering type A B C D
Rayleigh 3(45 +¢) 30(9 —¢) 36¢ (180 + 40¢)
Cabannes 3(180 + ¢) 30(36 — ¢) 36¢ 40(18 +¢)
Rotational Raman 3 -10 36 40

following Edlén (1966) and Ciddor (1996). For the scattering matrix we use the
parametrisation by Landgraf et al. (2004). Rayleigh, Cabannes and rotational Ra-
man scattering matrices share the same basic structure

A(l+cos?©)+C  —Asin?0 0 0
1 —Asin®© A(1 + cos® ©) 0 0
Pr(0) = D 0 0 2Acos© 0 (345)
0 0 0 Bcos©

but require different values for A, B, C' and D according to Table 3.1. Phase matrices
for Rayleigh and Raman scattering are illustrated in the upper panels of Figure 3.8.

Absorption of light by atmospheric trace gases arises from the fact that molecules
can exist in many different quantum-mechanical states in terms of their electron
configuration (electronic states), their angular momentum (rotational states) and
the vibration of their atoms relative to each other (vibrational states). Transitions
between the states are mostly associated with the emission or absorption of photons
of corresponding energy. However, within the altitude ranges of interest for our
purposes, the collision frequency of air molecules is much larger than the inverse
of typical natural lifetimes of the excited states. As a consequence, excited states
relax mostly due to collisional quenching with the energy being dissipated into heat,
rather than by emission of photons. We therefore assume the transitions to be solely
absorbing and neglect fluorescence effects.

Many trace gas molecules feature electronic transitions with energy differences (
~ 1eV) corresponding to photon wavelengths in the UV-Vis spectral range. Each
electronic transition has an own set of vibrational transitions (=~ 0.1eV) with each
again featuring a set of rotational transitions (on the order of 1072 to 1072eV).
Consequently, an electronic transition actually ’produces’ a pattern of many ab-
sorption lines of different strength. These line patterns - and thus the corresponding
absorption cross-sections - have several remarkable properties that are crucial for
the DOAS spectral analysis (see Section 4.2):

e The patterns are characteristic for the respective gas.

e They are spectrally quasi-continuous, in the sense that the distance between
the lines is small compared to the resolving power of typical MAX-DOAS
spectrometers.
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Figure 3.3: Literature absorption cross-sections for the trace gases most relevant
in this thesis. The corresponding references are listed in Table 13.1.
The unusual units of the O4 cross-section and related peculiarities are
discussed in the main text

e In contrast to most other light extinction processes in the atmosphere, they
feature spectral narrow-band variations.

For many trace gases, there are literature absorption cross-sections available, derived
from quantum-mechanical calculations or from lab measurements or a combination
of both approaches. Absorption cross-sections of the trace gases most relevant for
this thesis are shown in Figure 3.3. Recall that the O4 absorption cross-section o,
is not a conventional cross-section but directly relates the square of the oxygen con-
centration to the Oy extinction coefficient (compare Section 2.4). As a consequence,
related quantities have unusual units: oo, is given in cm® molec™2 instead of cm?
and the slant column densities (introduced in Section 4) have units of molec? cm™

instead of cm™2.

3.3.3 Extinction by aerosols

Before discussing the extinction of light on atmospheric aerosol, we introduce a few
more useful quantities. The size parameter

2rr
- 3.46
a 3 ( )
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compares the particle radius r to the radiation wavelength A. The aerosol extinction
efficiency
()

aer

B =

3.47
= (3.47)
compares the aerosol extinction cross-section per particle to its geometric cross-
sectional area. In equivalence to the SSA introduced in Eq. 3.38, the aerosol SSA is
defined as

(s)

Oaer

Waer = —73 -
o+ o

(3.48)

The asymmetry parameter provides a useful quantification of the asymmetry of the
scattering phase function and is defined as:

g= 5/ cos(0) Py1(0) sin(0)d6. (3.49)
0

It yields values —1 < g < 1. For g < 0, radiation is predominantly scattered
backwards, i.e. at scattering angles > 90°. For g > 0, forward scattering prevails.
Values for typical atmospheric aerosol are on the order of g = 0.7.

The Angstrom exponent & describes the wavelength dependence of the aerosol
extinction K (¢). Tt can be calculated from the extinction at two wavelength \; and
A1 according to

K@©(\) A\
KCO(yg) (r) (3:50)

The optical properties of spherical aerosol particles can be derived from the mi-
crophysical properties (size and material refractive index) using Mie theory (Mie,
1908). Throughout this thesis we make use the Mie model code introduced in more
detail in Section 7. Going into the details of Mie theory, however, is out of the scope
here.

For a first introduction of light extinction on aerosols we consider monodisperse
aerosol, i.e. particles of a single size. The Mie theory yields that, for size param-
eters a < 1, the extinction efficiency drops with decreasing particle size and aéﬁl
approaches the Rayleigh extinction cross-section. Since particle concentrations in
the atmosphere are many orders of magnitude smaller than molecule concentrations,
particles with @ < 1 can be considered negligible in the context of RT. In contrast,
the scattering efficiency E approaches two for a > 1 .

Figure 3.5 shows Mie caculations for the scattering matrix of monodisperse aerosol
of different size parameters. For small o, the phase matrix is similar to the Rayleigh
phase matrix. With increasing particle size, the phase matrix becomes more complex
and scattering in the forward direction is increasingly pronounced. Regarding the
signed DOLP, scattering on monodisperse aerosol in principle has the potential to
strongly polarise light.
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Figure 3.4: Dependence of the aerosol extinction efficiency F on the size parameter
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a for monodisperse aerosol of different refractive index Rn. Figure is
adapted from Roedel and Wagner (2017).

a=1 a=3

= Unpolarised (Py;)
..... Parallel (P11 + P1;)
== \Perpend. (P11 — Py2)

0 50 100 150 0 50 100 150 0 50 100 150

Scattering angle [°]

Figure 3.5: Tllustration of scattering matrices for monodisperse aerosol with n =

30

1.334-1078-7 and different size parameters a. The subplots show effective
phase functions for unpolarised incoming light (matrix element Py;), as
well as for polarisations parallel (P;;+ Py1) and perpendicular (Py; — Piq)
to the scattering plane. Grey lines and scales indicate the DOLP after a
single scatter event of initially unpolarised light (Pi2/P1). It has a sign
here: positive and negative values indicate polarisation perpendicular
and parallel to the scattering plane, respectively.



But things change in the real atmosphere, where particles of multiple sizes coexist.
Effective aerosol properties then need to be inferred by integration over aerosol size
distributions. The latter are parametrised in different ways throughout the litera-
ture. Depending on the application it is for instance convenient to provide concen-
trations either in terms of particle number, surface area or volume. Also, the type
of distribution may differ: most common are log-normal and gamma distributions.
Further, the same distribution might be described by different sets of parameters.
In the following, we will define the conventions and quantities used within this the-
sis and provide basic formulae to transform between the most common units and
parametrisations.

The Mie code that we use (Spurr et al., 2012), which is also included in the
RAPSODI algorithm (see Section 7), assumes a bi-modal aerosol number size distri-
bution, with each mode described by a log-normal distribution. This approximation
is generally considered appropriate for remote sensing applications in the solar spec-
tral range (e.g. Whitby, 1978; Shettle and Fenn, 1979; Remer and Kaufman, 1998).
The number of particles dN per radius interval dr is given by:

dN(r)_n(r)_ No 1| f (.1 (1117’—1117"1)2
d?" - _\/%7” 01 P 2 01

1—f ( 1 (lnr—lnr2)2)]
+ exp [ —= ([ ——2
o9 2 (op)

The first term in brackets represents the fine mode, described by r; and oy, while
the second term represents the coarse mode described by ry and o5. 7 is the particle
radius, No = No1 + Ny2 is the total number of particles, r; and ry are the mode
median radii, oy and oy define the modal widths and f = Ny /Ny is the fraction of
particles residing within the fine mode. Instead of dN(r)/dr sometimes dN(r)/dInr
is regarded instead. The latter can be derived from Eq. 3.51 through corresponding
substitution of dr, which results in the removal of the factor 1/r in the first term.
While maximum, mean and median are located at a common abscissa for normal
distributions, they have different locations in the case of the log-normal distributions.
The maxima of the single modes are located at the so-called "mode radii", which
can be derived from r,, (m € [1,2]) according to

(3.51)

Tmode,;m = Tm * €XP (_0'7271) . (352)

The mean particle radii are given by

L / T rn(r)d i (3.53)
Tmean m — TN\Tr T = Tm - eX . .

In some studies and databases (e.g. AERONET, 2018) modes are characterised
by the cross-sectional area weighted mean radius (or "effective radius") as first
introduced by Hansen and Travis (1974)

J° rrr?n(r)dr 5,
eff,m — 9 = Tm - = y 354
relf fo wr2n(r)dr fm XD\ 9 ( )
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with the advantage of being proportional to the aerosol extinction coefficient.

The log-normal distribution is convenient in the sense that the corresponding
aerosol surface area and volume size distributions are also log-normal distributions
with equal modal widths o,,, however with different median radii. The area size
distribution is obtained from Eq. 3.51 by replacing the total particle numbers of
each mode, Ny; = f- Ny and Nyo = (1 — f)- Ny by the corresponding total particle
surface areas

Agm = 4T No - 72, - exp(207) (3.55)
and replacing r,, by the area median radii

i =1, - exp (202,) . (3.56)
The volume size distribution is obtained equivalently by applying

Vom = %WNOM 3 exp (gagl) (3.57)
and

) =71, - exp(302). (3.58)

For more details on the introduced equations and size distribution parametrisations
in general the reader is referred to the very comprehensible document by Grainger
(2012).

The effective properties of aerosol with a given size distribution n(r) are in the
following referred to as "bulk properties". They can be derived for any property
X(r) by integrating over the size distribution according to

= Jo X(nlr)dr (3.59)
fo n(r)dr

For example the bulk extinction cross-section is given by

O _ I oS (ryn(r)dr
aer fooo n(r)dr

For many investigations throughout this thesis we assume microphysical properties
for mixed aerosol (mixture of oceanic and industrial aerosol) as reported by Dubovik
and King (2000a) for the Maldives. The exact values for the size distribution pa-
rameters and material refractive indexes are listed in Table 3.2. In the following
we will refer to this aerosol as "standard mixed aerosol". The size distribution is
illustrated in Figure 3.6. The bulk scattering phase matrix as calculated with the
Mie model code is shown in Figure 3.8. Compared to calculations for monodisperse
aerosol (see Figure 3.5), the phase matrix is strongly smoothed out over the scatter-
ing angle and its capability to produce polarised light is strongly reduced. The bulk
optical properties and their dependence on wavelength are illustrated in Figure 3.7.
All bulk properties change smoothly with A, which is a crucial prerequisite for the
DOAS spectral analysis (see Section 4.2). The Angstrom exponent of the standard
mixed aerosol is a = 1.2.

(3.60)
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Figure 3.6:

Extinction cross-section
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Mie aerosol size distribution in terms of normalised particle number (V),
particle surface area (A) and particle volume (V') for the "standard mixed
aerosol" case that is assumed for several investigations throughout this
thesis (see Table 3.2). Vertical grey lines indicate the number size dis-
tribution mode median radii.
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Table 3.2: Number size distribution parameters and refractive index assumed for the
"standard mixed aerosol" used for several investigations throughout this
study. Values are adapted from Dubovik et al. (2002).

Parameter Value

71 0.095 pm
T 0.49 pm
01 0.46

09 0.76

Rn 1.44

Sn 0.011

f 0.9983

Henyey-Greenstein approximation

Mie model calculations are rather complex and computationally expensive. An
alternative and common approach to describe aerosol within RT simulations and
inversion algorithms is the Henyey-Greenstein approximation. Here, properties are
directly provided in terms of simplified optical properties. The scattering phase
function is approximated as

1 _gﬁg
L+ Ghg — 2 gng 1)*?

Bugli) = ¢ (3.61)
with p being the cosine of the scattering angle. P, depends on a single parameter
only, namely the asymmetry parameter gn,. We assume the HG scattering matrix
to be Py, - 1, hence, we assume that single scattering on HG aerosol will not affect
the polarisation state of the incoming radiation. In this case, the scattering matrix
at a single wavelength is fully described by two optical parameters: the asymmetry
parameter gy, and the single scattering albedo wye. The extinction capability is typ-
ically quantified in terms of the extinction coefficient and its wavelength dependence
is described by the Angstrom exponent ang (according to Equation 3.50).

3.3.4 Boundary conditions for the radiative transfer

Besides the atmosphere itself, it is necessary to consider the optical properties of the
atmosphere’s boundaries, namely the incoming radiation at TOA and the Earth’s
surface reflective properties at BOA. Extraterrestrial sunlight is unpolarised. Ap-
proximating the Sun as a point source, the downwelling stokes parameters at TOA
are therefore:

I5(Q) = (Fs6(Q — Qs),0,0,0). (3.62)

Here, Fs is the solar constant, hence, the irradiance for a plane perpendicular to the
direction (g of the incoming solar radiation and J is the Dirac delta function.
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In the case of scalar radiances, reflective properties of surfaces can be fully de-
scribed by the bidirectional reflectance distribution function (BRDF). Similar to the
scattering phase function, it describes which amount of radiation coming from a
direction €2 is reflected into direction €Y. For vectorised radiances, the BRDF is
a Miiller matrix. Two particular cases of the BRDF are specular and Lambertian
reflection. In the former case, radiation obeys Snell’s law and the Fresnel equations.
In this study, however, we will only make use of the Lambertian case. It assumes
that, independent of €2, light is reflected isotropically into any direction of the upper
half-space and gets fully depolarised. In this case, the surface optical properties
are described solely by the surface albedo ws,, r(A), which represents the fraction of
incoming light that is actually reflected and not absorbed by the surface.

3.3.5 Concluding remarks

Figure 3.8 illustrates typical scattering phase functions for the processes described
in Section 3.3.2 and 3.3.3. It provides insight on the dominant scattering directions
and the potential of different processes to polarise initially unpolarised light. It is
further of interest to quantify the processes’ capabilities to depolarise light. For
this purpose, we introduce the "average remaining DOLP" that we define as the
intensity weighted average DOLP

/()2 + U2
2ox Z% X with  x€][0,45,90,135°] (3.63)
X X

calculated from the stokes parameters I, (), and U,, that one obtains after scat-
tering of initially linearly polarised light of polarisation angle x. The results are
illustrated in Figure 3.9. It is further worth noting that, for all elastic scattering
processes, the SOP is maintained in the forward scattering direction: For scatter-
ing angles up to 30°, the difference in the normalised Stokes parameters between
incoming and outgoing beam is < 15 %, for incoming light of arbitrary linear SOP.

Regarding the polarisation of skylight under typical atmospheric conditions, it is
worth to summarise a few qualitative key facts:

1. The incoming sunlight at TOA is initially unpolarised.
2. Circular polarisation does not play a role in the atmosphere.

3. The only significant source of linear polarisation is Cabannes (except forward
and backward scattering), particularly at scattering angles around 90°.

4. Once a ray travelling along a distinct geometrical path is polarised, it is un-
likely to get depolarised again by single scattering events in the atmosphere.
Significant depolarisation is only achieved by inelastic scattering or scattering
on aerosol at large scattering angles, both rather unlikely to occur (few %
probability per scattering event). It shall be pointed out, however, that the
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Figure 3.8: Illustration of scattering matrices for different scattering processes on
molecules (top panels) and aerosols (lower panels). The Mie calculations
were performed at A = 400 nm for the standard mixed aerosol as defined
in Table 3.2. The HG phase matrix assumes an asymmetry parameter
of gng = 0.74. The data shown is similar to Figure 3.5.
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Figure 3.9: Average remaining DOLP after single scattering of initially linearly po-
larised light for different scattering processes. See text for the detailed
definition.
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superposition of several beams of different SOPs ultimately has a depolarising
effect.

5. For elastic scattering at small scattering angles, the SOP is conserved.

Note that we ignored the Earth’s surface here. In reality, the surface is capable to
either produce significant amounts of polarised light (consider specular reflection on
water surfaces close to the Brewster angle) or depolarise light (consider snow, with
high albedo and a nearly Lambertian BRDF in the UV-Vis (Gibbs et al., 1993)).
Further, in contrast to Mie aerosol as assumed within this thesis, non-spherical
aerosol (e.g. desert dust) can have a rather strong depolarising effect (Dubovik
et al., 2002).

3.4 Radiative transport models

With the knowledge from Section 3.3.2 and 3.3.3, we can, from the composition of
an air volume dV/, predict its optical properties in terms of effective values for K (),
K® and P(€,Q). The actual mathematical challenge is to solve the RTE for the
entire atmosphere, considering multiple scattering and given boundary conditions
according to Section 3.3.4. RTM codes are readily available doing exactly this using
a number of different approaches.

Monte Carlo models for instance explicitly simulate trajectories for large ensem-
bles of photons (Kattawar and Plass, 1968) and derive the macroscopic radiation
quantities applying statistics over the results. Their major advantage is the capabil-
ity to simulate arbitrary atmospheres, notably with 3-dimensional aerosol and trace
gas distributions and directly including Earth’s sphericity.

Besides Monte Carlo, there are a number of semi-analytical approaches. An
overview can be found, for instance, in Lenoble et al. (2013). Most prominent are the
successive order of scattering approach (Hammad and Chapman, 1939), the discrete
ordinate method (Chandrasekhar, 1947, 2013), and the doubling-adding method
(Van de Hulst and Grossman, 1968). In contrast to Monte Carlo simulations, they
only provide solutions for atmospheres consisting of optically homogeneous horizon-
tal layers. Farth’s sphericity is typically taken into account using a pseudo-spherical
correction (e.g. Dahlback and Stamnes, 1991), which assumes a curved atmosphere
only for the rather simple calculations of direct and singly scattered radiation fields,
while calculations for the multiple-scattering field are performed in the plane-parallel
approximation.

In this study, we use the vectorised linearised discrete-ordinate radiative trans-
fer model (VLIDORT) (Spurr, 2006, 2008). The mathematical details of discrete-
ordinate models are out of the scope of this study (the reader is referred to the
literature given above), however, the very basic idea is to discretise the full solid
angle into a finite number of directions. The azimuthal dependence of the radia-
tion field is expressed in terms of a Fourier series. The polar angle is discretised
into a distinct number of polar angles typically referred to as discrete ordinates or
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streams. Likewise, the scattering phase matrices are expressed in terms of Legendre-
Polynomial expansions. This discretisation allows to turn the integral in the RTE
(Eq. 3.36) into a sum, allowing to express the RT problem in terms of a solvable set
of coupled linear first-order differential equations. The number of streams and the
associated order of the Legendre expansions are crucial parameters regarding the
simulation performance and need to be chosen carefully (see Section 8.1).
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4 Ground-based MAX-DOAS

Ground-based Multi-AXis Differential Optical Absorption Spectroscopy (MAX-DOAS)
(e.g. Honninger and Platt, 2002; Honninger et al., 2004; Wagner et al., 2004; Heckel
et al., 2005; Frieft et al., 2006; Platt and Stutz, 2008; Irie et al., 2008; Clémer et al.,
2010; Wagner et al., 2011; Vlemmix et al., 2015) is versatile passive remote sens-
ing technique for the simultaneous detection of aerosol and trace gases. As already
briefly described Section 1, the typical MAX-DOAS measurement procedure can be
subdivided into three major steps:

1. Acquisition of spectral data: The typical MAX-DOAS instrument consists of
a motorised narrow field of view telescope and a spectrometer unit, allowing
to record ultraviolet (UV)- and visible (Vis) radiation spectra of scattered
sunlight in a multitude of viewing directions ("Multi-Axis") and in the scope
of this thesis, at different polarisation orientations.

2. Spectral analysis: The spectra are analysed using "Differential Optical Absorp-
tion Spectroscopy" (DOAS) to obtain information on different atmospheric
absorbers and scatterers, integrated over the light’s effective path through the
atmosphere.

3. Inversion procedure: inverse modelling approaches involving RTMs are used
to infer the atmospheric state from the data acquired in the steps before. Such
inversion schemes are frequently and in the following referred to as "retrieval
algorithms".

The full procedure is qualitatively illustrated and outlined in Figure 4.1. The indi-
vidual steps are described in detail in the following subsections.

For this thesis we focus on the detection of HCHO and NO,. Other gases that
have been analysed with MAX-DOAS in the UV and Vis spectral range are ni-
trous acid (HONO), water vapour (H20), sulfur dioxide (SO,), ozone (O3), glyoxal
(CHOCHO) and halogen oxides (e.g. BrO, OCIO). As already described in Section
2.4, the oxygen collision induced absorption (in the following treated as if being an
additional trace gas species O4) can be used to infer information on aerosols: since
the concentration of Oy4 is proportional to the square of the O, concentration, its
vertical distribution is well known. The O4 absorption signal can therefore be uti-
lized as a proxy for the light path that strongly depends on the atmosphere’s aerosol
content. Oy absorption measurements therefore allow to infer information on the
aerosol vertical distribution as well as aerosol properties (Wagner et al., 2004; Friefs
et al., 2006). In fact, in most conventional MAX-DOAS retrieval algorithms, Oy
absorption is used as the only source of information on aerosol.
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Figure 4.1: Illustration of the MAX-DOAS measurement procedure. Left: spectra of
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skylight recorded under different viewing directions contain information
on the atmospheric state integrated along the effective light paths, the
latter indicated by the thick yellow arrows. The paths are strongly sim-
plified, as they are actually superpositions of a multitude of light paths,
potentially involving multiple scattering in the atmosphere and on the
Earth’s surface, as illustrated by the dashed thin arrows. Right: Once
measurements have been performed and spectrally analysed, an RTM
is used to reproduce the observations in an artificial atmosphere. The
model parameters are adapted to bring modelled and actual observations
into closure, thereby approaching the real atmospheric state.



4.1 Acquisition of spectral data

Currently, a large number of different MAX-DOAS instrument prototypes exist, all
different in the detailed implementation and sometimes optimised for distinct pur-
poses. However, most of them share essential properties that have been established
over recent years and shall be outlined here. The typical MAX-DOAS instrument
consists of a telescope and a grating spectrometer unit. The telescope features a nar-
row field of view (FOV), with full aperture angles of approximately 0.5° (10 mrad).
It is motorised to automatically realise multiple viewing directions in rather quick
succession (= 1min per viewing direction). 1D-MAX-DOAS instruments are in-
stalled at a fixed viewing azimuth angle (VAA), automatically changing the viewing
elevation angle (EA), while 2D-MAX-DOAS instruments have motors for both, VAA
and EA. There are different approaches to guide the gathered light from the tele-
scope to the spectrometer, the most common being to use fused silica optical fibres.
Typical spectral coverage and resolving powers of the spectrometers applied are on
the order of 150 nm and 103, respectively. It is not unusual to apply multiple spec-
trometers, commonly two, dedicated to the UV and the Vis spectral ranges with
typical coverages of 300 — 400 nm and 400 — 500 nm, respectively. Further details
on the instrumental implementation can be learned from Section 11, in the course
of the description of the PMAX instrument. Note that DOAS instruments are typi-
cally not radiometrically calibrated. Therefore, any observed radiances I will in the
following be assumed to have arbitrary units.

4.2 DOAS spectral analysis

In the following by "DOAS spectral analysis" we refer to the procedure of evaluating
the raw spectral data, using the methods outlined below. It shall be noted that it is
generally applicable to a number of different DOAS-techniques beside MAX-DOAS,
some even using artificial light sources and folded light paths (see e.g. Platt and
Stutz, 2008). Discussing those in detail is out of the scope of this study, but they
all have in common that characteristic trace gas absorption features need to be
identified in spectral data.

4. 2.1 Beer-Lambert law

First, consider a beam with radiance spectrum I(\) traversing a volume of length
L along the beam’s direction. If no further light sources are present and multiple
scattering in the volume is neglected, the integral term in the RTE (Eq. 3.36) is zero
and the beam’s attenuation at position s along L is described by the Beer-Lambert
law

= —K (X, 8)I(\). (4.1)
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with K (A, s) being the extinction coefficient of the traversed volume as already
introduced in Eq. 3.37 (we skip the (e)-label here for readability). Recall that
K (), s) includes the absorption and scattering capabilities of different constituents
in terms of their absorption and scattering cross-sections al(a) and afs).

Eq. 4.1 can be integrated over the beam path L to obtain the attenuated radiance

I()), observed by a detector behind the volume:

IO = I(A) exp (- /O K(A,s)ds) — Iy exp(—7(1)). (4.2)

Here, 7()) is the volume’s "optical thickness" (OT) along the beam’s path, defined
as

) = — /OL K(\, 8)ds = In (?&;) | (4.3)

4.2.2 Slant optical thickness

Now consider a ground-based MAX-DOAS instrument, pointing into direction ) =
{0, ¢, a}, with 0, ¢ and « being the SZA, the RAA and EA, respectively. The instru-
ment detects the skylight spectrum (), 2), which corresponds to the extraterrestrial
spectrum Itoa(A), altered by the RT effects introduced in Section 3. In contrast
to the simple example of beam attenuation in a volume, the light now travels from
TOA to the instrument along an infinite number of possible geometrical paths, each
with a contribution probability that itself is a function of the atmospheric state,
particularly of the aerosol abundance.

Despite these complicating aspects, the total effect on the spectrum can still be
expressed in terms of an OT, the "slant optical thickness" (SOT)

(A Q) =In (If&*%)) (4.4)

along a virtual effective light path. Note that 7(X, Q) no longer describes attenuating
effects alone, but now also includes changes in radiance arising from the spectral
dependence of single and multiple scattering processes.

Recalling Section 3, there is a crucial prerequiste for the DOAS analysis: in con-
trast to trace gas absorption, all elastic scattering processes solely change the broad
band shape of the spectrum. This allows to model 7(A, ) in good approximation
as

TALQ) &> ai(A) Si(Q) + D biN + krR(N). (4.5)

J

at least over a limited wavelength range (width of ~ 50 nm) and for thin molecular
absorbers (with OTs on the order of few percent). The first term on the right hand
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side accounts for absorption by different trace gases ¢, with absorption cross-section
o;(A) and slant column density (SCD)

() = /0 ci(5)ds, (4.6)

which is the trace gas concentration ¢;(s) integrated along the effective light path
L through the atmosphere. Since the effective light path changes with A, S; also
depends on A. It is, however, typically assumed to be constant over the modelled
wavelength range of the DOAS analysis. The second term in Eq. 4.5 is a polynomial
(N =~ 2t05) that accounts for spectral broadband features caused by scattering and
aerosol absorption. Particularly, it accounts for the effects introduced by the integral
term of the RTE (Equation 3.36), which would normally be very complex to consider.
The term krR(\) accounts for narrowband features caused by the "filling-in" of
Fraunhofer lines (Grainger and Ring, 1962; Solomon et al., 1987; Bussemer, 1993;
Wagner, 1999) due to inelastic Raman scattering. R(\) is the "Ring spectrum" that
describes the expected shape of the Raman introduced narrow-band features while
kg specifies their magnitude. There are multiple approaches to infer R(\) (Wagner
et al., 2001) either from measurements, modelling or combined approaches. In this
study we use the approach implemented in the DOASIS software (Kraus, 2006)
where

I'ne
R()\)I inel

]z(/\) - Iinel()\) .
I.()\) is a zenith spectrum recorded at low SZA with the applied instrument. I;,(\)
is the modelled Raman single scattering radiance (considering Stokes- and Anti-
Stokes scattering on nitrogen and oxygen), assuming I,(\) as the incident radiance.
A complete derivation of Equation 4.7 can for instance be found in Wagner et al.
(2001).

For the detection of most trace gases, differences in optical depth smaller than
1072 have to be resolved. Amongst others, due to imperfect knowledge of I704 and
the instrumental slit function, this is typically not possible if literature spectra of
Iroa(A) are used in Eq. 4.4. Instead, SOTs are evaluated against spectra from the
same instrument but from another viewing direction 2. This yields the so called
differential slant optical thickness (dSOT)

(4.7)

AT(A,Q2,0) =1n (%) (4.8)
= Z"z ) ASH(Q,90) + > N + krR()\) (4.9)

J

in equivalence to Eq. 4.5, however, with the SCD S; being replaced by the differential
slant column density (dSCD)

AS; = Si(9) — Si(). (4.10)

As we shall see later, both dSCDs and dSOTs play a crucial role throughout this
thesis as they constitute the input for the RAPSODI inversion algorithm.
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4.2.3 Instrument spectral resolution

So far we have ignored the fact that, in practical applications, instruments have lim-
ited spectral resolution. The instrument’s response to a spectral delta-peak is called
the "instrumental slit function" (ISF) H(A). Its width indicates the instrument’s
resolution, which is, for typical DOAS instruments, about two orders of magnitude
larger than the natural line widths. Instead of the real spectrum I(\) (we omit
here for readability), the instrument detects a smoothed spectrum

I"(A) = I(\) o H(A) = [Itoa(N) exp(—T7(A))] o H(N) (4.11)

with (o) indicating a convolution. Assuming that the real spectra have constant
radiance over typical spectral widths of H(\) and that narrow-band absorbers have
small OTs, the convolution and the exponent in Equation 4.11 commute. In this
case the limited resolution can be accounted for by replacing o;(A) in Eq. 4.9 by the
convoluted cross-section

(Platt and Stutz, 2008). Equations 4.8 and 4.9 can then be rewritten as

InI*(\, Q) ~ In I*(\, Q) — Zo— ) AS; (9, Q)

= b N —krR(A) + C(N). (4.13)

Without going into further mathematical detail, it shall be noted that the approxi-
mations taken in this step are not ideal and can have different consequences for the
DOAS analysis results, such as the "Ip-effect" (Platt et al., 1997) or the "tilt-effect"
(Lampel et al., 2017). The term C'()) in Eq. 4.13 represents diverse correction terms
that are used to account for such effects.

The Iy-effect originates from strong spectral structures in the solar spectrum
and/or the absorption cross-section that cannot be resolved by the instrument.
The interaction of these unresolved spectral features has the consequence that, par-
ticularly for strong absorbers, the instrument perceives absorption structures that
slightly differ from the ISF convoluted literature cross-sections assumed in Eq. 4.13.
A first order correction can be achieved by applying altered cross-sections: following
(Johnston, 1996), these are calculated according to

(Io) __ 1 H(A) © [AO‘)

i To) - PN (4.14)
S HOW o [T exp(—oi ()81

with f(A) being a high resolution TOA literature spectrum and Si(IO) being a typical
expected SCD of the respective trace gas. Applying both the corrected and the
uncorrected cross-section in Eq. 4.13, allows the DOAS fit (see Section 4.2.4) to
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approximately reproduce the absorption structures for any S; by linearly combining
o; and 02-(10). Within this thesis, the Iy correction will be applied for water vapour
absorption in the Vis range (see Section 13.3) using the TOA literature spectrum
by Chance and Kurucz (2010).

4.2.4 The DOAS fit

On the basis of the Eq. 4.13, a fit (in the following referred to as "DOAS fit") can
be performed, bringing the observed optical thickness on the left hand side into
agreement with the model on the right hand side by minimizing the cost function:

Y2 = /)\2 [ln I"(\ Q) —InI*(\, Qo) + Z ol (A) AS;(£2,€)
. , : (4.15)

+D biN +kgR(A) = C(\)| dA.

J

A1 and A indicate the spectral fitting range. Taking literature values for o;(\),
the parameters to be varied are AS;, b; and kr. Note that R(\), 0;(\) and the
polynomial have to be linearly independent, or in other words, R()A) and o;(\)
must contain characteristic narrowband spectral features that particularly cannot
be reproduced by the polynomial. As discussed in Section 3.3.2, this is fulfilled for
a large number of trace gases if the DOAS fit is performed over sufficiently large
spectral windows. During the fit it is typically required to allow small spectral
shifts and squeezes of I*(\,2), o; and R(\) with respect to I*(\, ) to account for
instrumental drifts or the tilt-effect (Lampel et al., 2017). It is further common to
include an "offset-polynomial" in the fitting procedure: it is added to I*(\, ) (prior
to the calculation of In I*()\, §2y)) to account e.g. for straylight in the spectrometer.

For the DOAS fit we used the HeiDOAS python library (Friefs, 2020). Explicit
examples of DOAS fit results are shown in Section 13.3.

The resulting dSCDs AS; are the primary output of the DOAS analysis and the
only input for typical conventional MAX-DOAS inversion algorithms. In most ap-
plications the broadband information contained in b, is discarded. Also in this study
we will not further consider b; and instead reincorporate the broadband information
into the inversion in terms of dSOTs at distinct wavelengths (see Section 7.2). The
information contained in kg will be ignored in this thesis, even though Wagner et al.
(2009) showed it to contain further information on aerosols. This might be subject
to future investigations.

4.3 Inversion procedure

The conventional MAX-DOAS retrieval of the atmospheric state requires a set of
dSCDs recorded under different viewing directions. As qualitatively indicated in
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Fig. 4.1, measurements become increasingly sensitive to trace gas abundances at
low altitudes with decreasing elevation angle (Honninger and Platt, 2002). FEleva-
tion scans have therefore established as the geometry of choice for the retrieval of
aerosol and trace gas vertical distributions. They include a set of spectra recorded
at three to ten different EAs (with increasing resolution at low EAs) at a fixed RAA,
with integration times of about 1min each. The number of viewing directions is a
trade-off between temporal resolution and information content of the measurements.
Note that recent developments (including this thesis) gradually extend the focus of
MAX-DOAS measurements from sole trace gas observations to aerosol profile and
property retrievals. Depending on the purpose, other geometries (e.g. sampling the
solar aureole region) might be advantageous and should be considered in the future.
Investigations in these directions are presented in Section 9.3.

For the inversion, an RTM is used to reproduce the observed dSCDs in an artificial
atmosphere. The model parameters are iteratively adapted to bring modelled and
measured dSCDs into closure, thereby approaching the real atmospheric state.

In conventional MAX-DOAS retrieval algorithms, separate inversions are per-
formed for each species. As described in Section 2.4, O4 dSCDs are typically used
as the only source of information on aerosols. In a first inversion procedure, there-
fore only O, dSCDs are simulated and the aerosol vertical distribution is optimised
to reproduce the measured O, dSCDs. With the knowledge on the aerosol vertical
distribution, further inversions are performed to retrieve vertical distributions of
different trace gases from the corresponding dSCDs. As we shall see later, this is
has been improved in our newly developed RAPSODI retrieval algorithm, which is
capable to retrieve all species simultaneously in a shared model atmosphere.

In the recent years, a multitude of MAX-DOAS inversion algorithms have been
implemented that apply different approaches in terms of parametrisation, prior con-
straints and optimisation procedure (Irie et al., 2008; Clémer et al., 2010; Wang
et al., 2013; Yilmaz, 2012; Bosch et al., 2018; Chan et al., 2019; Vlemmix et al.,
2011; Beirle et al., 2019). The RAPSODI retrieval is based on the optimal estima-
tion (OEM) formalism. The concept of OEM is crucial to understand some of the
approaches taken in this thesis. The formalism is therefore discussed in a dedicated
section (5).

4.4 The airmass factor

In astronomy, the "airmass" describes the "amount of air that one is looking through"
(Green, 1992) and is defined as the integral over the air density along a distinct LOS.
The "airmass factor" (AMF) is often defined as the ratio between the air mass along
some slant LOS and the airmass along the zenith viewing direction. In the MAX-
DOAS community, the term is used in a slightly different way, as it does not refer to
the amount of air but the amount of a certain trace gas that one is looking through.

As introduced in Equation 4.6, the concentration c¢; of a trace gas i integrated
along a slant path yields the "slant column density" or SCD. Integration of the

46



concentration along the vertical z yields the so-called "vertical column density"
(VCD)

Vi = /OTOA ¢i(2)dz. (4.16)

A related and often used quantity is the aerosol optical thickness (AOT) similarly
defined as

aer

TOA
AOT = / K9 (2)dz (4.17)
0

but with the aerosol extinction coefficient Kég(z) being integrated. The AMF is
defined as the ratio of SCD and VCD:

Vi

A\, Q) = (4.18)
Often, AMFs and VCDs of single atmospheric layers [ are regarded: they are then
referred to as box airmass factors (BAMFs) A; and box vertical columns (BVCDs)
Vii. For optically homogeneous layers (as assumed in a model atmosphere) the
BAMEF is independent of the considered trace gas as it simply describes the ratio of
slant and vertical light path. It is related to the AMF according to

A =1/V; Z AVig. (4.19)
!

In the context of radiative transport simulations, BAMFSs are a very useful concept
to describe complex path geometries, as they basically boil down any ensemble of
light paths to ratios between the effective slant and the vertical light path through
each layer. For small OTs the BAMFs can be calculated according to

1 dl
Ai(A, Q) = TINQ) 4 (4.20)

with Tl(a) being the layer’s vertical absorption optical thickness (see Appendix C).

4.5 From conventional to polarimetric
MAX-DOAS

The easiest way to make use of polarimetric information on the instrumental side
is to install a motorised linear polarising filter within the telescope of the MAX-
DOAS instrument. As described in 11, this approach was pursued for the PMAX-
DOAS instrument. The polariser allows to record spectra of skylight of different
polarisation orientations, or "polariser angles" (PA) §. The so recorded spectra will
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in the following be referred to as "polarimetric spectra". The viewing geometry
Q = {0,¢,a}, as introduced above for non-polarimetric observations, will in the
following be extended by the PA, hence Q = {60, ¢,«,d}. Throughout this thesis,
0 describes the orientation of the polariser’s transmitting axis with respect to the
horizontal and increases clockwise when looking towards the instrument. The DOAS
spectral analysis can be readily applied to polarimetric spectra just in the same
way as described above, but we will refer to the resulting dSCDs by "polarimetric
dSCDs". Also the other concepts introduced above (e.g. the calculation of dSOTs
and AMFs) are readily applicable to polarimetric data, just by considering the PA
as an additional parameter in €).

For the inversion algorithm, the major requirement is a forward model based
on a vectorised RTM, which can reproduce the polarimetric observations. Another
important aspect is that information on the SOP of skylight needs to be incorporated
in the inversion to exploit the full potential of polarimetry. This information is not
contained in polarimetric dSCDs. Therefore, also polarimetric dSOTs at discrete
wavelengths will be fed to the RAPSODI algorithm. This is described in further
detail in Section 7.2 in the course of the RAPSODI algorithm description.
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5 Optimal estimation formalism

Simply speaking, an "inversion" can be regarded as fitting some model F(x) that
depends on a set of n parameters we are interested in (summarised in the state
vector x, living in the state space) to a set of m observations (summarised in the
measurement vector y, living in the measurement space). Throughout this thesis we
refer to the elements of x and y as parameters and measurements, respectively. The
aim is to find the state vector X that brings the model results F(X) into best agree-
ment with given measurements y, according to some definition of "best agreement",
typically given in terms of a cost function.

For a first introduction let’s consider the trivial case of a well-posed problem with
an ideal model and error-free measurements. The problem can then be formulated
according to

!

y L F(%). (5.1)

To find the solution X, the model F needs to be inverted. For further simplification
let’s assume that F is linear, meaning that each measured quantity y; depends
linearly on the model parameters according to

Yi = Kilxl + KQIEQ + -+ Ki,n-rn + C, (52)

with ¢ being some offset that needs to be eliminated by subtracting it from y; prior
to the inversion. In this case, F can be expressed as an m X n matrix K containing
the derivatives of F(x),

OFi(x) Oy
8l’j a aZI}j.

K;; = (5.3)

In inversion theory and within this study, K is referred to as the weighting function

matriz or the weighting functions (WF). Equation 5.1 then becomes y = Kx (with
K being a quadratic matrix of full rank here, since we assume a well posed problem),
hence, a set of m = n linear equations and unknowns, which can be solved by
multiplying both sides with the inverse of the model K~! to obtain the solution
% = K~ 'y. However, in general things are more complicated:

1. ¥ is typically prone to measurement errors, which should be appropriately
considered and propagated into the results.

2. The problem might be ill-posed in the sense that K is not invertible. While
overconstrained problems are very common (consider a linear fit with two
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unknowns to a large set of datapoints), it might on the other hand be under-
constrained: an obvious case is, if there are less measurements than unknown
parameters (m < n). But even with m > n, the measurements might be
insensitive with respect to to distinct parameters z; (lying in the nullspace of
K) or several x; might be linearly dependent, such that rank(K) < n. Note
also that problems might be over- and underconstrained at the same time,
depending on which z; is regarded.

3. F(x) might be some complicated non-linear model (in the MAX-DOAS case
it is a radiative transport model) and solutions need to be found iteratively.

It is common practice to apply least-squares methods to solve overconstrained
problems. They can easily be implemented to also consider measurement errors and
combining them with iterative approaches like the Gauss-Newton or the Levenberg-
Marquardt method allows for solving non-linear problems.

One might argue that underconstrained problems can be avoided by choosing
a suitable parametrisation. However, the amount of information on the individual
parameters x; in typical MAX-DOAS retrievals strongly depends on the atmospheric
conditions. Therefore, it is not clear which z; will actually be retrievable prior
to the inversion. In such cases approaches like the optimal estimation inversion
formalism (OEM) are desirable: its most notable strength is that it can handle
potentially underconstrained problems, while simultaneously keeping track of the
actual information on the individual z; that are inferred from the measurements. A
comprehensive description can be found in the book by Rodgers (2000).

5.1 Uncertainties

For our purposes, any uncertainties (in the measurement as well as in the state space)
are assumed to be adequately described by a Gaussian probability density function
(PDF). This is typically not ideal but is well justified as a trade-off between an ac-
curate description of the problem and computational performance. The uncertainty
of a scalar quantity z is then simply characterised by the variance o%. Equivalently,
the uncertainty of a vector z in a multidimensional space is characterised by its
covariance matrix S, generally defined as

Sij = (2 — Zi) (2 — %)), (5.4)

with () being the expected value operator and z = (z). Its diagonal elemnts contain
the variances of each z;; the off-diagonal elements describe potential correlations
between them. The Gaussian PDF for the scalar case is

P(z) = — exp {—M} , (5.5)

2o 202
where Z indicates the mean value, while for the multivariate case it is
1 1 N _
P(z) = REE] exp {—§(z —-z)' S (z — z)] (5.6)
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Figure 5.1: Tllustration of Bayes’ theorem assuming Gaussian PDFs (adapted from
Rodgers (2000)).

Just as S and 02 describe uncertainties, their inverses S™! and 1/0? can be regarded
as measures for the knowledge about a quantity. The inverses play a crucial role in
OEM and will in the following be referred to as knowledge or precision matrices.

5.2 A priori knowledge

It is often ignored that, even before performing any measurement, the space of
possible solutions can mostly be confined on the basis of experience (former mea-
surements, climatologies, models and other sources of information). In the OEM
formalism, such knowledge is referred to as a prior: and its assimilation into the
inversion is the game changer regarding underconstrained problems. It is described
by a PDF in state space, in the Gaussian case characterised by the a priori state
vector X, and associated covariance S,. As we shall see below, x, might be consid-
ered as a set of "backup values" for each parameter that the retrieval resorts to if
too little information is contained in the measurements.

5.3 Bayes’ theorem

Bayes’ theorem is an important prerequisite in OEM for the correct propagation of
uncertainties into the final result. It allows to identify the class of possible states
and their PDFs, considering all available information. Note that Bayes’ theorem
is generally valid for arbitrary PDFs even though in this study it is only applied
to Gaussian PDFs. Let’s consider a two-dimensional PDF P(a,b) describing the
uncertainty of a vector (a,b) as illustrated in Figure 5.1. Let P(a) be the PDF of
a, i.e. P(a,b) integrated over all values of b, and let P(b) be its equivalent for b. It
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can be shown that the conditional PDF of a for a given value of b is
P(alb) = P(a,b)/P(a), (5.7)

and likewise for P(b|a). Bayes’ theorem brings the two conditional PDFs into relation
according to

P(alb) = (5.8)

Note that P(a) in Eq. 5.7 and P(b) in Eq. 5.8 are only normalising factors and
can be omitted for our purposes. In general, a and b might be vectors, making
Eq. 5.8 applicable also to problems of higher dimensions as they are discussed in the
following.

5.4 Solution of linear problems

As introduced above, the basic quantities to start from are:

e The measurements, represented by a Gaussian PDF P,(y) in measurement
space, with the observed values § as mean value and the measurement uncer-
tainties S, as covariance.

e A priori knowledge, represented by a Gaussian PDF P,(x) in state space with
mean value x, and covariance S,.

e A forward model F(x), mapping an arbitrary point in state space into measure-
ment space. In the linear case, F can be expressed in terms of the weighting
function matrix K.

The first step is to find the PDF P(x|¥) of solution states, evolving from P,(x), given
the measurements y. Following Eq. 5.6 for the multivariate Gaussian distribution,
the a priori PDF is given by

—2In P,(x) = (x — xa)" S (x — Xa), (5.9)
and likewise
—2InP(y) = (y = 9)"S; (y - 9)- (5.10)

We omitted the normalising factor (27)"/2|S|, as it is not of relevance for the actual
optimisation. In the case of a given value for x, the corresponding PDF P,(y|x) in
measurement space is given by

—2In Py(y|x) = (y — Kx)"S; "(y — Kx). (5.11)
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Inserting these into Bayes theorem (Eq. 5.8) and setting y = § yields the desired
PDF

—2In P(x[9) = (§ —Kx)"S, ' (§ — Kx) + (x —xa)" S, ' (x — xa) =1 x*, (5.12)

which is again a Gaussian distribution. The r.h.s. is simultaneously the cost function
of the problem, with the first term punishing deviations between modelled and
actual measurements and the second term punishing deviations of the state from
the a priori. Minimising x? w.r.t x yields the most probable state % that we define
to be the solution of the inversion (generally for non-Gaussian PDFs, the solution
may be defined differently, e.g. as the median or the expected value of P(x|y)). X
is easy to find here, since Eq. 5.12 can be rewritten as

—2In P(x|§) = (x — %)TS7(x — %), (5.13)

with the mean

x=(K'S,'"K+S,") "(K'S,'§ +Sa ' xa) (5.14)

being the solution and the covariance

S=(K'S, 'K +8, )" (5.15)

describing its uncertainty. At first glance, Eq. 5.14 looks bulky, but it can be inter-
preted in a simple manner: recalling that K is only required to transform measure-
ment space quantities into state space, Eq. 5.14 turns out to be a knowledge-weighted
arithmetic mean of a priori and measurements. The second bracket represents a
weighted sum of x, and ¥ while the first bracket is the corresponding normalisa-
tion factor. Figure 5.2 illustrates all important quantities and their interaction for
an explicit example with m = n = 2, i.e. two parameters being retrieved from
two measurements. Using the forward model, the measurement PDF (blue) can be
transformed from measurement space into state space, to derive the solution PDF
(orange) considering the a priori knowledge (green) according to Eq. 5.14. In this
particular example, the measurements are very sensitive to 1, but not to z, (see
second column of K). Consequently, #; is dominated by the measurement and i
by the a priori term. Note that K~'y and (KTSy_lK)’1 are shown here for ex-
planatory reasons. In fact K is not necessarily invertible for arbitrary problems and
this is also not required for the calculation of the final result X (see Eq. 5.14 and
Eq. 5.15).

It is further instructive to consider the scalar case (m = n = 1): then, ¥ becomes
a single measurement y whose uncertainty is described by its variance 05 instead of
S,. Likewise, x, becomes a single parameter a priori value x, with variance o2 and
K becomes a single derivative dy/0x. We can further define

., Ox ox

= 8_yy and o, = a—yay (5.16)
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Forward model: K = ( 1/10) |:> i ' 1 10
0 /10 Y2 = Exz

Figure 5.2: Example of a linear problem with two parameters (in a 2D state space on
the left) being retrieved from two measurements (in the 2D measurement
space on the right), assuming Gaussian PDFs. The PDFs are depicted
here as blurred ellipses with their mean values indicated by cross markers.
The a priori, measurement and solution PDFs are depicted in green, blue
and orange, respectively. For the detailed description and interpretation,
see main text.
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being the measurement and its error, each transformed into state space. Fq. 5.14
then becomes the familiar weighted arithmetic mean between two quantities with
associated uncertainties:

O_/—QQ/ —|—(7_25L‘a
¢ =Y = 5.17
T O_ZIJ_2 + O';2 ) ( )
and Eq. 5.15 becomes
1 1 1
52 = o2 + Pk (5.18)
Y a

Equation 5.17 well reflects the boon and bane of the OEM formalism: even if lots
of information on z is contained in the measurements (o, < 0,), the result & will
approach ¢ but always remain biased towards the a priori. On the other hand, if
either measurement errors are large (0, — 00) or the measurement is insensitive
towards the desired parameter (Jy/0x — 0), & approaches x,. Hence, in the case of
an ill-posed problem, with little information on x contained in the measurements,
the retrieval resorts back to a reasonable a priori value and remains stable, whereas
in the case of algorithms not using any a priori information, & would be dominated
by measurement noise and diverge. It is therefore important to inspect the amount
of information that the measurements provide for each parameter as discussed in
the following.

5.5 Quantification of information content

Once we have calculated the solution X, it is not yet clear to what extent each pa-
rameter T; is either dominated by a priori or measurement information. X should
therefore only be regarded in conjunction with a measure for the amount of infor-
mation on each z; that could be inferred from the measurement. In OEM, such a
measure is the averaging kernel matriz (AVK), defined as

pr
A= a—i — (K'S, 'K + S, ) 'K”S, 'K (5.19)

The first representation of A, in terms of a partial derivative, provides immediate
insight into the general concept. On the diagonal A;; = 0%;/0x; we obtain the sen-
sitivity of each retrieved parameter value Z; to changes in its real value x;. If little
information was retrieved from the measurements, Z; is dominated by the constant
a priori term in Eq. 5.14 and A;; will be close to zero. On the other hand, if z;
strongly depends on the measurements, it will follow any change of x; and A;; will
be close to one. In fact, A;; are values between zero and one indicating the relative
amount of information gained from the measurements in relation to the a priori
knowledge. The trace of A is often referred to as the degrees of freedom of signal
(DOFS), which play a crucial role throughout this thesis. The off-diagonal entries
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A;; (i # j) contain information on the cross-sensitivity of z; to all other parameters
x;. They are particularly useful if discretised quantities are retrieved (e.g. vertical
concentration profiles, represented in the state vector as a finite number of concen-
trations at different altitudes), as they provide information on the achieved vertical
resolution. The second representation of A in Eq. 5.19 allows for another perception
of A. Tt is easy to see here that A is a sort of ratio of the measurement knowledge
transformed into state space KTSy_lK, over the total knowledge KTSy_lK +S,7
This can again be well illustrated by the scalar case, with the same conventions as
introduced in Section 5.4. The averaging kernel for our lonely parameter z is then
given by

0/—2

A=—24Y 5.20
U’y—2 + 0,2 ( )

In the ideal case of a retrieval achieving full sensitivity with respect to all parameters
and no remaining correlations it is A = 1. Related relevant quantities in this context
are the sensitivity of X to the a priori

A, = aa;{ —1-A (5.21)
and the gain matriz
ox Tq-1 —\—lpeT Q-1
G:@:(K S, K+S, )" K'S, (5.22)

providing the sensitivity of X to the measurements.

AVKs can also be considered as the glasses of a retrieval. They contain all required
information to predict how a retrieval will perceive a given true state x;, considering
its limited sensitivity and resolving capabilities. The perceived state is given by

X =Ax; + Aux, = X0 + A(xy — Xg) (5.23)

This process plays an important role for the direct comparison of measurement
techniques with different AVKs (see e.g. Section 16) and is in OEM terminology
referred to as "smoothing", even though Equation 5.23 provokes much more than a
simple smoothing of x;. We therefore instead use the term "convolution", which we
think is conceptionally closer to the actual nature of the process.

5.6 Error components

The retrieval covariance S can be subdivided into a noise error S,, and a smoothing
error S, contribution. The noise error covariance is obtained using the gain matrix
to propagate the measurement noise into state space:

S = GS,G" (5.24)
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Smoothing errors are those deviations that arise because X will always be a smoothed
version of the true state x; (see Eq. 5.23). Typically, they cannot be calculated since
x; is not known. However, they can be estimated according to

S, = A S,AT (5.25)

under the assumption that the retrieved state is close to the true state.

5.7 Solution of non-linear problems

The typical MAX-DOAS inversion belongs to the class of moderately non-linear
problems: the forward radiative transport model is non-linear but a smooth function
of the atmospheric state parameters, and it is adequate to linearise F around X for
the error analysis once the solution X has been found.

As in the linear case, X can be found by minimising the cost function x? (Eq. 5.12),
this time however for a general forward model F instead of K. We need to find the
state that satisfies

Vi(—2In P(x[9)) = - K" (x)S,'(§ — F(x)) + S, " (x — x4) = 0. (5.26)

A common approach for problems of this kind is to apply Newtonian iteration:
the zero point of a vector-valued function g(x) can be found by iterating over x
according to

xip1 =% — (Vg (x:) " g(xi). (5.27)
Inserting Eq. 5.26 as g(x) yields
Vig(x:) =K'S 'K +S.;' — (V,K")S, ' (§ — F(x)). (5.28)

It contains the second derivative VK7 of the forward model, which is expensive to
compute. Fortunately, it is small in the case of moderately linear problems and can
be omitted to obtain the Gauss-Newton method. Inserting it into Eq. 5.27 yields
the iteration scheme:

xip1 =% + (KIS)'K; + 8,7 K]S, ' (3 — F(x)) — S,

a

"(xi —xq)]  (5.29)

Levenberg (1944) and Marquardt (1963) found that the convergence can be improved
if a factor (1++) is introduced in the first bracket, effectively reducing the iteration
step size. This yields the iteration scheme applied for our purposes:

xii1 =% + (KIS, 'K, + (1+7)S,") " [K'S, (5 — F(x,)) — S, (xi — x,)]
(5.30)

One has to provide a first guess xqo: for our purposes we choose x3 = X,, but
generally xo might be chosen differently. In fact, it is a common mistake by less
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experienced users to confuse a priori (as a crucial part of the cost function) and
first guess (the starting point for the iteration).

There are several methods to test for convergence of the iteration. For our pur-
poses we consider the retrieval to have converged if either the relative decrease in
the cost function

2 2
D? = M (5.31)
Xi

or the normalised step size in x
1 N
d2 = — (Xi - Xi+1>Tsil(Xi - Xi+1> (532)
n

fall below a given threshold.
For the error and information content analysis, the same equations as for the
linearised problem can be applied.
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6 Polarisation of skylight

The polarisation of skylight has been investigated for over 200 years, starting with
its discovery 1811 by Francois Arago. However, its usefulness for remote sensing of
atmospheric constituents was very limited until accurate mathematical descriptions
and solutions of the atmospheric radiative transport problem were developed, among
others by Ambartsumian (1942) and Chandrasekhar (1947). In fact, particularly the
modelling of skylight polarisation and its dependence on the atmospheric state is
still an active field of research. This chapter provides a qualitative overview on the
main features of skylight polarisation.

6.1 Useful equations

For qualitative considerations of skylight polarisation we introduce a few useful
equations. Consider a ground-based narrow FOV optical instrument observing the
sky at viewing elevation angle «, relative azimuth angle ¢ and solar zenith angle 6,
as sketched in Figure 6.1. Then, the single scattering angle ©,, which is the angle
between the direct solar beam and the instrument line of sight (LOS), is given by

cos O = sin f cos a (cos ¢ + sin @) + cos O sin a. (6.1)

Further, for a prediction of the approximate angle of maximum polarisation x (see
Eq. 3.25), it is useful to introduce an equation for the angle ¢, under which the
Sun illuminates the FOV-plane (see Figure 6.1). It is given counterclockwise in the
instrument viewing direction and with respect to the horizontal. The FOV-plane is
perpendicular to the instrument LOS. It is

sin «v cos ¢ sin f — cos « cos 6

tan @ = (6.2)

sin ¢ sin ¢
Assuming a pure Rayleigh atmosphere and single scattering only, the expected ori-
entation of the polarisation can be directly inferred according to

X =0 +90°. (6.3)

In many cases this is very close to reality (see Section 6.2).

As we will see later, the information content in polarisation can be enhanced for a
given set of elevation angles, by choosing RAAs such that the DOLP in the resulting
direction will be large. Tt is therefore useful, e.g. for the real-time optimisation of
measurement geometries in the field, to have an equation for the RAA ¢qy that
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Instrument
and LOS

Figure 6.1: Illustration of the angles that define the viewing geometry. Further, the
FOV-plane (perpendicular to the instrument LOS), ¢ and the single
scattering angle O, are indicated.

enforces a single scattering angle as close to 90° as possible. For given SZA and EA,
it is

arccos (—?L‘g) , ifa<6
_ an 6.4
Pon {180°, if o >0 (6.4

6.2 Angular dependence of skylight polarisation

The angular dependence of skylight polarisation on clear sky days is mostly driven by
Rayleigh scattering on molecules. According to the scattering properties introduced
in Section 3.3.2, in a pure Rayleigh atmosphere considering single scattering only,
one would expect a DOLP of unity at scattering angles of 90° and an orientation of
polarisation y perpendicular to the incident angle of the Sun into the observer’s FOV
according to Eq. 6.3. In the real atmosphere this approximation holds quiet well
at least regarding the position of the DOLP maximum and y. However, multiple
scattering and reflections from the ground induce deviations from this simplified
model even in the absence of aerosols.

Comprehensive investigations on the polarisation patterns of skylight have been
conducted by Emde et al. (2010). Figure 6.2 shows - among others - full radiative
transport simulation results for a Rayleigh atmosphere. The first thing to note is
that the maximum DOLP significantly differs from unity. The impact of multiple
scattering on the polarisation orientation y and the angular position of the maximum
DOLP are not visible in Figure 6.2. We investigated both using the RAPSODI for-
ward model (see Section 7). The shift in the position of the DOLP-maximum due to
multiple scattering is investigated in Figure 6.3: it shows that for full RT-simulations
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Figure 6.2: Skylight polarisation patterns (Stokes parameters, normalised to ex-
traterrestrial irradiance and DOLP) produced by four different atmo-
spheric constituents at 350 nm and SZA = 30°. Top row shows a pure
Rayleigh atmosphere, remaining rows include aerosol only. The figure
was adapted from Emde et al. (2010), the reader is referred to the orig-
inal publication for further details.
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Figure 6.3: Angular position of the DOLP-amximum in the sky, described in terms
EAs « in the solar principle plane (RAA of ¢ = 180°). Compared are
the position oy, expected from single scattering considerations and the
"real" position ay;,,, derived from RT-simulations.

(Rayleigh atmosphere with surface albedo of zero), the position of maximum DOLP
in the solar principle plane can differ from the single-scattering approximation by
several degrees in viewing elevation. The impact of multiple scattering on the po-
larisation orientation Yy is illustrated in Figure 6.4. The simulated y values strongly
differ from what one would expect from single scattering considerations, particularly
at small single scattering and viewing elevation angles. Qualitatively speaking, the
Earth surface "cuts away" parts of the multiple scattering field. For low elevations
and large SZAs at RAA ¢ = 0° for instance, the consequence is that predominantly
vertically polarised multiple scattered light reaches the observer, outweighing the
horizontally polarised single scattered light and ultimately leading to a rotation in
x by 90°. Among others, this effect leads to the phenomenon of unpolarised spots
in the sky radiance, the so-called "neutral points" (Horvath and Varja, 2004). In
general, multiple scattering gains impact towards shorter wavelengths, where the
atmospheric OT increases. In the real atmosphere, also aerosol has to be taken into
account. As expected from the aerosol scattering properties in Section 3.3.3 and
as shown in Figure 6.2, the polarisation patterns caused by different aerosol types
can be very different, but they are also considerably weaker in magnitude (regard-
ing the DOLP) than the Rayleigh scattering pattern. In very first approximation,
the presence of aerosol therefore can be considered to decrease the overall DOLP of
skylight. However, in scenarios with high aerosol load the DOLP pattern can also
be significantly distorted (see e.g. Boesche et al., 2006).

For completeness we simulated the skylight polarisation patterns for the stan-
dard mixed aerosol case introduced in Section 3.3.3, which is assumed for several
investigations performed in this thesis. The simulations were performed using the
RAPSODI forward model, the results are shown in Figure 6.5.

62



350 nm 500 nm

wi (T T ¢ &J &F > || Qrentionof
o ) BN B Bl [saind
@ @ @ P 7 D @ | Viewing
) O DI D P
8°-<DCD®-<P- @@@@

Figure 6.4: The polarisation orientation y in a Rayleigh atmosphere for a viewing
elevation angle of 1°. Each symbol represents a solar geometry and
indicates x as expected from single scattering considerations (dotted)
and x as obtained from RT-simulations (solid).
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Figure 6.5: Skylight polarisation patterns, produced by the bi-modal Mie-aerosol in-
troduced in Section 3.3.3. Rayleigh scattering was not considered here.
An exponential profile with 1km scale height and AOT of 0.4 was as-
sumed. The figure is similar to Figure 6.2
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6.3 Spectral dependence of skylight polarisation

A good overview on the spectral dependence of skylight polarisation including the
fine-structure (variations on the nm-scale) is provided by Aben et al. (1999) and
references therein. For a qualitative discussion of the relevant mechanisms, we con-
sult two DOLP spectra here, recorded with the PMAX-DOAS instrument (see Sec-
tion 11) under nearly the same geometries but on two clear sky days with different
aerosol conditions. The spectra are shown in Figure 6.6. A typical broadband spec-
tral feature is the decrease in DOLP towards the UV due to the increasing impact of
Rayleigh multiple scattering. when going to larger wavelengths (exceeding the wave-
length range covered by Figure 6.6) the DOLP typically reaches a maximum, before
decreasing again since less polarising aerosol scattering prevails over strongly polar-
ising Rayleigh single scattering. However, as indicated in the figure, the exact shape
and magnitude of broadband DOLP strongly depends on aerosol properties and also
on the viewing geometry (see e.g. Xu and Wang, 2015, for detailed investigations).

The spectral fine-structure is dominated by two effects, namely inelastic Raman
scattering and strong trace gas absorption. Raman scattering is strongly depolaris-
ing (see Section 3.3.2) and the spectral shift therefore causes a "filling-in" of Fraun-
hofer lines with nearly unpolarised light, ultimately resulting in DOLP variations
coinciding with the peaks and dips in the solar spectrum (Aben et al., 1999). This
is best visible in Figure 6.6 in the case of the strong calcium lines around 390 nm.
At wavelengths of strong trace gas absorption, short light paths through the atmo-
sphere are favoured. Whether this increases or decreases the DOLP depends on the
viewing geometry and the vertical distribution of the absorber. In Figure 6.6, this
effect is best visible close to 300 nm where the stratospheric ozone layer’s optical
thickness increases quickly towards the UV. During side studies we found that this
effect makes polarimetric UV observations in a single viewing direction sensitive
to the stratospheric ozone concentration. Further investigations in theis direction
might be performed in the future. Another prominent example for strong trace
gas absorption altering the spectral DOLP pattern is the oxygen A-band at about
760 nm (Preusker et al., 1995), which is however not shown in Figure 6.6.

6.4 Polarisation and effective light paths

While the Stokes parameter’s and the DOLP’s angular and spectral patterns and
their dependencies on the atmospheric state have been extensively studied in former
publications, very little attention has been paid to the fact that light of different
SOPs arriving at the Earth’s surface has taken different effective paths through the
atmosphere. Polarimetric measurements therefore allow to access new light path
geometries, which is an important aspect when aiming at the retrieval of spatial
distributions of atmospheric constituents. A convenient concept for the description
of effective light paths are airmass-factors (AMFs) A, as introduced in Section 4.4.

In the following, we present model simulations (performed with the RAPSODI
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Figure 6.6: Left: Two DOLP spectra recorded by the PMAX-DOAS instrument (see
Section 11) under similar geometries (SZA ~ 60°, RAA ~ 90°, EA =
3°) but on two clear sky days with different aerosol conditions. Right:
coincident aerosol amount and properties as observed by the nearby Sun
photometer (see Section 12.4.3).

forward model, see Section 7.4) providing some insight into the dependence of Oy
AMFs and BAMFs on the skylight polarisation. For convenience, we define the
"AMF excentricity"

_ 2mauX(;(A) — ming(A)
maxs(A) + ming(A)’

(6.5)

quantifying the relative change in AMF that can be achieved with a polariser in a
distinct viewing direction. ¢ is the polariser orientation and A are either AMFs or
BAMFs. Figure 6.7 shows the AMF excentricities € over the sky hemisphere. The sky
patterns are similar to the DOLP, i.e. largest excentricities are primarily expected
in directions of strong polarisation. However, in contrast to the DOLP, €, decreases
significantly when leaving the solar principal plane and going to lower EAs, even if
s =~ 90° (e.g. RAA = 100°, EA = 10°). €is smaller for gases that are confined to low
altitudes. Figure 6.8 shows the BAMFs in a viewing direction of particularly large Oy
AMF excentricity. It reveals that measurements at different polariser angles in first
instance lead to a scaling of BAMF profiles but not to a significant change in their
vertical shape. Accordingly, the effect of AMF excentricity is expected to improve
sensitivity to trace gas and aerosol VCDs, but is to have minor impact on the vertical
resolution of retrievals. On the other hand, the excentricity particularly in the Vis
is strikingly large up to altitudes of ~ 10km. The retrieval of aerosol and trace gas
VCDs from measurements in a single viewing direction might therefore be feasible.
The dependence of the O, AMF on the polariser angle of the observing instrument
is illustrated in the right panel of Figure 6.9 and exhibits a few remarkable features
in comparison to the radiance angular pattern (shown in the left panel): (1) the Oy
AMF significantly differs from the sinusoidal radiance pattern, rather resembling a
lemon than the familiar peanut. (2) The extrema of radiance and O, AMF patterns
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atmosphere in the two O4 absorption wavelengths at 360 and 477 nm,
respectively. Upper row show AMFs for O4, bottom row shows AMEFs
for an arbitrary trace gas confined to lower altitudes (exponential profile
with scale height of 1km).

360 nm 477 nm

AOT:
— 0
— 0.2
— 0.8
1 2 3 4 5001 2 3 4 5
Box-AMF Box-AMF

Figure 6.8: Box-AMFs at 360 and 477 nm, respectively, for different AOTs. We as-

66

sume the Mie standard mixed aerosol introduced in Section 3.3.3. Lines
show conventional "non-polarimetric" bAMFs, while shaded areas indi-
cate the variation with polariser angle. The assumed geometry is RAA
= 180°, SZA = 30° and EA = 30°, where these variations are particularly
large (compare Figure 6.7).
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Figure 6.9: Dependence of radiance (left) and Oy AMF (right) on the polariser an-
gle of the observing instrument, simulated in a Rayleigh atmosphere at
477 nm.

appear at similar polariser angles but do not necessarily coincide. Depending on the
surface albedo, viewing geometries and atmospheric state, deviations on the order
of 10° are possible. Unfortunately, this effect is hardly visible in Figure 6.9. Finally,
the dependence of the O, AMF on the AOT is investigated in Figure 6.10. Similar
to the DOLP, the excentricity decreases with increasing AOT but the detailed shape
of the decrease is quiet different. This indicates that DOLPs and €p, carry similar
but not equivalent information on the atmosphere’s aerosol content.

The findings from the simulations are also well apparent in the field measure-
ments presented in Section 15.1. Particularly the Oy dSCDs recorded at different
polarisation angles split up as predicted here.

6.5 Concluding remarks

From the precedent sections and the RT effects described Section 3, we obtain a
first idea on the advantages of polarimetric MAX-DOAS measurements, which can
be qualitatively summarised into two major aspects:

1. The SOP strongly depends on aerosol content and aerosol properties of the
atmosphere. This is particularly the case regarding the magnitude and spectral
dependence of the DOLP.

2. Light of different SOP has taken different effective light paths from TOA to the
instrument. This allows to realise new light path geometries that are normally
not "accessible" with conventional non-polarimetric MAX-DOAS observations.

Sensitivity studies and a thorough quantification of the increase in information are
performed in Section 8.4 and 9.2, respectively.
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Figure 6.10: Dependence of the O; AMF excentricity (and DOLP, for comparison)
on the aerosol optical thickness. The applied aerosol properties are de-

fined in Table 3.2. The underlying geometry is SZA= 30°, RAA=180°,
EA=30°.
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7 The RAPSODI retrieval algorithm

7.1 Overview

A multitude of MAX-DOAS profile algorithms exist within the community (Irie
et al., 2008; Clémer et al., 2010; Wang et al., 2013; Yilmaz, 2012; Bésch et al., 2018;
Chan et al., 2019; Vlemmix et al., 2011; Beirle et al., 2019). Recently, efforts have
been taken to compare and validate the results of the existing algorithms based on
synthetic data (Friel et al., 2019) and real measurements (Friefs et al., 2016; Tirpitz
et al., 2020). The algorithms are based on different RTMs and inversion approaches
(OEM, parametrised and others). They differ in the exact implementation but
share the same simplifying assumptions in multiple aspects. To overcome some
of the current limitations of MAX-DOAS retrieval algorithms, we developed the
RAPSODI (Retrieval of Atmospheric Parameters from Spectroscopic Observations
using DOAS Instruments) algorithm. Its notable features are:

1. It is the first MAX-DOAS retrieval algorithm capable of considering informa-
tion from the polarisation state of skylight.

2. It is the first algorithm to simultaneously retrieve all species of interest in
a shared model atmosphere, thereby considering and exploiting synergetic ef-
fects. In former algorithms, different species were retrieved in separate retrieval
runs.

3. Tt is the first algorithm to retrieve information on aerosol microphysical prop-
erties (size distribution and complex refractive index) by making use of a Mie
model that we coupled to the RTM. In former algorithms, information on
aerosol properties were either prescribed or retrieved in terms of simplified
optical parameters (Henyey-Greenstein approximation with single scattering
albedo and asymmetry parameter as parameters).

4. It digests measurements from multiple wavelengths simultaneously. This al-
lows to directly use information from the spectral dependence of dSCDs and
spectral broadband features in terms of dSOTs. Only few of the former algo-
rithms (e.g. HeiPRO Yilmaz, 2012) have similar functionalities implemented.

RAPSODI is fully backward compatible. Hence non-polarimetric monochromatic
retrievals performed separately for aerosol and trace gases at a single wavelength are
possible and the Mie model can be replaced by a Henyey-Greenstein approximation
by setting corresponding flags in the retrieval configuration. The RAPSODI user
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Figure 7.1: Schematic overview of the RAPSODI retrieval algorithm. OEM is used
to iteratively optimise the parameters x to bring real and simulated
measurements into closure. The individual components are discussed in
detail in the following subsections. Red labels next to arrows indicate
transformations to/from optimised units, as described in Section 7.5.

interface and main framework are implemented in Python and are planned to be pub-
lished including a comprehensive documentation in the near future. The inversion
scheme uses the optimal estimation formalism (OEM) described in Section 5. The
forward model F is based on VLIDORT (details in Section 7.4). Figure 7.1 shows
a schematic overview, with the individual components being discussed in detail in
the following subsections.

7.2 The Measurement vector

The RAPSODI measurement vector y contains dSCDs AS,(A, €2, ) and dSOTs
AT(N Q, Q) for different trace gas species s (including Oy), viewing geometries
Q ={0,¢0,a,0} (with 0, ¢, o, 6 being solar zenith angle (SZA), relative viewing
azimuth angle (RAA), viewing elevation angle (EA) and the instrument’s polariser
angle (PA)), reference geometries )y and radiation wavelengths A. SZA, RAA and
EA define what in the following will be referred to as the "viewing direction". PAs
describe the orientation of the polariser’s transmitting axis with respect to the hori-
zontal and increase clockwise when looking towards the instrument. The derivation
of dSCDs and dSOTs from the raw spectra using the DOAS spectral analysis was
already described in Section 4.2. DSCDs carry the information on the trace gas
abundances, whereas dSOTs carry information on the SOP of skylight and broad
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band spectral features. Note that, in contrast to former algorithms, {2y is not neces-
sarily the zenith direction, depending on what information is supposed to go into the
retrieval. This is discussed in detail in Section 7.2.2. Both dSCDs and dSOTs can be
"polarimetric" or "non-polarimetric". The latter case corresponds to conventional
measurements performed without polarising filter in the instrument telescope. Then
the viewing geometry is fully described by the viewing direction, hence Q = {0, ¢, a}.

During inversion, radiative transport simulations are performed at each A, at
which measurements are provided by the user. For computational reasons, it is
advantageous if multiple measurements share the same wavelength, where possible.

7.2.1 Wavelengths of dSCDs

RAPSODI treats dSCDs as if inferred at a single effective wavelength A. It is up to
the user to chose A for each provided dSCD, such that it is representative for the
applied DOAS fitting range.

In this thesis we will apply the fitting ranges and corresponding representative
wavelengths A proposed in Kreher et al. (2019). For arbitrary fitting ranges [A1, Ao
and species s with absorption cross-section o4(A) as proposed by subtract a polyno-
mial of same order as the polynomial applied in the DOAS fit to obtain ¢()\) and
then calculate the weighted average wavelength

A2
Nt (AN |dN
N (AC] .
A los(N)|dN

7.2.2 Incorporating different kinds of information

It is crucial to consider that, depending on how dSOTs are calculated and incor-
porated into ¥, the information they carry can be somewhat different. Recall that
dSOTs are differential quantities basically quantifying the intensity ratio between
two spectra. For this thesis, it is useful to distinguish between two basic kinds of
dSOTs:

1. DSOTs between spectra recorded in the same viewing direction (SZA, RAA,
EA) but at different polariser orientations contain information on the light’s
SOP and - if dSOTs are provided at multiple wavelengths - the SOP’s spectral
dependence.

2. In contrast, dSOTs between spectra of different viewing directions contain in-
formation on the spectral broadband variation of radiance over the sky hemi-
sphere.

Within this thesis (for the evaluation of synthetic as well as real data) we will
stick to the concept illustrated in Figure 7.2. When polarimetric information shall
be exploited, the first kind of dSOTs (red arrows) is incorporated into y. If the
change of sky radiance with viewing direction shall be used as a further source of
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Figure 7.2: Illustration of how dSOTs carry different kinds of information and how
they will be incorporated into the retrieval in this thesis. Each box
represents a spectrum, recorded at a distinct elevation and polariser
angle (first and second number, respectively). Arrows represent dSOTs
between them. Arrow colours indicate the kind of information they carry
(see text).

information, we incorporate dSOTs between spectra of different viewing direction
and a distinct polariser angle (blue arrows) to effectively establish the connection
between all spectra without incorporating redundant information.

As described in Section 4, broadband features in the differential optical depth
over wavelength ranges of &~ 100nm can be described by low order polynomials.
Hence, broad band information can be fully captured by providing dSOTs at a few
wavelengths only. Given the exponential wavelength dependence of Rayleigh and
aerosol extinction cross-sections (see Section 3), they are ideally given in equidistant
steps in log(\). However, for the computational reasons given above, in this study
we provide dSOTs at wavelengths where also dSCDs need to be simulated anyway
and "fill" spectral gaps reasonably, avoiding strong Fraunhofer lines.

7.2.3 Example measurement vector

A typical set of input measurements for the RAPSODI retrieval is illustrated in
Figure 7.3. For explanatory reasons, three raw spectra from the PMAX-DOAS
instrument are shown in the background, each recorded at another PA but at a single
viewing direction. From these spectra, dSCDs of Oy, HCHO and NOs (with respect
to some reference spectrum which is not shown) are derived here at four effective
wavelengths using the DOAS spectral analysis technique. DSOTs are calculated
at six wavelengths. Considering further viewing directions, typical total numbers of
input measurements m for the RAPSODI retrieval are on the order of a few hundred.
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Figure 7.3: Typical set of input measurements y, depicted with the help of three sky-
light example spectra, recorded with the PMAX instrument at different
PAs at a single viewing direction. For a detailed descriptions please refer
to the main text.

7.3 State vector

The state vector x contains the parameters to be retrieved. Retrievable quanti-
ties are the concentrations c¢,; of aerosol and trace gases (O4 excluded) in each
layer [, the Lambertian surface albedos wg,f(A) at multiple wavelengths, and optical
or microphysical aerosol parameters, depending on the aerosol model used. If the
Henyey-Greenstein approximation is applied (see Section 3.3.3), the asymmetry pa-
rameters gng;()), the single scattering albedos wyg;(\) and the Angstrom exponent
ang, appear in the state vector. These parameters can be linked over A and/or [,
allowing to determine average values of gng, whg and dpg over the full altitude and/or
wavelength range.

The state vector will contain microphysical aerosol properties if the Mie aerosol
model is applied: the mode median radii 7;,, of each of the two modes m of the
assumed bi-modal size distribution (according to Eq. 3.51), the modal widths oy,
the complex refractive indices n;,,,(\), and the modal fraction f;. Again, RAPSODI
allows to link quantities over [, A and also m. Throughout this thesis, we will as-
sume the same aerosol properties for all layers and therefore in the following drop
the [-index for aerosol properties. Regarding the different atmospheric constituents,
this thesis focusses on aerosol, HCHO and NO,, with their profiles represented by
Caer.ls CHcno, and cnosg,, respectively.

A complete overview of the retrievable parameters relevant for this thesis is given
in Table 7.1. Spectrally dependent retrieved parameters (wsurf(A), ghg(A), Whg(A),
n1(A) and ny(\)) are retrieved at each simulated wavelength, but kept dependent via
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Table 7.1: Retrievable parameters, i.e. potential elements of the state vector x.
Concentrations are retrieved for each model layer [. A dependence on A
indicates that the corresponding parameter is retrieved at each simulated

wavelength.
Kind Parameter Symbol  Units Transf.”
Profile Aerosol surface area concentration  Cuery pm?em™  log
HCHO concentration cgonoy molecem™  log
NO, concentration CNOs,l moleccm ™ log
Surface Lambertian albedo Wsurf(A) - frac
HG model  Angsgtrém exponent Qng - lin
Asymmetry parameter Ghg(N) - frac
Single scattering albedo Whg(A) - frac
Mie model Fine mode median radius 1 pm log
Coarse mode median radius r9 pm log
Fine mode width o1 - log
Coarse mode width 09 - log
Fine mode real refractive index Rni(N) - lin
Coarse mode real refractive index  Rng(A) - lin
Fine mode imag. refractive index Sng(N) - log
Coarse mode imag. refractive index Sng(A) - log
Modal fraction f - frac

@ Applied transformation in the OEM scheme. See Section 7.5 for details.

an a priori correlation (see Section 7.6). For future implementations, however, other
approaches should be considered, for instance using regularisation or polynomial
wavelength dependencies. In the following we will often omit indices [, dependencies
on A and viewing directions for convenience, when they can be inferred from the
context. In the case of multispectral polarimetric retrievals, typical lengths n of x
are of the order of one hundred (see e.g. Section 9.2).

7.3.1 Parametrisation of aerosol

Conventional algorithms typically retrieve aerosol abundances in terms of the ex-
tinction coefficient profiles K. However, since K depends on A, this is not
convenient for a multispectral retrieval where the information from observations at
multiple wavelengths shall be canalised into a single vertical profile for each species.
RAPSODI therefore quantifies aerosol concentrations in terms of the (wavelength-
independent) surface area concentration in units of [pm? cm=3]. Tt has the advantage
over number or volume concentrations to be proportional to the extinction cross-
section and minimises cross-correlations between aerosol concentration and micro-
physical properties during the inversion.

The use of aerosol surface area concentrations has a few consequences. First, it
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Figure 7.4: Schematic overview of the RAPSODI forward model. It makes use
of the PyRTS library, which in turn calls and communicates with the
VLIDORT-Mie module using textfiles.

shall be noted that the aerosol vertical columns are in the following quantified in
terms of aerosol VCDs Ve, in units of [pm? cm™2| instead of the more familiar AOTs
(see Section 4.4). AOTs and VCDs are related according to

AOT(N) = (Vi F(N), (7.2)

with F being the aerosol bulk extinction efficiency. For typical values of £ ~ 2 and
considering the units it is

2

1
AOT & =V x 1078 (7.3)
2 n

m?2’
which is a useful relation to put the aerosol VCDs reported throughout this study
into context. A second consequence concerns the application of the HG aerosol
model: Here, the user has to provide a scattering efficiency FE, at a reference
wavelength A\g to establish the link between the layers’ aerosol surface concentration
Caery and the vertical optical thickness 7,,;(\) according to

1 Ag ) e
Taer,l()\) = Z hl Ehg (TE) Caer,l» (74)

for arbitrary simulation wavelengths \. h; is the vertical extent of layer [ here.

7.4 The RAPSODI forward model

The full forward model of the RAPSODI algorithm consists of multiple components.
A schematic overview is provided by Figure 7.4. For the radiative transport simula-
tions, we use VLIDORT 2.8.3 Beta (Spurr, 2021, 2006, 2008), which is implemented
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in Fortran 90. We coupled it with an also readily available Fortran 90 Mie model
code based on De Rooij and Van der Stap (1984) and Spurr et al. (2012). Tt de-
rives the aerosol optical properties that VLIDORT requires (bulk scattering phase
matrix elements, single scattering albedo and extinction cross-section) as well as
their derivatives with respect to the input parameters, from the aerosol microphys-
ical properties given in Table 7.1. The Mie model can be replaced by a HG model
(Henyey and Greenstein, 1941) by setting a corresponding flag in the RAPSODI
settings. The basic concepts and assumptions behind both, Mie and HG aerosol
model, have already been introduced in Section 3.3.3.

7.4.1 The VLIDORT-Mie module

We combined aerosol model and VLIDORT Fortran codes and compiled it into a
single executable, in the following referred to as "VLIDORT-Mie module". It re-
quires input settings and provides simulation results in the form of text files. TIts
output are simulated Stokes parameters I and their derivatives 01/0z with respect
to the VLIDORT-Mie module input parameters z for a given set of viewing direc-
tions. The VLIDORT-Mie module simulates results for a single wavelength at a time
Hence, the module will be called multiple times during a multispectral RAPSODI
forward model run. The configuration of VLIDORT and the VLIDORT-Mie code
to provide the derivatives 01/0z is non-trivial and is therefore described in detail
in Appendix A. For technical reasons, z contains parameters different to the RAP-
SODI state vector x: it does not include the Angstrom parameter ang and instead of
the trace gas concentrations it contains the combined vertical molecular absorption
optical depth 7,,5;. The calculation of the actually required quantities F(x) (dSCDs
and dSOTs) as well as weighting functions K = 0F(x)/0x from the VLIDORT-Mie
module output occurs in a post-processing step as described below.

Simulations can be performed either considering the full stokes vector with scatter-
ing processes described by Mueller matrices (often referred to as "vectorised RTS")
or considering only the scalar radiance I with scattering described by scalar phase
functions (referred to as "scalar RT'S"). The latter is useful to improve the compu-
tational performance of the retrieval in cases where the SOP is not of interest. This
is discussed in more detail in Section 8.3.

7.4.2 The PyRTS library

For convenient use of VLIDORT-Mie module, we further implemented a python
library (in the following referred to as "PyRTS") that automatically creates the re-
quired input setting text files, calls the VLIDORT-Mie module, and afterwards reads
in the results. PyRTS features a user-friendly interface to simplify its assimilation
into the RAPSODI inversion algorithm but also for its stand-alone use in further
applications.
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7.4.3 Post-processing of the RTM results

The RAPSODI forward model makes use of the PyRTS library and post-processes
its results to the actually required quantities, namely F(x) (dSCDs and dSOTs) as
well as weighting functions K = 0F(x)/0x. The post processing comprises multiple
steps. First, the radiances I(\, ) and corresponding derivatives 0I(\,€2)/0z for
all viewing geometries Q (including the PA) are derived from the simulated Stokes
vectors and their derivatives using Eq. 3.26. Second, derivatives of the radiances
with respect to those retrieved parameters x in x that are not included in z have to
be calculated applying the chain rule

or =205 00 (79)
For trace gas concentrations it is
ol ol
= <h 7.6
8cs,l 8Tga3710 : ( )

with o, being the respective trace gas absorption cross-section and h; being the
respective layer’s vertical extent. To improve readability, we refer to I(\, ) and
I(\, Q) by I and Iy, respectively. The derivatives with respect to the Angstrém
parameter are

or = Cgery 1N (A—E> or (7.7)

a(lhg’l A aCaer,l

with A\ being the simulation wavelength and with Ag being the wavelength, for
which the user provided the HG extinction efficiency Ey,. With these two equations
one obtains the complete set of layerwise derivatives 0I/0x;. Summing those over
respective subgroups according to the linking options defined by the user yield the
derivatives 01/0x. Next, the simulated dSOTs are derived according to

AT(M,Q, Q) = In (%) (7.8)

while their weighting functions are given by

IAT(NQ, Q) 10l 101 7o)
ox Iy ox  Iox '

There are several ways to calculate dSCDs. One way is to infer the BAMFs A; using
Equation 4.20 and derive the SCDs S for each species ¢ according to

Si = Z AV (7.10)
.

with V;; being the BVCDs. However, for the derivatives of SCDs (and therefore the
dSCDs) with respect aerosol concentrations, surface albedo and aerosol properties,
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this approach requires derivatives of the AMFSs, hence, second order derivatives of
I. We therefore follow the approach proposed by Spurr (2018). It is based on
additional RT simulations with each trace gas i (including O4) removed from the
model atmosphere. These yield 'gas free’ radiances 1™ (X, Q), with the superscript
() indicating the removed species. DSCDs can then be calculated according to

()
AS,(A, Q, Q) = ﬁln (%%) | (7.11)
The dSCD weighting functions with respect to trace gas concentrations is given by
OAS; (A, Q, Q) 1 10, 10I
ox ~ o) (I_oﬁ_x B Ta_x)
and with respect to aerosol surface concentrations, surface albedo and aerosol prop-
erties they are

IAS;(A, Q) 1 i%_lg+im(“ 1oy
ox o M)\ Lhox Tox IO 9x 1§ ox

(7.12)

(7.13)

7.4.4 Treatment of Raman-Scattering

A single VLIDORT run performs an RT-simulation at a single wavelength only. Cou-
pling between different wavelengths, as occurring in reality due to inelastic Raman
scattering, is therefore complex and computationally expensive. As an approxima-
tion, the RAPSODI forward model accounts for molecular scattering by using the full
Rayleigh cross-section and scattering matrix according to Section 3.3.2 (including
both Cabannes and Raman scattering) but assumes Raman scattering to be elastic.
Any spectral patterns arising from Raman induced wavelength shifts will therefore
not be reproduced by the model. This needs to be considered in the data evalua-
tion (see Section 13.4). Advanced approximations to account for inelastic scattering
have been proposed e.g. by Landgraf et al. (2004) and their implementation into
the RAPSODI algorithm might be subject of future efforts.

7.4.5 Forward model validation

Regarding the simulation of radiances, the VLIDORT RTM has been thoroughly
validated by its authors against benchmark results from Coulson et al. (1960), Garcia
and Siewert (1989) and Siewert (2000). We further validated the radiances provided
by the VLIDORT-Mie module to results by Boesche et al. (2006), who also use a
Mie parametrisations in terms of a bi-modal size distribution for the evaluation of
polarimeter observations. The dSCDs provided by the full RAPSODI forward model
were validated against data from Fries et al. (2019) as outlined in Section 8.2.1.
The analytically derived weighting functions were validated against finite difference
estimates. The latter are obtained by calculating the ratio Ay/Ax, with Ay being
the change in each observation induced by a small change Az in each retrieved
parameter.
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7.5 Transformation functions and scaling

The RAPSODI algorithm allows to transform parameters x to numerically more
favourable quantities x’ before the OEM formalism is applied. By default, the RAP-
SODI retrieval allows for two different transformation functions 2’ = ¢(z) applicable
to the individual parameters:

1. The log-transformation allows to retrieve parameters in logarithmic space:
' =1In(x) (7.14)

In this way, negative values in x are avoided and larger values of x are allowed.
This is convenient for most parameters, e.g. vertical profiles, aerosol median
radii, and modal widths.

2. The frac-transformation maps fractional quantities between zero and one - like
albedos, asymmetry parameters and modal fractions - into the (—oo, 00) space
by applying the transformation

2’ =—In (; - 1) (7.15)

In this study, we only make use of these two transformations but generally, RAP-
SODI allows arbitrary transformation functions to be defined by the user. Main
motivations for the transformations are: (1) numerical failure due to discrete bound-
aries in the parameter values and unphysical results are avoided. (2) The inversion
formalism by Rodgers (2000) assumes typical variations and uncertainties of the
parameters to be normally distributed, which is often better fulfilled for suitably
transformed quantities. The applied transformations for each parameter are listed
in Table 7.1.

Besides these transformations, it is crucial for numerical reasons that all parame-
ters and measurements are of similar orders of magnitude within the OEM formal-
ism. This is for instance not ensured if measurements are processed in their standard
units: ¥ for instance simultaneously contains dSCDs of the order of 10'® molec cm—2
and dSOTs of the order of 1072, The RAPSODI algorithm therefore internally scales
all quantities in state and measurement space by corresponding diagonal matrices
D, and D,, with

1 1
and D

Dy = i =
7 Saii . Syii

(7.16)

Considering both transformations and scaling, the quantities internally used within
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the OEM formalism are therefore

x,, = Dyt(x,) — x, = Dyt (x))

y'=Dyy =y =D,y

S;—g—i/ DzSanZ—}ix — S, —Dlgzx ;% -1
S;J:DysyaDy RPN S, =D;'s! D‘al )
K/ = DKDlaa;( — K, = DKaaiiD

with the index i indlcatlng the current retrieval iteration here. As indicated in
Figure 7.1 by red symbols, these transformations are applied on the transitions
between user interface and OEM formalism, as well as between the forward model
and the OEM formalism.

Note that, linearisations of S/ and K’ are performed around different states (x,
and x;, respectively). The different linearisation points have to be considered during
back-transformation of relevant output quantities, like the covariance of the retrieved
state S; or the AVKs A,;. They cannot be transformed as a whole, but need to be
calculated according to:

-1
A ox ox’ ox’' ox’'
Si — D—l -1 KITs/ IK/ D—l 1
r (8){ Ox ox |, b ox ) m (7.17)
A ox’' ox’
A;=SD,—| K/S'K/—| D, 7.18
ox Fox (7.18)

Xi

7.5.1 Delta-M scaling

The order of phase function expansion coefficients applied in discrete ordinate RTMs
(see Section 3.4) is typically limited for computational reasons: RAPSODT uses 200
for the single scattering radiance field but only 2n;,, for the multiple scattering field,
with n,s indicating the number of half-space streams, i.e. the number of discrete
ordinates per half-space applied in the RT-simulation (see Section 3.4 and 8.1). The
representation particularly of strong forward scattering peaks in the phase function
P(u) (with g = cos(6)) is therefore inaccurate. For the multiple scattering field we
make use of the Delta-M scaling method, which significantly improves the accuracy
of RTM results under negligible additional computational efforts (Wiscombe, 1977).
It truncates the forward scattering peak (P(u) = P(u')) for values of pu above a
threshold ' and assumes the truncated radiation fraction

B = o / P(u)dp+ 2(1 — 1) P(1) (7.19)

/

to remain unscattered. In accordance with Wiscombe (1977), in VLIDORT 4/ is
chosen to satisfy £’ = fa,,../(2npss +1). The individual phase matrix elements are
scaled according to Chami et al. (2001).
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7.6 A priori covariance

In the cost function (Eq. 5.12), the a priori covariance matrix S, defines how and to
which extent a deviation of X from x, is 'punished’. In the real atmosphere, vertical
gradients in the profiles will not be arbitrarily large. It is therefore reasonable to
assume an a priori correlation (i.e. non-zero off-diagonal elements in S,) between
concentrations in different layers. It is also reasonable to assume an increase in
correlation with altitude, as the size of atmospheric turbulence patterns increases
and profiles are expected to be smoother at higher altitudes than at the surface.

The RAPSODI algorithm uses a standard approach to create a priori matrices for
vertical profiles. It requires the standard deviation o; of the species’ concentration
in each layer [, a correlation length L, to be assumed at the surface and a parameter
0 that describes the increase of Ly with altitude. The a priori covariance matrix for
a single vertical profile is then calculated according to

h: — h:
Sij =0;0;j exp |:——| ! ]‘:| s (720)
Lij

with h; being the center altitude of layer [ and with
)

This definition of the covariance matrix differs from the definition in (Clémer et al.,
2010) that has often been used in MAX-DOAS studies. Clémer et al. (2010) use a
gaussian instead of an exponential decay:

In2 [ h; —h;\°
Sij = 0;0j exp [—HT (%) ] (7.22)

We found that both definitions - Eq. 7.20 and 7.22 - lastly yield similar profiling
results and DOFs if Ly ~ 5L, (and 6 = 0). This is why correlation lengths in
this work might appear large compared to distinct former MAX-DOAS profiling
publications. Even though the user is able to provide custom a priori covariance
matrices, for this thesis we will stick to the approach described above with ¢ being
set to zero, if not stated otherwise. A similar approach is taken for spectrally resolved
quantities (wWsurf(A), ghg(A), wng(A), n1(A) and no(A)): here a spectral correlation
length can be defined and, equivalently to Eq. 7.20, the corresponding a priori
covariance matrix is calculated assuming a correlation exponentially decaying with
the spectral distance between the retrieved wavelength nodes.

It shall be noted that RAPSODI also allows to replace S;!' by a regularisation
matrix R according to the concepts described in Tikhonov (1963) and Twomey
(1963). This approach, however, will not be applied or investigated within this
thesis.
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8 Miscellaneous

In this chapter we present different first investigations based on synthetic data. It
is structured as follows: Section 8.1 discusses the impact of crucial settings of the
RAPSODI forward model on the simulation results. In Section 8.2 we perform
a validation of the RAPSODI algorithm by retrieving profiles from an indepen-
dent set of synthetic non-polarimetric dSCDs. Section 8.3 investigates the impact
of the scalar approximation in RT-simulations (instead of performing the full vec-
torised RT-simulation) on the forward model results. In Section 8.4, we simulate
and investigate weighting functions to approximately assess the actual sensitivity of
(polarimetric) MAX-DOAS observations to different atmospheric parameters.

It shall be noted that many of the settings, assumptions and approaches taken
in the following sections are inspired by Friefs et al. (2019), who performed a com-
prehensive comparison between eight existing MAX-DOAS profiling algorithms on
the basis of synthetic data for typical atmospheric conditions. Further details are
discussed in the corresponding sections.

8.1 Computational considerations

In discrete-ordinate RT'Ms, some settings are a tradeoff between simulation accuracy
and computational performance. Most critical are the number of considered discrete
ordinates (in VLIDORT described by the number of discrete ordinates per half-space,
or "half-space streams" ny,, see also Section 3.4) and the number of atmospheric
layers. Figure 8.1 shows the impact of both on the computation time. It is obvious
that particularly the choice of nys can significantly accelerate the RT-simulation
and thus the retrieval.

The absolute computation times vary strongly, depending on the number of con-
sidered measurements and retrieved parameters as well as the detailed settings.
Conventional non-polarimetric monochromatic retrievals of a single species’ vertical
profile from elevation scan data (dSCDs at ten EAs) take 3 to 6 seconds on a stan-
dard personal Laptop (manufactured in 2018). Hereby, we assumed 40 atmospheric
layers, the HG aerosol model and n,ss = 6. In contrast, a polarimetric multispectral
retrieval of aerosol, HCHO and NO,, surface albedo and aerosol microphysical prop-
erties (Mie-model), from elevation scan data at multiple wavelengths (dSCDs and
dSOTs, as applied in Section 9.5 for the Multi-S-P mode) takes five to ten minutes.
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Figure 8.1: Dependence of the RAPSODI forward model computation time on the
number of simulated atmospheric layers (left) and the number of applied
half-space streams (right).

8.1.1 Number of atmospheric layers

Since the atmospheric pressure profile is exponential while also the vertical resolution
of MAX-DOAS observations decreases with altitude, it is reasonable to introduce
an exponential vertical grid with increasing layer thickness according to

hy = a(b —1) (8.1)

with h; being the altitude of the layer boundaries and [ = [0, l,,4,]. The constants
a and b can be chosen to meet distinct constraints. The RAPSODI retrieval has
a built-in function with the arguments being the number of layers [,,,,, the TOA
altitude Ay, and the surface layer height h;. It derives corresponding values for a
and b and returns the grid according to Eq. 8.1.

To investigate the impact of the choice of the grid, forward simulations with differ-
ent lynaz, hi,,, and hy were performed. We assumed exponential profiles for aerosol
and trace gases (scale height of 1km, AOT of 0.25 and VCD of 2 x 10'® molec cm ™2
for HCHO and NO,). The HG aerosol model (ang, = 0, wpe = 0.92, g = 0.68)
and npss = 10 were applied. Simulations with /,,,, = 100, h;,,., = 80km and
hy = 25m were assumed as ground truth. Simulations were further performed for
each combination of viewing geometries according to Table 8.1 and polariser angles
d € [0,90,120°]. The simulated observations are dSOTs, O4 dSCDs (at 360 and
477nm), HCHO dSCDs (at 343nm) and NO, dSCDs (at 360 and 460nm). Fig-
ure 8.2 shows the results. The values plotted are the maximum deviation from the
ground truth observed for each set of simulated geometries and wavelengths. Black
lines indicate typical measurement uncertainties: for dSCDs we adapt the values
proposed by Friek et al. (2019) (2 x 10 molec?* cm™ for Oy, 2 x 10" molec cm™
for HOHO and 5 x 10* molec cm™3), the dSOT uncertainty (0.02) is inspired by our
findings in Section 13.1.

Already for 30 model layers the deviations are well below the typical measure-
ment uncertainties at least by more than a factor of four. When regarding different
viewing geometries and simulation wavelengths individually, there is no simple sys-
tematic behaviour pointing to particularly problematic settings. We conclude that
an exponential grid of 30 to 40 layers, spanning an altitude range of =~ 60 km with a
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surface layer height of =~ 50 m provides sufficiently accurate simulations results for
our purposes, given that profile features that the user aims to retrieve can still be
resolved.

Altitude grid

Surface layer height:
— 25 m
50 m
—— 100 m
— 200m
—— 400 m
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Number of atmospheric layers
Figure 8.2: Observed deviations of different simulated quantities (different subplots)
from the ground truth for different model vertical grids. Data points
represent the maximum deviation observed over a set of observations
at different viewing geometries and wavelengths. Thin horizontal black
lines indicate typical measurement uncertainties.

8.1.2 Number of discrete ordinates

Similar investigation as for the altitude grid were performed for the number of dis-
crete ordinates assumed in the VLIDORT simulation (see Section 3.4). The user
must provide VLIDORT with the "number of half-space streams" (nss), i.e. the
number of discrete ordinates in the upper and lower half-space. We performed simu-
lations at different n;s, and compared the results with a "ground truth" simulation
with npss = 32. The deviations are shown in Figure 8.3. We assumed almost the
same atmospheric scenario and viewing geometries as in Section 8.1.1 before. How-
ever, we performed simulations for two cases (left and right panel of Figure 8.3) with
different AOTs and asymmetry parameters gpg.
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Most critical are simulations at high AOTs, large gyg, large SZAs and RAA =
0°, i.e. when looking towards the sun. However, for most scenarios, nss > 4
yields sufficiently accurate simulation results. We also varied the vertical profile of
aerosol and applied the Mie model instead of the HG-approximation (with settings
resulting in similar aerosol optical properties). This, however, only changed details
in the graphs, while the major conclusion remained the same. Throughout this
study we apply njss = 6, if not stated otherwise.
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Figure 8.3: Observed deviations of different simulated quantities (different panel
rows) from the ground truth for different njss values. The left panel
shows results for gn, = 0.65 and low aerosol load (AOT = 0.25). The
right panel shows results for an asymmetry parameter of ¢ = 0.75 and
higher aerosol load (AOT = 1.0). Data points represent the maximum
deviation observed over a set of observations at different viewing ele-
vation angles and wavelengths. Horizontal black lines indicate typical
measurement, uncertainties. The lowest row shows the distribution of
the deviations of all observations relative to the typical measurement
uncertainties as box-whisker plots, with boxes (whiskers) indicating the
25th to 75th (5th to 95th) percentiles.
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8.2 Retrievals from an independent dataset

In a study by Friefs et al. (2019), a comprehensive comparison between eight existing
MAX-DOAS profiling algorithms on the basis of synthetic data was performed. The
study can be subdivided into two major parts: in a first step Friel et al. simulated
and compared synthetic dSCDs for a comprehensive set of different atmospheric
conditions and viewing geometries, using the forward models of the different al-
gorithms. Furthermore, they created a set of "median dSCDs", calculated as the
median over the results from all participating forward models. In a second step,
inversions were performed on the basis of the median dSCDs to investigate to what
extent the algorithms "reconstruct" the original underlying atmospheric states.

As one of the validation exercises, we repeated parts of the study applying the
RAPSODI algorithm. Even though the study is limited to non-polarimetric dSCDs,
this exercise is useful for the validation of the RAPSODI forward model and its
optimal estimation retrieval scheme. The results are outlined in the following.

The simulated synthetic observations by Frief et al. (2019) comprise dSCDs of O,
(at 360 and 477nm), NO; (460nm) and HCHO (343nm). The different assumed
profiles for aerosol and trace gases (NOy and HCHO) are illustrated in Figure 8.4.
The different solar and viewing geometries are summarised in Table 8.1. Simulations
were performed for each combination of aerosol profiles, trace gas profiles, EAs, SZAs
and RAAs. A surface albedo of 0.06 and HG-aerosol with an asymmetry parameter
of 0.68 and a single scattering albedo of 0.92 was assumed. For further details on
the setup, the reader is referred to the original publication.
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TG2 Aer2
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Figure 8.4: Different trace gas number concentration (a) and aerosol extinction pro-
files (b) assumed for the simulation of the synthetic dSCDs. The shaded
areas in (b) indicate the location of fog and cloud layers with an extinc-
tion coefficient of 10km™'. Figure is taken from Frief et al. (2019).
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Table 8.1: Viewing geometries, for which dSCDs were simulated

Parameter Values |°|
EA (@) 1,23, 4,5, 6,8, 15, 30
SZA (§) 50, 60, 80
RAA (¢) 0, 90, 180

8.2.1 Forward simulations

First, the different atmospheric scenarios and viewing geometries according to Fig-
ure 8.4 and Table 8.1 were implemented in RAPSODI and the forward model was
executed to simulate the required dSCDs. Figure 8.5 compares the results to the
median dSCDs by Friefé et al..
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Figure 8.5: Comparison of dSCDs from the RAPSODI forward model (vertical axis)
and the median dSCD dataset provided by Friefs et al. (2019).

The overall agreement is satisfactory. Even though the deviations (RMSD) are
larger than typical dSCD uncertainties proposed by Frief et al. (2x10* molec? cm™>
for Oy, 2 x 10 molecem™ for HCHO and 5 x 10 moleccm™3), they are of the
order or smaller than typical deviations between the forward models compared in
Frief et al. and thus also on the order of potential errors in the median dSCDs.
Particularly large deviations are observed for the aerosol free atmosphere (Aerosol
profile 0), at SZA = 80°, for the O, dSCDs in the visible and NOy dSCDs. Similar
deviations were observed for other algorithms compared by Frief et al. (2019), who
propose the different treatment of Earth’s sphericity as the main reason.

8.2.2 Retrieval results

The median dSCDs from Frie et al. (2019) were fed to the RAPSODI algorithm
and profiles were retrieved. The approach of separate retrievals for aerosol and trace
gases (as applied in conventional retrievals) was taken: first, aerosol profiles were
retrieved from O4 dSCDs only. Then, for the trace gas retrievals in the UV (HCHO
at 343nm) and the Vis (NOy at 460 nm) the corresponding aerosol profiles retrieved
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from O4 at 360 nm and 477 nm, respectively, were assumed. Figure 8.6 and 8.7 show
the retrieval results for aerosol and trace gas profiles.
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Figure 8.6: Comparison of retrieved (red lines) and true (green lines) vertical profiles
of aerosol extinction for each aerosol scenario (columns). Red lines in-
dicate the median of retrieved profiles for all SZA - RAA combinations.
The (25 - 75 %) and (5 %95 %) percentiles are shown as grey boxes and
whiskers, respectively. The blue line indicates the a priori profile.
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Figure 8.7: Same as Figure 8.6, but for trace gas concentration profiles for HCHO
and NO,. Here, the box-whisker plots represent the statistic over all
RAA-SZA combinations and aerosol scenarios.

The profiles are mostly reliably retrieved within the capabilities of typical MAX-
DOAS inversion algorithms and considering the limited information content in the
measurements (compare results from other algorithms in Friefs et al. (2019)). Aerosol
profile 10 is the cloud layer at 5km altitude, located outside the plotting range. It
is not detected at all due to the limited sensitivity of the measurements to such
altitudes: the retrieved aerosol profile remains close to zero over the entire altitude
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range. To avoid confusion, it shall be noted that Friefs et al. (2019) discuss retrieval
results for two sets of dSCDs. One with a 5% noise added to the median dSCDs
("vln") to simulate atmospheric inhomogeneities and temporal variations and one
without noise ("v1"). The profiles in Figure 8.6 and 8.7 were retrieved from the
"v1" - hence the noiseless - median dSCDs.

8.3 Scalar versus vectorised simulations

In the ideal case, RT-simulations are performed considering the full stokes vector
("vectorised" RT-simulations) even in cases where lastly only the unpolarised ra-
diance is of interest and not the SOP. However, for computational reasons, it is
common practise for unpolarised MAX-DOAS inversions (and many other applica-
tions) to not run full stokes but "scalar" RTMs. The latter keep track only of the
radiance [ instead of all stokes parameters and describe scattering events by scalar
phase functions instead of full Miiller-matrices.

For the single scattering radiance field, there is no difference expected between
scalar and vectorised simulated radiances I, given that sunlight arriving at the TOA
is unpolarised. However, this changes for the multiply scattered radiance field: the
scalar simulation assumes the light to remain unpolarised all along it’s way through
the atmosphere. But as described in Section 3, light that has undergone scattering is
potentially polarised and the angular dependence of subsequent scattering processes
can only be correctly considered by vectorised RTMs.

Of course, for most parts of this thesis, we perform vectorised simulations, as
we are interested in the full SOP. However, regarding former algorithms and the
application of RAPSODI for non-polarimetric retrievals it is of interest to estimate
the impact of the scalar approximation on the simulation results. There are several
studies investigating its impact on radiances (e.g. Lacis et al., 1998; Mishchenko
et al., 1994; Hasekamp et al., 2002). Corresponding investigations for dSCDs are
mentioned in Clémer et al. (2010) or Wagner et al. (2019), but only in the form of
side studies.

To obtain a comprehensive picture, we used the RAPSODI forward model to
simulate two sets of non-polarimetric dSCDs, with the scalar and the vectorised
approach, respectively, on the basis of the scenarios by Frief et al. (2019), as al-
ready introduced in Section 8.2. Figure 8.8 compares the results in form of scatter
plots. Figure 8.9 shows the same data as box-whiskers, aggregated by the underlying
aerosol scenarios.

The deviations are not large but on the order of those observed between different
forward models (see Section 8.2) and exceed typical dSCD measurement uncertain-
ties. There is a clear tendency towards negative deviations, hence an underestima-
tion of dSCDs when the scalar approximation is used. It is largest for scenarios
with no or low aerosol load (compare Figure 8.4), which is expected, as in these
cases, strongly polarising molecular scattering dominates the RT. Regarding differ-
ent species, largest deviations relative to the typical dSCD uncertainties occur for Oy.
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Figure 8.8: Comparison of dSCDs for different species from the RAPSODI forward
model using full stokes RT simulations and the scalar approximation
respectively.
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Figure 8.9: Same data as in Figure 8.8 but depicted in the form of box-whisker
plots aggregated by the underlying aerosol scenarios. Grey shaded areas
indicate the typical detection limits from the DOAS spectral analysis as
proposed by Friefs et al. (2019).

Further, deviations increase with decreasing wavelengths, where the contribution of
multiple scattered light to the total radiance increases. Figure 8.10 aggregates the
same data by different solar and viewing geometries. Deviations seem to increase
with SZA. Regarding RAAs, smallest deviations appear at 0°, where the average
DOLP is expected to be smaller than at RAAs of 90° or 180° (compare Section 6.2).
For the elevation angles, the patterns are different depending on the species and
the retrieval wavelength. In summary, the scalar approximation seems most critical
for large SZAs, small wavelengths and scenarios as well as viewing directions under
which large DOLPs are expected. The magnitude of the deviations is not critical
for typical MAX-DOAS profile retrievals, however, for cases where very accurate
simulation results are essential, our findings should be kept in mind.

8.4 Weighting function analysis
To obtain a first idea on the potential of polarimetric MAX-DOAS observations, it

is useful to investigate their sensitivity to different atmospheric parameters. For
this purpose we simulated weighting functions in a model atmosphere with an
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Figure 8.10: Same data as in Figure 8.8, this time aggregated by different solar and
viewing geometries. Values for O, are given in molec? cm™°, values for

HCHO and NO, are given in molec cm™2.

exponential aerosol profile of 1km scale height and an aerosol vertical column of
Vier = 108 pm? cm?. We assume standard mixed aerosol with properties according
to Table 3.2.

To keep things as concise as possible we focus on four observable quantities: non-
polarimetric SOTs 7 = In(Irp4/I), DOLPs Dy, non-polarmetric O4 SCDs S,4 and
the polarimetric O4 SCD excentricity (ep,). The latter is defined as,

maX5(SO4) — min5(504)

€o, = (82)

maxs(So,) + ming(Sp,)’
(in analogy to Eq. 6.5) with 0 being the instrument PA. For the four observables
(in this section represented by Y), we calculated normalised weighting functions K
with respect to multiple atmospheric parameters X € [V, 71,72, 01,02, ®n, Sn, f]
according to

=, gx oY

K = oy X (8.3)
The normalising factor includes a typical a priori uncertainty ox and a typical
measurement error oy. This normalisation is convenient since values of |K| < 1
indicate that there is not much to learn from the measurement, whereas values of
|K| 2 1 indicate "useful" sensitivity. For the a priori uncertainties ox we assumed
the values given in Table 9.4. For the measurement uncertainties of SOTs (o,) and
04 SCDs (0g,4) we assumed 0.02 and 2 %, respectively. Uncertainties of DOLPs and
O, excentricity were approximated by op, = V2 -0,/7 and o.,, = V2 - 0s,,/S0,,
respectively.

The SZA was set to 30°. Simulations were performed for multiple EAs a in the
solar principal plane. They range from 1° (just above the horizon at RAA ¢ = (0°)
to 179° (just above the horizon at RAA ¢ = 180°). Wavelengths \ between 300 and
600 nm were considered. The results are shown in Figure 8.11.

It shall be noted that the sensitivities of 7 and Dy have already been exten-
sively investigated within the aerosol community (e.g. Dubovik and King, 2000b;
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Figure 8.11: Normalised weighting functions of four key observables (columns) to dif-
ferent parameters (rows) for multiple wavelengths (vertical axes) and
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further details. Black dotted lines indicate wavelengths were O, ac-
tually exhibits absorption bands (360, 477 and 577 nm, compare also
Figure 3.3).

93



Boesche et al., 2006; Li et al., 2009) and the sensitivity of Sp, to the aerosol abun-
dance is exploited in conventional MAX-DOAS retrievals (e.g. Friels et al., 2006).
The fundamentally new aspects in Figure 8.11 are the sensitivity of So, to aerosol
microphysical properties and the consideration of €g,.

The weighting functions provide first interesting insights. It is well known that
observations of SOTs in the solar aureole region are very sensitive to aerosol prop-
erties (e.g. Dubovik and King, 2000b) but also Sp, exhibits significant sensitivities
here (e.g. to the modal fraction f), particulalry at short wavelengths. In Section 6.4,
we already found that DOLP and €, behave similar to some extent. However, in
Figure 8.11 the weighting function patterns for the two quantities differ, indicating
that polarimetric SCDs of O4 provide a "new kind" of information on aerosols, that,
to our knowledge, has not yet been used by any other remote sensing approach. In
general, the weighting functions with respect to different parameters exhibit very
similar patterns, even though of different sign and magnitude. Therefore, rather
strong (anti-)correlations might be expected during the retrieval. The sensitivity
to the coarse mode parameters r, and o9 is generally very low. Significant infor-
mation can only be inferred from SOTs in the solar aureole region. In contrast,
typical MAX-DOAS elevation scans at RAAs larger than a few degrees are unlikely
to allow a meaningful retrieval of coarse mode aerosol properties even if polarimetric
information is incorporated.
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9 Multispectral polarimetric retrievals
with RAPSODI

In this chapter, the potential of the novel features of the RAPSODI algorithm are
investigated on the basis of synthetic data. The focus is on polarimetric observations
and how they improve our knowledge on the atmospheric state compared to con-
ventional non-polarimetric measurements. Furthermore, the effect of simultaneous
retrievals of aerosol and trace gases, the feasibility of aerosol microphysical property
retrievals, the potential of unconventional viewing geometries and the incorpora-
tion of spectral broad band information are discussed. Regarding the polarimetric
observations, we assume an instrument similar to the PMAX-DOAS as described
in Section 11. Hence, a MAX-DOAS instrument with a motorised linear polariser
inside the telescope, allowing to record spectra of skylight at different polarisation
orientations, from which polarimetric dSOTs and dSCDs are inferred.

9.1 Synthetic dataset

The basis for our studies are synthetic measurements (dSCDs and dSOTs), simu-
lated with the RAPSODI forward model for a multitude of atmospheric conditions
and viewing geometries. Where possible, the underlying scenarios were once again
adapted from Frief et al. (2019) as already introduced in Section 8.2.1.

Table 9.1 provides an overview on the simulated observations. Simulations are
performed at six different wavelengths A € [343, 360, 415, 460, 477, 532 nm|. DSCDs
are simulated for Oy, HCHO and NO;. As shown in Table 9.1, dSOTs are simulated
at all six wavelengths, whereas trace gas dSCDs are limited to wavelengths where
the corresponding gases achieve significant OTs to be detected by DOAS in reality.
The wavelengths for dSCD simulation are representative for typically applied DOAS
spectral fitting ranges and were adapted from the settings used in Tirpitz et al.
(2020).

The different vertical profiles for aerosol and trace gases assumed for the simu-
lation calculations are shown in Figure 9.1, and their key properties are listed in
Table 9.2. Compared to Section 8.2.1, the number of different aerosol profiles was
reduced here: the extreme cases with optically thick fog and cloud layers were not
considered. Synthetic observations were calculated for all 63 combinations of aerosol
and trace gas profiles, always applying a common trace gas profile for both, NOy and
HCHO. The aerosol extinction coefficient profiles (in units of km™!) defined in Frief
et al. (2019) were converted to aerosol area concentration profiles in pm? cm™ (as
required by RAPSODI) assuming an extinction efficiency of F,., = 2. For pressure,
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Table 9.1: Overview on the simulated observations.

Observations A [nm)] Absorption cross-section Assumed error
dSOTs 343, 360, 415 N.A. 0.02

460, 477, 532
O4 dSCDs 360, 477 293 K, Thalman and Volkamer (2013) 2 -10* molec? cm >
HCHO dSCDs 343 297 K, Meller and Moortgat (2000) 2 - 10" molec cm ™2
NO, dSCDs 360, 460 294 K, Vandaele et al. (1998) 5 - 10" molec cm ™

temperature and humidity profiles, we assumed a US standard atmosphere. Ozone
was not included.

In contrast to Friefs et al. and Section 8.2.1, we use an exponential altitude grid
according to Equation 8.1 here, with 40 layers spanning an altitude range from 0
to 60 km and with a surface layer height of 50 m, resulting in values of a = 0.3676
and b = 1.13602 to be inserted into Eq. 8.1. As described in Section 8.1, these
settings were found to be appropriate for our purposes. The original profiles by
Eriefs et al. were adapted to the new grid and thus occasionally changed in shape,
while the profiles’ total vertical columns were preserved. Even though 40 layers
are considered within the forward model, only the lowest 25 layers between 0 and
~ 8.5 km are actually retrieved, since the sensitivity of the measurements for trace
gas and aerosol abundances above are negligible (see for instance right panel of
Figure 9.3).

We further performed simulation calculations for different solar and instrument
viewing geometries according to Table 9.3. SZA (), RAA (¢) and EA (a) define
what in the following will be referred to as the viewing direction. PAs (§) describe
the orientation of the polariser’s transmitting axis with respect to the horizontal and
increase counter-clockwise when looking into the viewing direction of the instrument.
Measurements without polariser are indicated by a dash (6 = —). Observations
are simulated for each combination of EA, SZA, RAA and PA. We assume the
instrument to be located on the ground at sea level. In the following we will refer
to each set of an aerosol profile, a trace gas profile, distinct SZA and elevation scan
RAA as atmospheric scenario.

We calculate observations for two aerosol cases: in the first case we apply the
Mie aerosol model and in the second case the HG aerosol model (both described in
Section 7.3.1). The applied aerosol parameters for both cases are given in Table 9.4
and are the same in all simulations. The effect of different aerosol sizes is investi-
gated separately in Section 9.2. The Mie parameters are those for the "standard
mixed aerosol" that was already introduced in Section 3.3.3 including illustrations
of the size distribution (Figure 3.6), the bulk optical properties (Figure 3.7) and the
scattering matrix (Figure 3.8). For the HG-model, we assume a scattering efficiency
of Eyg = 2 at Ag,, = 400 nm.

The resulting synthetic dataset consists of over one million dSOTs and dSCDs
and one hundred million associated weighting functions, simulated for all possible
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Figure 9.1: Aerosol area concentration (left) and trace gas concentration (right, same
profiles for HCHO and NOy) vertical profiles used as input for the for-
ward modelling of the synthetic data. Key properties of each profile are
also described in Table 9.2.

combinations of aerosol profiles, trace gas profiles, viewing geometries and aerosol
models introduced before. Any subset of the simulated observations can be sum-
marised into a synthetic measurement vector ¥ to be fed to the RAPSODI retrieval
algorithm. Particularly, observations can be added or removed and the effect on
the inversion results can be assessed. We investigate different sets of measurements,
in the following referred to as measurement modes. ¥ always includes a full eleva-
tion scan including all ten EAs given in Table 9.3. Depending on the measurement
mode, the corresponding almucantar scan is included or not. For a convenient rep-
resentation, each measurement mode is described by a code, consisting of several
flags as defined in Table 9.5, indicating which observations are incorporated. A
few examples shall be given here for illustration: The mode labels 'UV’ and "Vis’
indicate conventional retrievals from non-polarimetric dSCDs for each species at a
single wavelength in the UV and Vis spectral range, respectively, and assume that all
species are retrieved separately. In contrast, the mode label "Multi-S-P-A’ indicates
that the measurement set was extended to all wavelengths, that all species are re-
trieved simultaneously, and that polarimetric observations as well as an almucantar
scan have been included.

Apart from different measurement modes, we also modify the set of retrieved state
vector elements x by applying either the Mie or the HG aerosol model and thereby
retrieving either the aerosol microphysical or optical properties. We further consider
a fized aerosol case: here, the retrieval is performed using the HG-model, however,

97



Table 9.2: Description of aerosol and trace gas profiles as depicted in Figure 9.1.
Aerosol VCDs are in 10® pm?cm ™2 and trace gas VCDs in 10! moleccm 2

Profile Description VCD
Aer( No aerosol 0.0
Aerl Exponential, 1km scale height 0.5
Aer2 Exponential, 1km scale height 2.0
Aer3 Exponential, 250 m scale height 0.5
Aerd Box profile, 107 m height 0.2
Aerb Box profile, 245 m height 0.2
Aer6 Box profile, 948 m height 0.5
Aer7 Gaussian at 1km, 300 m FWHM 0.5
TGO No trace gas 0.0
TG1 Exponential, 1 km scale height 5.0
TG2 Exponential, 1 km scale height 20.0
TG3 Exponential, 250 m scale height 10.0
TG4 Box profile, 107 m height 5.0
TG5 Box profile, 245 m height 5.0
TG6 Box profile, 948 m height 10.0
TG7 Box profile, 948 m height 10.0

TG8  NO; balloon sonde profile* (2016-09-14) 17.73
TG9  NOj balloon sonde profile® (2016-09-21) 40.88

@ Balloon sonde flights were performed during the CINDI-2 campaign in the Netherlands in
2016 (Kreher et al., 2019)

with the concentration profiles as the only state vector elements being retrieved.
The underlying HG parameters and surface albedo are set to the true values as
given in Table 9.4.

9.2 General information content analysis

A major aim of this thesis is to investigate how the information on the state vector
elements x changes for different measurement modes, particularly by adding polari-
metric observations. For the quantification of information we will follow the concept
of degrees of freedom of signal (DOFS) as introduced in Section 5.5. Note that, for
the calculation of DOFS, we do not need to perform any inversion, since Eq. 5.19
only requires the a priori covariance S,, the measurement covariance S, as well as the
weighting functions K, calculated for a distinct atmospheric state X. The weighting
functions were already derived for the scenarios described above during creation of
the synthetic observation dataset. It is now straightforward to derive DOFS for
any atmospheric scenario, measurement mode and aerosol case, by including the
respective elements in K, S, and S,. Table 9.6, 9.7 and 9.8 show the average DOFS
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Table 9.3:

Table 9.4:

Solar and instrument viewing geometries applied for the simulation of
synthetic observations. Simulations were performed for each combination
of EA, SZA, RAA and PA. A dash in the PA indicates non-polarimetric

observations.

Parameter Values [°]

SZA (6) 40, 60, 90

RAA (¢)  Elevation scans:
0, 90, 180°
Almucantar scan:
9,2.5,3,3.5, 4, 5, 6,10, 12, 14, 16,
18, 20, 25, 30, 35, 40, 45, 50, 60, 70
80, 90, 100, 120, 140, 160, 180

EA (@) 1,2, 3,4,5,68, 15, 30, 90

PA (9) -, 0, 60, 120

Settings for the state vector elements x applied in this study. The true
values were used for the forward simulation of synthetic observations.
Typically observed values for surface albedo and aerosols were adapted
from Dubovik et al. (2002). Typically observed values for trace gas con-
centrations were derived from data presented in (Tirpitz et al., 2020).
Remaining table columns describe the a priori settings applied for the
inversion procedure.

Apriori Correlation

Parameter True value  Apriori value uncertainty length Typically observed values
Caer see Fig. 9.1 Exp. profile® 50 % 1km (6.6 + 5.6) - 10% pm2 /cm?
CHCHO see Fig. 9.1  Exp. profile’ 50% 1km (5.0 + 3.4) - 10'° molec/cm?
CNOs see Fig. 9.1 Exp. profile® 50 % 1km (18 £ 10) - 10'° molec/cm?
Wsur 0.043 0.054 0.03 400 nm 0.043 +£0.011 /

hg 0.74 0.69 0.1 400 nm 0.7440.05 /

Wh 0.91 0.94 0.1 400 nm 0.91£0.03 f

ang 1.2 0.8 0.4 - 0.4 < ang < 2.0

1 0.095 pm 0.111 pm 30 % - (0.095 £ 0.016) pm

o 0.49 pm 0.43pm 30% - (0.49 £ 0.06) pm

o1 0.46 0.5 20 % - 0.46 + 0.04

a9 0.76 0.71 20 % - 0.76 + 0.05

Rnm 1.44 1.46 0.1 400 nm 1.44+0.02

S, 0.011 0.018 100 % 400 nm 0.011 +0.007 /

f 0.9983 0.996 0.003 - 0.9983 + 0.0023

@ 1km scale height, VCD of 0.5 - 108 pm? cm?
b 1km scale height, VCD of 8 - 10'® molec/cm?
¢ 1km scale height, VCD of 9 - 10! molec/cm?
f Value at 440 nm

obtained on each parameter for the Mie model, the HG model and the fixed aerosol
case, respectively. Remember that concentrations c, are retrieved at 25 altitudes to
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Table 9.5: Overview on the flags that describe different measurement modes.

Flag

Description

UV

Vis
Multi

Spectral band of the observations.
UV indicates that only observations at 343 and 360 nm go into the

retrieval.
Vis includes only observations at 415, 460, 477 and 532 nm.

Multi includes observations at all available wavelengths (see
Table 9.1).

Indicates a simultaneous retrieval of all species in a common model
atmosphere. In contrast to the other flags, this is a retrieval setting
and therefore does not change the composition of the measurement
vector. If 'S’ is not contained in the mode description, species are
retrieved separately: first, aerosol concentrations and properties as
well as surface albedo are inferred from O, dSCDs and dSOTs, then
each trace gas profile is retrieved in the resulting atmosphere with all
other parameters being fixed.

Indicates the incorporation of polarimetric information. No P’ in the
mode code indicates that only observations with no polariser (6 = —)
are considered. Otherwise, DSCDs at all PAs except § = — are
incorporated, each evaluated against the reference SCD at a = 90°
and 6 = 0°. Further, to capture broadband polarisation features,
dSOTs at 0 € |60, 120°| are incorporated, each evaluated against the
SOT at the same viewing direction and 6 = 0° (see Section 7.2.2 for
further explanations).

Indicates that spectral broadband features between different viewing
directions serve as additional source of information. In this case,
dSOTs at 0 = 0° are incorporated, each evaluated against the SOT at
a =90° and § = 0° (see Section 7.2.2 for further explanation).

Indicates the incorporation of an almucantar scan, performed under
the same solar geometries and atmospheric conditions as the elevation
scan. The effects of 'S’ and 'P’ described above also apply for the
almucantar dSCDs and dSOTs.
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Table 9.6: The DOFS achieved by different measurement modes (table rows) for
the individual state vector elements (table columns) averaged over the
simulated atmospheric scenarios scenarios, namely all combinations of
aerosol profiles, trace gas profiles, SZAs and RAAs. Here, for the case that
surface albedo and Mie model input parameters are retrieved. The lowest

row shows the number of summarised parameters, hence, the maximum
possible number of DOFS.

Measurement mode Total Profiles Surface Aerosol properties
Band S AT Caer  CHCHO CNOs Wsurf r1 T o1 o2 Rny Rny Sny Sne f
uv X X X X 86 1.21 1.93 297 017 0.65 0.04 021 009 081 00 033 0.02 021
uv v X X X 89 1.51 1.76 259  0.24 0.68 0.05 024 0.11 1.01 00 043 0.03 0.24
uv v /V X X 125 25 214 311 0.72 0.77 0.08 043 0.19 123 0.01 0.77 0.06 042
Vis X X X X 72 1.3 0.0 2.89 0.18 0.65 0.05 0.36 0.09 0.82 0.0 0.47 0.06 0.31
Vis v X X X 75 1.52 0.0 2.31  0.26 0.66 0.05 0.37 0.1 1.26 0.0 0.57 0.08 0.33
Vis v v X X 111 265 0.0 2.79 0.83 0.75 0.08 0.57 0.15 1.57 0.04 0.86 0.22 0.59
Multi v X X X 135 199 1.77 2.89  0.67 0.73 0.07 051 0.16 277 0.01 132 015 044
Multi X v X X 208 289 234 3.77 1.62 0.8 0.1 072 0.23 495 0.13 212 042 0.63
Multi v v X X 219 324 221 343 1.95 087 0.11 0.75 0.26 522 015 254 05 0.65
Multi v X v X 182 2.66 1.99 3.2 1.57 086 0.24 082 0.69 296 0.05 195 0.29 0.92
Multi v v v X 274 391 25 3.77  2.95 097 031 095 0.78 562 0.5 321 0.99 0.96
Multi v X X 208 246 1.83 2.99 1.62 0.81 0.11 0.69 0.24 515 0.04 386 045 0.55
Multi v v vV V 326 4.12 255 3.83 3.93 099 0.71 098 093 593 097 512 152 0.98
110 25 25 25 6 1 1 1 1 6 6 6 6 1

obtain profiles and that Wy, f, gng, Whe, M1 and ngy are retrieved at six wavelengths.
For these state vector elements the DOFS are summed up, therefore yielding values
> 1. The number of summed state vector elements, hence, the maximum possible
number of DOFS, is indicated in the lowest table row. The results for Mie aerosol
are also visualised in Figure 9.2. In the following discussions and investigations we
will focus on the Mie aerosol case, as it provides the most complete parametrisation
of the atmospheric state.

The effect of polarimetric information (flag P) for different cases can be inferred
by comparing UV-S and UV-S-P, Vis-S and Vis-S-P, Multi-S and Multi-S-P and so
on. A significant increase in information is observed for all these modes when adding
polarimetric information, particularly on aerosol optical and fine mode microphysical
properties, aerosol profiles and surface albedo. For the Multi-S-P mode, the increase
is about 1.2 DOFS (60 %) for the aerosol profile, 0.5 DOFS (20 %) for trace gas
profiles, 1.3 DOFS (190 %) in the surface albedo and 4.7 DOFS (80 %) for aerosol
properties. For the HG-model, these figures slightly reduce for profiles and surface
albedo. Regarding the fixed aerosol case (Table 9.8), the increases in DOFS are
significantly smaller (by about 50 % compared to the Mie model case), indicating
that a large fraction of the increase in information on the profiles in the Mie model

case is an indirect effect of the improved knowledge on aerosol properties and surface
albedo.

In addition to the information shown in the DOFS tables, it is worth discussing
the individual effects of polarimetric dSCDs and polarimetric dSOTs. While po-
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Table 9.7: Same as Table 9.6 but for the case that surface albedo and HG aerosol
parameters are retrieved.

Measurement mode Total Profiles Surface Aerosol properties
Band S P A I Caer CHCHO CNO> Wsurf Ing Whg dhg
uv X X X X 82 1.7 191 295 0.2 0.93 0.55 0.0
uv vV X X X 84 1.98 1.78 2.63 0.26 1.01 0.66 0.09
uv vV / X X 109 279 216 3.12 0.7 1.11 0.94 0.13
Vis X X X X 68 191 0.0 2.89 0.29 0.95 0.75 0.0
Vis v X x x 11 2.09 0.0 247 0.36 1.1 0.87 0.17
Vis v Vv X X 94 292 0.0 29 084 1.35 1.11 0.28
Multi v X X X 13.0 251 1.8 291 0.72 25 177 0.81
Multi X v X X 186 3.14 231 3.75 1.48 455 245 0.88
Multi v v X X 196 3.5 221 342 1.79 484 287 093
Multi v X v X 16.0 3.08 2.05 3.21 1.61 2.83 2.26 0.92
Multi v v v X 229 399 249 3.77  2.61 55 3.56 0.98
Multi v X X v 201 298 1.84 3.0 1.79 4.95 4.63 0.92
Multi v v vV V 270 423 254 3.85 3.83 5.99 559 1.0

93 25 25 25 6 6 6 1

larimetric dSCDs predominantly increase the information on the vertical profiles,
polarimetric dSOTs increase information mainly on aerosol properties. However,
polarimetric dSCDs and dSOTs also carry significant amounts of equivalent infor-
mation: starting from the Multi-S mode in the Mie aerosol case, the incorporation
of polarimetric dSCDs increases the total DOFS from 13.5 to 17.8, whereas includ-
ing only polarimetric dSOTs yields 18.8 DOFS. Including both yields the Multi-S-P
mode with 21.9 DOFS.

The left panel of Figure 9.3 shows the increase in DOFS between the Multi-S
and the Multi-S-P measurement mode (referred to by "ADOFS"), grouped by the
different aerosol scenarios. As expected ADOFS mostly depends on the aerosol
scenario, as the effective light paths are predominantly determined by the atmo-
sphere’s aerosol content. The dependence on the trace gas profiles is not shown
here, but was found to have minor effect on ADOFS, at least for optically thin trace
gases. The figure indicates that the information content on aerosol properties in
polarimetric observations is not only dependent on the aerosol optical thicknesses
but further, an aerosol vertical distribution over a large altitude range, preferably
from the surface to altitudes of several hundred metres, is advantageous. The right
panel of Figure 9.3 shows DOFS profiles, namely the DOFS obtained for the con-
centrations of different species in each retrieved layer. The DOFS profiles indicate
a large relative increase in information on aerosol concentrations at higher altitudes
between 1 and 4km. However, the absolute values are still rather small (< 0.2),
such that aerosol abundances at these altitudes remain hardly retrievable even with
polarimetric MAX-DOAS observations.

The effect of the simultaneous retrieval of aerosol and trace gases (flag S) can be
inferred by comparing the measurement modes UV and UV-S as well as Vis and Vis-
S. As expected, the information content in aerosol profiles and properties is slightly
enhanced (by about 0.3 and 0.4 DOFS, respectively) since besides the O, dSCDs also
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Table 9.8: Same as Table 9.6 but for the case that only profiles are retrieved while
surface and aerosol properties are fixed to the true values as given in

Table 9.4.

Measurement mode Total Profiles

Band S P A I Caer CHCHO CNO,
uv X X X Xx 172 2.3 191 2.95
uv v X X X 72 2.55 1.86 2.75
uv v /X X 87 3.22 2.26 3.2
Vis X X X X 54 2.56 0.0 2.89
Vis vV X X X 54 2.78 0.0 2.67
Vis v Vv X X 66 3.53 0.0 3.1
Multi v X X X 82 3.22 1.88 3.08
Multi X v X X 97 3.66 2.31 3.75
Multi v v X X 98 3.99 2.28 3.57
Multi v X X 9.2 3.69 2.11 3.41
Multi v v v X 108 435 2.56 3.92
Multi v X X V 8.6 3.57 1.88 3.1
Multi v v v V 109 441 256 3.92

75 25 25 25

trace gas dSCDs are sensitive to aerosols (as they affect the slant light path). On the
other hand, the information on trace gas concentrations is reduced (=~ —0.4 DOFS),
since the retrieval "becomes aware" of their cross-sensitivity to aerosol parameters
and propagates the corresponding errors. Both effects have been omitted in former
MAX-DOAS retrieval algorithms. The gain in information slightly prevails, resulting
into an increase of about 0.3 DOFS in the total information content.

The information content in the measurements can further be enhanced by includ-
ing almucantar scans (A) and the spectral broad band features (I). Our investigations
indicate that, compared to conventional monochromatic retrievals, the total infor-
mation content of MAX-DOAS observations can be more than doubled by applying
multispectral, polarimetric dSOT and dSCD observations under optimised viewing
geometries.

In general, the information obtained on the coarse mode aerosol properties remains
low (less than 5 of 14 possible DOFS) for all measurement modes even for the Multi-
S-P-A-I mode. The impact of the aerosol size distribution on the DOFS is discussed
in more detail below.

We further investigated to what extent the DOFS depends on the AOT. Simu-
lations for the Mie aerosol case at § = 60, ¢ = 90 for different aerosol VCDs were
performed, assuming an exponential c,.,. profile with a scale height of 1km. The
TG1 scenario was chosen for the trace gas profiles. The obtained DOFS for three
measurement modes and three parameter subgroups are illustrated in the left panel
of Figure 9.4. For small AOTs (< 0.2) the DOFS for profiles remain constant.
For higher values, the horizontal visibility range in the atmosphere and thus the
sensitivity decreases. The DOFS for the surface albedo are generally low for non-
polarimetric measurements. For multispectral measurements, highest values (DOFS
of ~ 5 for albedos at six different wavelengths) are obtained for low aerosol loads.
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Figure 9.2: Visualisation of Table 9.6. Shown are histograms of the DOF'S obtained
for different parameter subgroups (see legend). Each occurence corre-
sponds to one atmospheric scenario. Trace gas profile DOFS for NO,
and HCHO have been summed up. Subplot rows show different mea-
surement modes according to the labels on the left axes. The histograms
are peak normalised, the vertical axis therefore indicates the number of
occurences in arbitrary units. Histograms for the modal fraction f are
shown in separate panels on the right to maintain readability of the
figure. The aerosol scenario Aer0 (no aerosol) was excluded here.

For aerosol properties, there are two limiting factors: with decreasing aerosol abun-
dance, of course the sensitivity towards aerosol properties decreases. On the other
hand, the DOFS also decrease with high AOTs, again due to the limited visibility
range. Maximum DOFS are achieved at AOTs around unity.

The right panel of Figure 9.4 shows the dependence of DOFS on the aerosol
size for a monomodal Mie aerosol with properties as defined for the fine mode in
Table 9.4, but with different mode radii ;. We assume profile scenarios Aerl-
TG1, 6 = 60° and ¢ = 90°. Note that the aerosol surface area is kept constant,
whereas the AOT changes with r1, due to the associated changes in aerosol scattering
efficiency. For the UV-S and the Multi-S-P mode, there are only limited size ranges
in which all aerosol parameters can be reasonably retrieved. This is expected, since
the shape of the major aerosol scattering efficiency flank (see Figure 3.4) at size
parameters close to unity strongly depends on the aerosol microphysical properties.
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aerosol profile scenarios (different subplots) and parameter sub-groups
(box colors) for the Mie model case. A DOFS is the difference in DOFS
between the polarimetric (Multi-S-P) and non-polarimetric (Multi-S)
measurement mode. Right panel: average DOFS profiles grouped by
species (different subplots) for different measurement modes as indicated
in the legend. Horizontal grey lines indicate model layer boundaries.
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Figure 9.4: Dependence of DOFS on AOT (left panel) and aerosol size (right panel)

for three different measurement modes and three state vector element
subgroups. Simulations were performed with Mie aerosol, § = 60°, ¢ =
90° and trace gas scenario TG1. In the right panel, a monomodal size
distribution is assumed. n; are average DOFS obtained for the real and
imaginary refractive indices at multiple wavelengths. The size parameter
on the top axis was calculated from the effective radius r.s¢; according
to Eq. 3.54.

Observations at corresponding wavelengths are therefore expected to yield most
information. Consequently, for the Multi-S-P mode (also incorporating the larger

105



Vis wavelengths), the upper limit of the "useful" ri-range is extended compared to
UV-S. By adding an almucantar scan (A), the range cannot be further extended
(not shown in the figure). In contrast, including (P), (A) and (I) simultaneously
yields DOF'S close to unity for all aerosol parameters and sizes up to r; = 2pum.
Recall, however, that we consider monomodal aerosol here. The general lack of
information on coarse aerosol indicated in Figure 9.2 suggests that in the bi-modal
case, the modes remain hardly distinguishable. The "useful" size range might also
be enhanced by extending the spectral range of observations to larger wavelengths.
In fact, O4 features absorption bands also at 577 and 630nm. In the future, our
investigations might therefore be extended to larger wavelengths. Interestingly, all
measurement modes shown in Figure 9.4 yield very good information on r; for small
r1, while the information on the modal width increases with 7.

9.3 Considerations on viewing geometries

The information content of polarimetric MAX-DOAS observations is expected to
depend on the set of viewing geometries, at which measurements are provided. The
left panel of Figure 9.5 shows the dependence of DOFS on the viewing geometry,
namely different SZAs and elevation scan RAAs. For non-polarimetric observations,
the dependence is generally weak, whereas for polarimetric observations there is a
significant dependence with peak-to-peak changes of approximately 4 DOFS. The
information content is lowest for elevation scans close to the sun, where the single
scattering angles realised over the elevation scan are smaller than at larger RAAs.
The thought arises, if polarimetric information is maximised at viewing directions
with single scattering angles close to 90° (were large DOLPs are expected). This is
well fulfilled for all EAs for instance if SZAs are large and elevation scan RAAs are
close to 90°. In fact, for SZA 6 = 80°, a maximum in DOF'S can be observed around
RAAs ¢ = 90°, exclusively for the Multi-S-P measurement mode.

To investigate this further, we also tested what in the following will be referred to
as "tilted elevation scans": we assume the same set of EAs as before, but calculate
RAAs for each EA according to Eq. 6.4 to ensure single scattering angles as close to
90° as possible. The resulting geometry for 6 = 40° is illustrated in the right panel
of Figure 9.5. The total DOFS obtained for such a tilted elevation scan with Mie
aerosol, Aerl-TG1 profiles and measurement mode Multi-S-P yields 23.8. This is
slightly smaller than the total DOFS of 24.4, achieved with a conventional vertical
elevation scan at ¢ = 140° under equal atmospheric conditions (see Figure 9.5).

So far, we assumed measurements at three fixed PAs to always capture the full
information on the light’s polarisation state. However, for most viewing directions,
the approximate orientation of the skylight polarisation y can be reasonably pre-
dicted from Equation 6.2. As discussed in Section 3.1, two spectra, recorded with
the polariser’s transmitting axis parallel and perpendicular to the predicted y, yield
nearly the same information as the approach with three PAs. In fact, simulations
for 6 = 60°, ¢ = 90°, Mie aerosol and Aer1-TG1 profiles yields the nearly the same
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Figure 9.5: Left panel: dependence of the total DOFS on the viewing geometry,
namely different SZAs (line colors) and elevation scan RAAs (x-axis).
Simulations were performed with Mie aerosol and for the profile scenario
Aerl-TG1. Right panel: illustration of the tilted elevation scan discussed
in the main text.

number of total DOFS for both approaches: with two PAs one achieves 22.7 DOFS,
with three PAs it is 23.0 DOFS. The approach with two angles improves the tempo-
ral resolution by a factor 2/3. Alternatively, the exposure times might be enhanced
by a factor 3/2, yielding a corresponding gain in light (resulting in reduced dSCD
uncertainties by a factor \/ﬁ, see Section 9.6 for the reasoning), leading to an
increase in total DOFS to 23.5. In the future also hybrid approaches incorporating
measurements with and without polariser might be considered.

To further improve temporal resolution of MAX-DOAS measurements, it is also of
interest, to what extent the number of viewing directions might be reduced without
significant loss of information. For a test, we used measurement mode Multi-S-P-A,
Mie aerosol, 8 = 60°, ¢ = 90°, Aerl-TG1 and calculated the total DOFS for two
cases: with the full elevation and almucantar scans according to Table 9.3 and with
reduced elevation (EA € [1, 2, 5, 10, 30, 90°]) and almucantar scans (¢ € [2, 2.5, 3.,
3.5, 4,5, 7,10, 15°]). The two cases yield total DOFS of 28.2 and 27.6, respectively.
This is a surprisingly small decrease in information, considering the strong reduction
in the number of viewing directions (from 38 to 15).

We conclude that there is a high potential for the optimisation of measurement
geometries. In the future, the ideal geometries for different numbers of viewing
directions might be investigated by performing more comprehensive studies in this
direction.
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9.4 Correlation coefficient matrix

In Section 8.4, it was shown that changes in different aerosol related parameters
affect the observations in similar ways. Therefore, the retrieval results of the corre-
sponding parameters are expected to exhibit significant correlations. It is therefore
useful to have a glimpse either on the off-diagonal elements of A or on the correlation
coefficient matrix C, calculated from the retrieval covariance S (see Equation 5.15)
according to:

1

C = (diag(8)) 28 (diag(S)) 2 (9.1)

We discuss C here, since it is unitless by definition and since we expect it to be more
familiar to the reader. Figure 9.6 and 9.7 show sub-matrices of C (only including
the correlation between surface albedo and aerosol related quantities for the Mie
model case) for the Multi-S-P and the Multi-S-P-A-T mode, respectively.
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Figure 9.6: Correlation coefficient (sub-)matrix for the Mie aerosol case and the
Multi-S-P mode, averaged over all atmospheric scenarios and viewing
geometries.
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Figure 9.7: Same as Figure 9.7 but for the Multi-S-P-A-T mode.
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On the first glance, it is counterintuitive that the correlation strength between
many parameters increases for the Multi-S-P-A-T mode (compared to the Multi-
S-P mode) despite it incorporates more observations and thus information. This
effect is related to the OEM approach. In the Multi-S-P case, less information is
available on the parameters. As a consequence, the latter are drawn closer to their
fixed a priori values (compare Equation 5.12). Therefore they exhibit only small
dependencies on the measurements and the correlation with other parameters is
reduced. Accordingly, the additional information in the Multi-S-P-A-T case (from
the almucantar scan as well as the dSOTs between different viewing directions) has
two counteracting effects: on the one hand, it helps to disentangle the parameters,
on the other hand, it reduces the a priori biases, thereby favouring correlations.

Both figures indicate large anticorrelations (up to ~ —0.9) between median ra-
dius 7, and modal width o,, for both modes m. Also the modal fraction f shows
strong (anti)correlation to r,, and o,,. Furthermore, the imaginary parts of the
refractive indices of the two modes are strongly anticorrelated. Regarding refractive
indices it might be generally reasonable to assume common values for both modes.
AERONET retrievals make this assumption (see Section 12.4.3) and we also do so
for the evaluation of field measurements in Section 16. There are further smaller (ab-
solute values < 0.5) but significant correlations between multiple other parameters.
For instance r1, o1 and Rn; show notable correlation with aerosol concentrations in
distinct altitude ranges. As we shall see in Section 9.5, for the retrievals from syn-
thetic observations under ideal conditions such correlations appear to not be very
critical, at least for the (P)-modes. However, particularly in retrievals from field
data recorded under atmospheric conditions that cannot be well represented by the
model atmosphere (e.g. spatio-temporal inhomogeneities, complex Earth surface
properties, aerosol size distributions deviating from the bi-modal approximation),
they might destabilise the retrieval.

9.5 Retrieval results

The synthetic observations simulated before can also be used as input ¥ for RAP-
SODI to perform actual inversions. This was done for a reduced dataset of seven
combinations of aerosol and trace gas profiles (Aerl-TG6, Aer2-TG5, Aer3-TG4,
Aerd-TG1, Aer5-TG2, Aer6-TG7 and Aer7-TG3), for § = 60°, ¢ = 90° and for
both the Mie and HG aerosol case. As before, different measurement modes are
realised by feeding different sets of observations ¥ to RAPSODI. Each inversion was
performed eleven times here: ten times (to obtain some statistics) with a random
noise component added to ¥ with standard deviations according to the assumed
uncertainties in Table 9.1 and once with ¥ without noise, hence with ¥ being the
exact simulated observations. Figure 9.8 to 9.11 show the retrieval results for a
few selected cases, comparing the ground truth, a priori and retrieved state vec-
tor elements. Figure 9.12 illustrates the quality of the convergence by comparing
the input observations with the modelled observations for the retrieved atmospheric
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states. Figure 9.13 shows a statistical representation of all retrieval results. Fur-
thermore, Table 9.9 indicates the accuracies achieved by the different measurement
modes, expressed in RMSDs between retrieved and true values.
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Figure 9.10: Retrieval results for the Aer2-TGbH scenario and HG aerosol. Descrip-
tion of Figure 9.8 applies.
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Figure 9.11: Retrieval results for the Aer5-TG2 scenario and HG aerosol. Descrip-
tion of Figure 9.8 applies.
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vations F(X) for the retrieved states X to investigate the quality of
the convergence. Subplot columns show different kinds of observations.
Subplot rows represent different measurement modes. Y-axes are oc-
currences in arbitrary units. Grey shaded areas indicate the assumed
measurement uncertainties according to Table 9.1. RMS values are
given in the horizontal axes’ units.
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Figure 9.12 generally shows good agreement between § and F(X) mostly within
the measurement uncertainties that also define the magnitude of the synthetic ran-
dom noise added to ¥. Interestingly, the deviations are largest for the UV-S case
even though compared to the other modes, much fewer measurements need to be
reproduced by optimising the same set of state vector elements. The same is true
if comparing Multi-S-P and Multi-S-P-A-I. This indicates that fewer observations
increase the risk for the inversion to end up in a local minimum of the OEM cost-
function. This is supported by the retrieval results in Figure 9.13: particularly for
the UV-S mode, the retrieval sometimes diverges (e.g. for wgyrr, wng and Sny) in-
stead of resorting to the a priori values (e.g. in the case of ny or f). This might be
related to the non-linearity of the problem, but also technical issues cannot be fully
excluded as the reason. Nevertheless, the results mostly behave as one would expect
from the information content analysis in Section 9.2. The example retrieval results
shown in Figure 9.8 to 9.11 demonstrate, that the major features of the profiles
are well reconstructed by the retrieval, particular in the case of the Multi-S-P and
the Multi-S-P-A-I modes. The incorporation of polarisation (comparison between
Multi-S and Multi-S-P mode) significantly improves the results for aerosol columns
and surface concentrations. Further it strongly stabilises the retrieval with respect
to surface albedo and fine mode refractive indices. For some microphysical proper-
ties (e.g. 71, 01, f) the results degrade. This can partly be attributed to stronger
biases towards the a priori for the Multi-S mode that lead to "more stable" results.
Nevertheless, the overall RMSD for aerosol microphysical properties is reduced by
about 40 %, mainly due to the strong improvement in the refractive indices (note
that they are retrieved at multiple wavelengths). Multi-S-P and particularly Multi-
S-P-A-I allow to very reliably retrieve the full set of state vector elements for the
HG-case. The retrieval of microphysical properties is feasible, but reliable results
(in particular for coarse mode properties) are only achieved when the Multi-S-P-A-I
mode is applied.

9.6 Increased noise for polarimetric observations

So far we assumed equal uncertainties for non-polarimetric and polarimetric ob-
servations. This is rather unrealistic if the same temporal resolution is supposed
to be achieved in both cases. For non-polarimetric dSCDs, a single spectrum has
to be recorded at each viewing direction. For polarimetric observations as assumed
above, three spectra need to be recorded in the same time period (neglecting the time
losses due to repositioning of the polariser). Further, at least for setups similar to
the PMAX-DOAS (see Section 11), in average half of the light entering the telescope
will be rejected by the linear polariser. Hence, regarding a single polarimetric ob-
servation only a sixth of the light will be available compared to its non-polarimetric
counterpart. The precision of MAX-DOAS dSCDs is typically limited by photon
shot noise, the uncertainty of polarimetric dSCDs is therefore expected to increase
by a factor /6. The situation is different for dSOTs. Their initially assumed uncer-
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Table 9.9: Accuracy of the retrieval results (expressed in RMSDs between retrieved
and true values) achieved by theMulti-S, Multi-S-P and Multi-S-P-A-I
modes. "Absolute" columns are in units as indicated on the left. "[%]"
columns show RMSDs relative to the a priori uncertainty in percent. c;
values refer to the concentrations in the surface layer.

Multi-S Multi-S-P Multi-S-P-A-T
Parameter Absolute |%| Absolute |%| Absolute |%]
Vier [10% pm? em ™2 0.29 225 0.093 73 0.027 21
Vicro [10¢ molecem™2]  0.19 68 0.16 58 0.11 38
Vo, [10®molecem™2]  0.076 24 0.057 18  0.03 9
Caer M2 e ™9 500.0 286 170.0 95  110.0 63
cucno [101° molecem™3| 8.1 207 2.9 74 1.4 35
cNno, [10'° molec cm ™3| 8.2 186 3.1 70 0.69 16
Wsurf 0.14 456 0.012 41 0.0061 20
Ghg 0.037 37 0.02 20 0.0013 1
Whg 0.18 185 0.048 48 0.0087 9
hg 0.27 68 0.12 30 0.019 )
71 [pm] 0.0085 25 0.012 37 0.003 9
T [pm] 0.093 72 0.084 65  0.062 48
o1 0.043 43 0.058 58  0.011 11
fop) 0.061 43 0.07 49 0.036 25
Rnq 0.085 85  0.021 21 0.0059 6
Rng 0.026 26 0.1 100 0.087 87
Sy 0.035 193  0.0068 38 0.0021 11
Sng 0.01 56 0.0047 26 0.0063 35
f 0.0013 44 0.0027 88 0.00042 14

tainty of 2% was chosen considering systematic effects (see Section 13.1 and 13.4)
and is much larger than typical photon shot noise contributions in DOAS applica-
tions (=~ 107%). Hence, for dSOTs the loss of light is expected to have negligible
impact on the total accuracy.

In reality, there are several arguable aspects:

1. As discussed in Section 9.3, the polariser positions  might be optimised during
the measurement to enhance the information content per spectrum compared
to the approach with three fix polariser positions taken here.

2. Also MAX-DOAS dSCDs are prone to systematic errors, for instance due to
uncertainties in the literature cross-sections, instrumental effects or simplifying
assumptions in the DOAS spectral analysis. Further, deviations between mea-
sured and modelled dSCDs much larger than the actual measurement accuracy
might occur due to horizontal and temporal variability in the atmosphere (see
also Section 9.7).

3. Instrumental setups detecting two polarisation directions simultaneously, using
polarising beam splitters and multiple spectrometers, are conceivable. On the
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Table 9.10: Obtained DOFS for the Mie aerosol case. Table is similar to Table 9.6,
but with the noise of polarimetric dSCDs increased by a factor of /6.

Measurement mode Total Profiles Surface Aerosol properties

Band S P A 1 Caer CHCHO CNO; Wsurf r1 T o1 o9 Rny Rnyg Sny Sng f
[0A% X X X X 86 1.21 1.93 297 0.17 0.65 0.04 0.21 0.09 081 0.0 033 0.02 0.21
uv v X X X 89 1.51 1.76 2.59  0.24 0.68 0.05 0.24 0.11 1.01 0.0 043 0.03 024
uv v /v X X 99 1.93 1.6 2.49 0.52 0.71 0.06 0.35 0.11 1.06 0.0 0.65 0.05 0.34
Vis X X X X 172 1.3 0.0 2.89 0.18 0.65 0.05 0.36 0.09 082 00 047 0.06 0.31
Vis v X X X 75 1.52 0.0 2.31  0.26 0.66 0.05 037 01 126 0.0 0.57 0.08 0.33
Vis v /X X 91 2.11 0.0 2.31  0.59 0.7 006 0.5 011 1.38 0.03 0.69 0.17 0.48
Multi v X X X 135 199 1.77 2.89 0.67 0.73 0.07 0.51 0.16 2.77 0.01 132 0.15 0.44
Multi X v X X 177 228 1.72 3.1 1.25 0.79 0.08 0.62 0.15 487 0.1 1.89 0.36 0.53
Multi v v X X 185 256 1.65 2.81 1.46 0.81 0.08 0.64 0.16 509 0.11 218 0.41 0.55
Multi v X v X 164 239 1.86 3.05  1.19 0.8 0.18 0.69 051 289 0.02 1.74 0.22 0.87
Multi v v v X 227 298 1.75 2.97 224 09 02 086 052 553 0.28 278 0.76 0.9
Multi v X X 208 246 1.83 2.99 1.62 0.81 0.11 0.69 024 5.15 0.04 3.8 0.45 0.55
Multi v v v V 292 327 1.78 3.02 3.45 098 0.69 0.97 093 591 08 502 135 0.98

110 25 25 25 6 1 1 1 1 6 6 6 6 1

other hand, such setups quickly become complex: it would for instance be
required for the DOAS analysis to switch the beams of different polarisation
between the spectrometers inorder to assure that they are virtually recorded
with a common ISF (see also Section 4.2).

For the following investigations we assume an increased uncertainty (factor v/6) for
all polarimetric dSCDs, even though for the reasons given above, the truth might
lie somewhere between the idealised case discussed in Section 9.2 and the ’worst’
case discussed here. Tables 9.10 to 9.12 again show the DOF'S for the Mie, the HG
and the fixed aerosol case while Figure 9.14 illustrates the results for the Mie model
case. Figure 9.15 shows a statistic over the retrievals as performed in Section 9.5
but with increased uncertainty and random noise on the polarimetric dSCDs.
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Table 9.11: DOF'S for the HG aerosol case. Table is similar to Table 9.7, but with
the noise of polarimetric dSCDs increased by a factor of v/6.

Measurement mode Total Profiles Surface Aerosol properties
Band S I Caer  CHCHO CNOy Wsurf Ohg  Whg  Qng
Uv X X X X 82 1.7 191 295 0.2 0.93 0.55 0.0
Uv vV X X X 84 1.98 1.78 2.63 0.26 1.01 0.66 0.09
Uv v /X X 87 2,18 1.61 251  0.45 1.02 0.82 0.09
Vis X X X X 68 1.91 0.0 2.89 0.29 0.95 0.75 0.0
Vis v O X X X 11 2.09 0.0 247 0.36 1.1 0.87 0.17
Vis v /X X 1T 2.37 0.0 242 0.57 1.16 0.93 0.2
Multi v X X X 130 251 18 291 0.72 2.5 1.77 0.81
Multi X v X X 158 253 1.69 3.08 1.04 4.43 223 0.76
Multi v v X X 165 284 1.64 2.82 1.24 4.65 2.5 0.84
Multi v X v X 147 286 1.9 3.07 1.26 2.67 2.05 0.88
Multi v v v X 190 314 1.74 296 1.84 5.35 3.09 0.92
Multi v X X v 201 298 1.84 3.0 1.79 4.95 4.63 0.92
Multi v v v 240 345 1.76 3.03 3.33 5.98 5.51 0.99
93 25 25 25 6 6 6 1
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Figure 9.14: Visualisation of Table 9.10. Figure is similar to Figure 9.2.
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Table 9.12: Obtained DOF'S for the fixed aerosol case. Table is similar to Table 9.8,
but with the noise of polarimetric dSCDs increased by a factor of V6.

Measurement mode Total Profiles

Band S P A1 Caer CHCHO CNO,
uv X X X X 172 2.3 191 2.95
uv v X X X 72 2.55 1.86 2.75
uv v vV X X 68 2.6 1.66 2.58
Vis X X X X 54 2.56 0.0 2.89
Vis v X X X 54 2.78 0.0 2.67
Vis v Vv X X 54 2.88 0.0 2.56
Multi v X X X 8.2 3.22 1.88 3.08
Multi X v X X 78 3.01 1.69 3.08
Multi v ¢ X X 79 3.28 1.67 2.91
Multi v X v X 8.6 3.42 1.97 3.23
Multi v v v X 83 3.47 1.76 3.04
Multi v X X V 86 3.57 1.88 3.1
Multi v v v V 84 3.56 1.77 3.05

75 25 25 25
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As expected, the information gain obtained from polarimetric observations is gen-
erally lower (when using a single instrument and when the same time resolution is
desired), however, by different amounts for different parameter subgroups. The gain
in information on aerosol properties is not much affected, since a large part of the in-
formation here is inferred from the polarimetric dSOTs, rather than from the dSCDs.
In contrast, the information gain for the vertical profiles is significantly reduced. For
all aerosol cases, the use of polarimetric observations even reduces the information
on trace gas profiles, indicating that the loss of light due to the polariser compensates
the advantage of additionally available light paths (see Section 6.4). The increase
in information for aerosol profiles reduces by 50 %, compared to the idealised as-
sumption of equal uncertainties for polarimetric and non-polarimetric observations.
For instance in the Mie aerosol case, the increase in DOFS between the Multi-S
and the Multi-S-P measurement mode is ADOFS = 0.6, instead of ADOFS = 1.2
as obtained for the idealised case in Section 9.2. In the case of the fixed aerosol
model, incorporation of polarimetric obervations decreases the DOFS by 0.2 for
trace gas, while the DOFS for aerosol profiles remain similar (ADOF < 0.1). The
retrieval results in Figure 9.15 show a degradation for the polarisation incorporating
measurement modes, however, the major conclusions drawn in Section 9.5 remain
qualitatively valid.

9.7 Effect of spatio-temporal variability in
atmospheric composition

The forward models in MAX-DOAS retrievals assume horizontally homogeneous
atmospheres over typical MAX-DOAS horizontal sensitivity ranges of several kilo-
metres. Furthermore, a single atmospheric state is retrieved from observations ac-
quired over time periods of several minutes. Spatio-temporal variability therefore
can in principle cause deviations between the modelled and the measured obser-
vations much larger than actual measurement uncertainties. Ideally, the retrieved
atmospheric state in such cases corresponds to a kind of spatio-temporal average.
However, large variability is expected to induce significant biases in the results or
even prevent the inversion to achieve reasonable convergence.

In order to investigate the impact of spatio-temporal variability on the retrieval
results, we simulated inhomogeneity by adding random noises of different relative
magnitude (0, 2, 4, 6, 8 and 10%) to the observations ¥ (in addition to the noise
that is expected from the measurement uncertainties) before performing the same
retrievals as discussed in Section 9.5, but this time limited to the Aerl-TG1 case.
This inhomogeneity noise was assumed to act equally on observations in the same
viewing direction. For each inhomogeneity magnitude, ten retrievals were performed,
each time recalculating the random noise pattern. To put the noise magnitudes into
perspective: Frief et al. (2019) for instance assumes an inhomogeneity noise of 5 %,
motivated by observations performed during the CINDI-2 campaign (Kreher et al.,
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2019). Figure 9.16 shows a statistical representation of the results for the Multi-S-P
and Multi-S-P-A-I measurement modes.

123



‘ST X0q oY) Yim de[IsA0 SI9NSIYM o1}
‘910J010T[} PUR SONTRA I[(R[IRAR AT 10AO PouLlojiad AJUO SI $O13S19R)S ‘s1ojoureted owos 10, €T°¢ 9IN31,] 03 Ie[IUIls
postue31o ST oIngdy oy, “(1ueorod UI SOPNITUSRUI 9SIOU SIJRIIPUI SIXR-X) IPNIIUSRUI JUSISHIP JO SISIOU A)OUIT
-OWwOYUI YHM ‘Sopoul [-y-J-S-T) N\ 9} Pue J-S-T}NJN 9Y) I0J SHMNSSI RASLINDI 91} Jo uorpejuasaidal [eo1)s1jelq :91°¢ oInsr g

V-I-d-S-RINN d-S-1inN- .
!l ug ug wy uy 20 0 2y 1
0I8 9t CO 9 20089+ Z200T89 1V Z200T89 ¥ O 0I8 9 ¥ Z200I89 ¥ ZO 0I8 9 ¥ Z200I89 1V CO
Lo1- s z-
r - Lz- A L 1s g rT-
so- |
. F1-
88100 __.Hg EJET ﬂﬂdﬂmm * L .H.TAJJ__ il 0 ool - E - F L L1
) B ﬂn -0 r K
E - IN | lm
FO'T FrT .
uoioel) [epoj S92Ipul aANDEIRY SUIPIM [EPON ipeJ [epo
on® o™ 6 wnsm 0N~ OHDH> 1985 “ONp OHOHA e 4
0TI8 9 ¥ 200T89 ¥ C200T89 ¥ CO 0I8 9 ¥ CO 0T8 9 ¥ C200T8 9 ¥ C00T89 ¥V CO 0I8 9 ¥ 200T8 9 ¥ C200T89 ¥ CO
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 —IHI 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 Nl 1 1 1 1 1 —l— 1 1 1 —l— 1 1 1 1 —IO.HI
- IHI
@!o - FI- . Lg0-
g - * @ * *.* | 8 ﬁr o
glils m‘ aff #H e -8t 0 ; T % - T I.#EJ- * * 0°0 ﬂ _
: Sl PETT LT
L L L FS0
| | i z 1
€ z F F0'T

si91oweled |0solae HH

opag|e @xe4ns

SUOI3RIIUDIUO0D JBAR| 3dBLNG

SuUWIN|0d [eDIUBA

124



Ten retrievals per noise magnitude are probably not sufficient to obtain a reason-
able statistics, however, regarding the development over the full noise magnitude
range still provides a first estimate of the sensitivity of the parameters to spatio-
temporal variations. In the most problematic cases - for instance coarse mode aerosol
properties and surface albedo - the results exceed the a priori uncertainty (grey
shaded area) already at noise levels of a few percent. In contrast, the effect on
trace gas VCDs and surface concentrations is low. Also the retrieval of HG aerosol
properties seems to be feasible in the presence of inhomogeneities, at least for the
Multi-S-P-A-I mode.

9.8 Impact of a priori covariance

The DOFS presented in this chapter are a measure for the information gain compared
to the a priori knowledge and therefore depend on the assumed a priori covariance S,
(see Equation 5.19). Also, the retrieval results will be differently biased towards the
a priori. In the ideal case, S, is calculated by inferring expected variability as well as
cross-correlations between the state vector elements of interest from climatologies.
These are obviously space- and time dependent and so is S,. Furthermore, S,
often contains some arbitrary component, since in practice it is common to make
simplifying assumptions (also in this thesis) and sometimes S, is tweaked to prevent
divergence of the inversion. Unfortunately, not only the actual DOFS but also the
absolute and relative differences (e.g. between different measurement modes) are
affected by changes in S,.

To investigate the impact of the choice of S,, we calculated DOFS for different
scalings k, of S, for a standard atmospheric scenario. The results are depicted
in Figure 9.17 for different measurement modes and parameter subgroups. These
dependencies on the choice of S, should be kept in mind when regarding the quanti-
tative results in this chapter. However, the major qualitative findings are generally
valid.
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Figure 9.17: The change of DOFS obtained for different measurement modes and
parameter subgroups, if S, is scaled by a factor k,. Calculations were
performed for 0 = 60°, ¢ = 90°, Mie aerosol and Aerl-TG1 profiles.

9.9 Concluding remarks

The results in the former sections suggest, that polarimetric information significantly
increases the total information content of MAX-DOAS observations, in particular for
aerosol related quantities. Table 9.13 is intended to provide a succinct summary: it
shows the approximate improvement in information (in terms of DOF'S) and retrieval
results accuracy (in terms of RMSD) for crucial parameter subgroups when going
from non-polarimetric (Multi-S mode) to polarimetric (Multi-S-P) retrievals. It
assumes that the Mie-aerosol model is applied and that all atmospheric parameters
are retrieved (comprising aerosol profiles, trace gas profiles and aerosol properties).
The values represent averages over all atmospheric scenarios and viewing geometries
as described and applied in Section 9.1 and 9.5. In the table we distinguish between
an "idealised" case, which assumes the same measurement error for non-polarimetric
and polarimetric observations (compare Section 9.2) and the "increased noise" case,
where an increased noise is assumed for the polarimetric observations (compare
Section 9.6). The increase in total DOFS (sum over DOFS from all parameters)
ranges between 40 % (increased noise) and 60 % (idealised case). The increase in
information is largest for aerosol related quantities, whereas, for trace gas profiles, it
is rather small and even degrades for the increased noise case. Similar patterns can
be observed regarding the accuracy of the results: the RMSD decrease is largest for
aerosol related quantities. Interestingly, for concentrations in the surface layer, the
accuracy improves similarly for all species by about 70 %, at least in the idealised
case.

In the Multi-S-P mode, fine and coarse mode parameters can be retrieved to ac-
curacies of 30% and 70 % of the a priori uncertainty, respectively. Note also that
some coarse mode parameters (ry, Sn and also f) are still strongly biased towards
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Table 9.13: Approximate relative changes in information (DOFS) and accuracy
(RMSD between retreival results and true values) when going from non-
polarimetric (Multi-S mode) to polarimetric (Multi-S-P) retrievals from
elevation scan observations, applying the Mie aerosol model. Positive
numbers indicate an improvement, hence an increase in DOFS or a de-
crease in RMSD, respectively.

Idealised® Increased noise®

%] 2]

Information Aerosol profiles 60 30
TG profiles 20 -D

Aerosol properties 80 70

Accuracy Aerosol VCD 70 60
TG VCD 20 -40

Aerosol conc.® 70 50

TG conc.® 70 -40

Aerosol properties 40 40

% Assuming same measurement noise for non-polarimetric and polarimetric observations (see
Section 9.2)

b Assuming increased noise for polarimetric observations (see Section 9.6)

¢ Values refer to the concentrations in the surface layer

the a priori due to the limited available information in the measurements. However,
if also optimised viewing geometries and broad band spectral information is incor-
porated (Multi-S-P-A-I mode), the information can be further increased by about
50 % (increase in DOFS compared to the Multi-S-P mode) with the largest increase
for aerosol microphysical properties (70 %). Fine and coarse mode parameters can
then be retrieved to accuracies of 10 % and 30 % of the a priori uncertainty and the
a priori biases for the coarse mode are strongly reduced.

Things change again if potential inhomogeneities in the atmosphere are taken into
account (simulated by adding an additional noise of up to 10 % to the measurements,
see Section 9.7). Particularly the retrieval of surface albedo and coarse mode micro-
physical properties becomes extremely unstable or even impossible if measurement
conditions are not ideal. For other parameters, the results degrade but remain useful
in the sense that the deviations to the true values mostly remain smaller than the
a priori uncertainties. In the future, the situation might be improved by extending
the spectral range and by reasonable linking of parameters of different aerosol size
modes (e.g. assuming a common refractive index for both modes).

The novel feature of the RAPSODI retrieval to retrieve all atmospheric species
simultaneously in a single model atmosphere has advantages, however, the effect
is small. First, it exploits additional information on aerosol contained in the trace
gas dSCDs (increasing the DOFS of aerosol profiles by about 20 %). Second, it
for the first time considers the sensitivity of trace gas profiles to the light path
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constraining aerosol abundances. As a consequence, the information on trace gas
profiles is reduced by about 15 %.
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Evaluation of field measurements
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10 Introductory remarks

For the application of the RAPSODI retrieval algorithm to real data we developed
a polarisation sensitive 2D-MAX-DOAS instrument (PMAX-DOAS) that has been
deployed at the Meteorological Observatory Hohenpeissenberg (MOHP) in Bavaria
since autumn 2019. The MOHP is operated by the German weather service and
accommodates different instruments for the long-term monitoring of atmospheric
aerosol and trace gases for comparison and validation of the PMAX-DOAS data.
They are in the following referred to as "supporting observations".

The following part of the thesis is structured as follows: Section 11 introduces
the PMAX-DOAS instrument and discusses challenging aspects regarding the de-
sign of polarimetric MAX-DOAS instruments. Section 12 describes measurement
setup and location, including the available supporting observations at the MOHP.
Section 13 outlines the spectral analysis, i.e. it describes how dSOTs and dSCDs
are inferred from the raw PMAX-DOAS spectra. Section 14 describes the retrieval
setup. Section 15 compares the measured dSOTs and dSCDs with forward model
simulations. Section 16 shows actual retrieval results and compares them with data
from the supporting observations.
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11 The PMAX-DOAS instrument

11.1 Instrument overview

The principal setup of the PMAX-DOAS instrument is illustrated in Figure 11.1 and
is in many aspects similar to typical former MAX-DOAS instruments (see Section 4).
It consists of a spectrometer unit that is located indoors and an outdoor telescope
unit, both connected via a quartz fibre bundle. In order to be able to collect sky-
light from any viewing direction, the telescope unit is mounted on a commercial
motorised pan-tilt head (model Eneo VPT-501/HZ RAL7035, 0 to 360° range in
viewing azimuth, —90 to 90° range in viewing elevation, 0.02° angular resolution).

The telescope housing accommodates two separate telescope channels: one for
diffuse skylight and one for direct sun observations. A motorized mirror enables
to switch between them. Within this thesis we limit our investigations to skylight
data, nevertheless the direct-sun telescope will shortly be described for completeness
below. Beside the telescope channels, an industrial camera was added to the tele-
scope unit for sun tracking and assessment of cloud conditions. Depending on the
investigated spectral range and the measurement geometry (elevation scan, direct
sun observations or almucantar scans, see Section 12.2), different colour filter com-
binations can be applied to the telescope channels and the camera over a motorised
filter wheel just behind the telescope windows.

For this thesis, the skylight telescope channel including the polarising filter is
of most relevance: the light enters the housing through a quartz window, passes
the filter wheel and encounters a a-BBO Glan-Thompson (GT) linear polarising
filter on a motorized rotary stage. These kind of polarising filters feature a broad
spectral transmission range from 200 nm to 1100 nm, large acceptance angles of ~
15° and very high extinction ratios (specified by the supplier to < 5x 107¢ (Artifex-
Engineering, 2021) and validated during instrument characterisation to < 107%).
The linearly polarised light is coupled into a bundle of 19 optical quarz fibres of
100 pm diameter each, using a lens of focal length f = 75mm and a clear aperture
of 15mm. The ideal clear aperture for the applied spectrograph (f-number of f/4)
is about 19 mm, but could not be realised here for opto-mechanical reasons. The
fibres are arranged in a horizontally extended rectangular shape, as illustrated in
Figure 11.2. This arrangement widens the horizontal FOV, thereby enhancing the
light throughput, while the vertical FOV, which is critical for the information content
in MAX-DOAS observations, remains small. The theoretically expected telescope
FOV is approximately 0.7° x 0.25° and was validated in the lab to 0.75° x 0.26°
(FWHM, average intensity over instrument spectral range) by scanning over a small
white lightsource. To localize the telescope pointing in the camera FOV (e.g. for sun
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Figure 11.2: Optical fibre arrangement and FOV of the skylight telescope. The
image on the right shows the correlation between camera image pixels
and coincident spectrometer radiances. Blue and yellow indicate weak
and strong correlation, respectively.

tracking purposes), we applied the approach described in Sihler et al. (2017): time
series of radiances (field data) detected by the spectrometer are correlated against
coincident camera images. Image pixels in the FOV of the telescope are expected
to yield the strongest correlation. For the implementation of this approach, we used
the corresponding python routines implemented by Glift et al. (2017). The result
for the correlation between the PMAX-camera and the skylight telescope are shown
in the right panel of Figure 11.2.

In the direct sun telescope, a lens of f = 100 mm and CA = 10 mm focusses the
incoming light onto a 5mm aperture of an integrating sphere, resulting in a tele-
scope FOV full aperture angle of approximately 3°. The large FOV assures the solar
disc (0.5°) to be fully covered by the FOV even under imperfect instrument point-
ing. Similar to (Herman et al., 2009), the integrating sphere is used here to assure
optical illumination uniformity, thereby avoiding undesired spectral features caused
by Fraunhofer line OT variation over the solar disk (Scheffler and Elsésser, 1974).
A mirror mounted to a servo-motor allows to couple the light from the integrating
sphere into the skylight telescope fibre bundle while simultaneously blocking light
from the skylight telescope itself. For calibration purposes, the integrating sphere
features a third port with two calibration lamps: a halogen lamp and a mercury
gas lamp, the latter with distinct emission peaks to determine and track wavelength
calibration and ISF of the spectrometer.

The design of the spectrometer unit was in large parts adapted from Nasse (2019).
It features a two-stage temperature stabilisation. The spectrometer itself (Acton
300i) is equipped with temperature controlled resistive heating foils on each face
and is enclosed in Styrodur foam. This setup is placed within the aluminium box
shown in Figure 11.1 that features the second stage: air circulates within the box
and is temperature controlled using Peltier elements in one of the box faces with heat
exchangers on the in- and outside. At the MOHP, where the unit was placed inside
an air-conditioned lab, the temperature of the spectrometer could be stabilised to
a precision better than £0.05K. The CCD detector (Andor DV420-BU) features
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an independent temperature control and was cooled to —28 °C to minimise its dark
current. The Acton 300i spectrometer features a turret with three different gratings
with triangular grooves. For most of the measurements presented in this thesis, we
applied a grating with 300 grooves per mm and a blaze wavelength of 420 nm. With
the fibre setup described below and the applied CCD-detector this yields a spectral
coverage from 285 to 565 nm at a resolution of 1.3nm (FWHM). The CCD detector
is two dimensional (1024x256) but full binning over the 256 px in the vertical was
applied during readout.

A peculiarity of the PMAX-DOAS is the rather unconventional fibre setup. In
(MAX-)DOAS instruments, the use of fibres has several mechanical and optical
advantages:

1. Freedom in the placement of the instrument components, since telescope and
spectrometer do not have to be physically attached.

2. Light bundle cross-section can easily be changed e.g. from roundish shapes in
the telescope to slit like configurations as desired on the spectrometer side.

3. Particularly in combination with "mode mixing" (Stutz and Platt, 1997),
they assure a uniformly illuminated spectrometer FOV even if inhomogeneous
scenes (e. g. clouds, Earth surface, artificial light sources) are regarded.

4. Fibres scramble the polarisation state of the transmitted radiation (Platt and
Stutz, 2008), which is important to avoid undesired polarisation sensitivity of
the fibre-spectrometer setup.

The PMAX-DOAS fibre setup is sketched in Figure 11.3. It makes use of all of these
advantages but was particularly optimised to depolarise the gathered light before
entering the spectrometer. We found that even long (several metres) multi-mode
optical fibres can be poor polarisation scramblers, rather changing the polarisation
state due to birefringent effects than efficiently reducing the DOP. This is discussed
in more detail in Section 11.3. The full fibre thread consists of three parts. Starting
from the telescope side, light passes a cross-section converter first that transforms
the linearly polarised light from the polarising filter into light of 19 largely inde-
pendent states of partial elliptical polarisation. These are mixed together in a thick
mono-fibre that ensures a uniform illumination of another cross-section converter
connected to the spectrograph. The telescope-side fibre bundle and the mixing fibre
are coiled up and installed within the telescope box, whereas the last cross-sectional
converter establishes the actual connection between telescope and spectrometer (see
also Figure 11.1)

The entire PMAX-DOAS setup is controlled by a computer. Measurement rou-
tines and corresponding hardware control were implemented using the MS-DOAS
software by Frief (2018). The key properties of the PMAX-DOAS are summarised
in Table 11.1.
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Figure 11.3: Optical fibre setup of the PMAX-DOAS instrument.

Table 11.1: Key properties of the PMAX-DOAS instrument.

Telescope FOV: 0.7° x 0.25°
Focal length: 75 mm
Clear aperture: 15mm
Etendue: 0.03 mm?sr

Spectrometer Acton 300i Czerny-Turner
Focal length: 300 mm
f-number: f/4

Detector Andor DV420 BU
Resolution: 1024 px (full vertical binning)
Max. counts: 2'® = 65536

Spectral coverage 285 to 565 nm

Spectral resolution 1.3nm (FWHM of ISF)

11.2 Undesired polarisation sensitivities

This chapter intends to draw attention to different polarisation related aspects of
the instrumental design. To obtain meaningful polarimetric observations with the
PMAX-DOAS, polarisation dependent properties of any optical components other
than the GT-polariser need to be considered. Ideally, the instrument is designed to
meet two major requirements:

1. Components before the GT-polariser (window, colour filter) neither feature
polarisation dependent transmission nor alter the SOP of the incoming sky-
light.

2. The entire setup behind the GT-polariser (lense, fibre, spectrometer) is equally
sensitive to linearly polarised light at any orientation Yy.

If these requirements are not fulfilled, the instrument features what we will in the
following refer to as "undesired polarisation sensitivity" (UPS), which can lead to
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Figure 11.4: Typical efficiency curves for gratings with triangular grooves. Curves
are given for polarisations parallel (P) and perpendicular (S) to the
grooves. The figure was adapted from Palmer (2002).

systematic errors in the measured dSOTs and dSCDs, unless the UPS is well char-
acterised and accounted for. In the following we will discuss the UPS of different
optical components of the instrument.

The PMAX-DOAS skylight telescope channel is symmetric around its optical
axis and therefore not expected to cause UPS. An exception is its asymmetric fibre
configuration (see Figure 11.2). However, assuming that the Fresnel equations hold
for the surfaces of all involved optical components (window, colour filter, polariser
surfaces and lens), the impact of this asymmetry is estimated to be negligible: the
ratio of the transmittances for light polarised along the fibre configuration’s long
and short principal axis is expected to deviate from unity by less than 1073,

More critical is the UPS of the instrument components behind the polariser. Grat-
ing spectrometers are well known to be polarisation sensitive. The spectrometer’s
mirrors and the CCD detector window obey the Fresnel equations, thereby inducing
spectral broadband UPS. This is particularly the case for spectrometers that con-
tain not only a collimating and a focussing mirror, but also deflecting mirrors (like
the applied Acton 300i as sketched in Figure 11.1). Even more critical is the po-
larisation dependence of the diffraction grating efficiency. Typical efficiency curves
for gratings with triangular grooves are shown in Fig. 11.4. For light polarised
perpendicular to the grooves (S), the efficiency is typically significantly larger than
for parallelly polarised light (P) and features multiple discontinuities. The latter
are often referred to as "Wood’s anomalies" (first discovered by Wood, 1902) and
are related to the complex phenomenon of "Surface Plasmon Polaritons" (Maystre,
2012). These anomalies are particularly critical for MAX-DOAS observations, since
they potentially introduce residual structures in the DOAS fit.

In the lab, we determined the total polarisation sensitivity of the Acton 300i
applied in the PMAX-DOAS. The measurement results are shown in Figure 11.5.
Linearly polarised light at different orientations was directly fed to the spectrometer.
A 150 pm pinhole was used as entrance aperture of the spectrometer and a halogen
lamp in conjunction with a 1200 pm monofibre served as light source. Different
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Figure 11.5: Polarisation sensitivity of the Acton 300i spectrometer. The sketch at
the top illustrates the experimental setup. The measurements were per-
formed at three different grating positions (circled numbers) to achieve
broad spectral coverage. Grey areas indicate the fitting ranges later
used for the DOAS spectral analysis (see Section 13.3).

polarisation states were realised with a motorised GT-polariser. A grating with 600
grooves per mm and a blaze wavelength of 300nm was applied at three different
turret positions, to realise different spectral ranges.

The results show a strong dependence of the spectrometer response with respect
to the orientation of polarisation (up to 70 %, increasing with spectral distance from
the blaze wavelength). The positions of the Wood’s anomalies depend on the light’s
incidence angle on the grating, therefore spectrally overlapping measurements at
different turret positions do not show the same features at the same wavelengths.
The measurements at 45° and 135° are expected to yield equal results. The slight
deviations between them indicate that the polariser was not perfectly aligned with
respect to the grooves of the grating. Even though for the PMAX-DOAS measure-
ments presented in Section it was decided to use another grating (see Table 11.1),
the major conclusion remains: when performing PMAX-DOAS observations, the
light should ideally get depolarised behind the linear polariser, before being fed to
the spectrometer, to ensure equal response to light of any SOP coming from the
telescope.
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Figure 11.6: Guiding principle of a step index fibre. For incident angles a < aynqz,
v exceeds 90°, resulting in total internal reflection at the core-cladding
interface and thus guiding of the ray within the core. The cladding is
typically surrounded by a strongly absorbing mantle (not shown in the
figure). Light leaving the core can therefore be assumed to be lost.

11.3 Scrambling polarisation with optical fibres

In the past, multimode optical fibres of few metres length have been considered
to be efficient polarisation scramblers in the DOAS community (Platt et al., 1997;
Platt and Stutz, 2008). In the initial design phase of the PMAX-DOAS, we therefore
expected a simple fibre setup (a single cross-section converter of 10 m length, at best
in conjunction with a preconnected monofibre) to achieve suitable depolarisation.
However, as described in the following, results from our characterisation of the
PMAX-DOAS setup suggest that particularly in modern fibres, polarisation (at
least the DOP) can be largely maintained over considerable fibre lengths.

11.3.1 General remarks on optical fibres

Depending on the application (communications, spectroscopy, power transmission,
sensor technology and others) fibres of very different properties exist. We will limit
our considerations to those typically applied in DOAS applications: step index mul-
timode quartz glass fibres. In the following paragraphs we will shortly explain the
meaning of this term. Details can be found in any textbook on optical fibres, e.g.
Mitschke (2016).

"Step index" indicates that the fibre consists of a core with refractive index n;
surrounded by a cladding of refractive index ny < n;. Hence, in contrast to "gradient
index fibres", the refractive index changes stepwise at the core-cladding interface.
As illustrated in Figure 11.6, total reflection at this interface - i.e. guiding of light
inside the core - is ensured only for incident angles

@ < Qaz = arcsin(NA), with NA = y/n? — n3 (11.1)

being the numerical aperture of the fibre. The refractive index ng of the air outside
the fibre is assumed to be unity here. The quartz fibres investigated applied in this
study have NA = 0.22, corresponding to a full aperture angle of 2 % ay,., &~ 25° or
an f-number of f/2.2.

For an accurate description of the behaviour of light in fibres and to understand
the term "mode", one has to resort to wave-optics. Solving the Maxwell equations
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for radiation in optical fibres yields that only discrete spatial E-field oscillation
patterns and their superpositions can exist within the fibre. These are referred to as
"modes". Each mode can be excited by incident light of appropriate wavelength and
discrete incidence angle a. Some textbooks also treat "modes" and "rays entering
the fibre at different angles" as equivalent (Mitschke, 2016). The "V-number" or
"normalised frequency" has established as a measure for the number of excitable
modes. It is given by

V = ZTdNA, (11.2)

with A\g being the vacuum radiation wavelength and d being the fibre diameter.
Fibers with V' < 2.405 (corresponding to \g/d ~ 0.6 for NA = 0.22) are considered
"monomodal" fibres, since only the fundamental mode (the E-field pattern over the
fibre cross-section approximately follows a 2D gaussian distribution) can be excited.
"Multimode" fibres satisfy V' > 2.405, often V > 2.405. The actual number of
excitable modes can be asymptotically approximated by
V2
2
In the PMAX-DOAS fibre setup, the smallest V' values are around 230 (d = 100 ym,
A = 600nm), hence, m ~ 2.5 x 10? if the fibre’s FOV is fully illuminated. We
qualitatively summarise: "multimode" in our context means that the fibre has a
diameter much larger than typical radiation wavelengths, thereby allowing a large
number of modes and thus accepting radiation nearly at any incidence angle between
0° and ;... It shall be noted that, for such fibres, the behaviour of radiation can
in good approximation be described by ray optics instead of wave optics.

"Quartz glass" of course refers to the material. Tt is typically used for DOAS
instruments, since in contrast to other materials, it exhibits high transmission over
a broad wavelength range from the UV to the near infrared.

m =

for V — 0. (11.3)

11.3.2 Mode mixing

In an ideal optical fibre - in the sense that the fibre cross-section is circularly sym-
metric, the materials are homogeneous and the fibre is not bent - the distribution
of radiation power over the different modes is maintained. However, any motion or
bending of the fibre and even temperature fluctuations lead to coupling between the
modes or "mode mixing" (Mitschke, 2016). In DOAS applications, enforced mode
mixing by static bending or steady motion of the fibre helps to obtain a uniform
power distribution in the emerging beam that is fed to the spectrometer, thereby
significantly improving the DOAS detection limit (Stutz and Platt, 1997).

11.3.3 Polarisation in fibres

Due to its importance for communication purposes the behaviour of polarisation
in single and few mode fibres has been studied extensively and can meanwhile be
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theoretically described (Rogers, 2008). In contrast, literature on the polarisation
characteristics of multimode fibres is rather scarce and even contradictory: while
some researchers claimed that multimode fibres cannot maintain the SOP, others
demonstrated that it might be possible (Iiesewetter, 2010).

In an ideal optical fibre the incident SOP is preserved at least for light at small
incidence angles (Mitschke, 2016). It is suggested that the main driver for changes
of the SOP in real fibres are imperfections (Agrawal, 2012). Most of them are
introduced during manufacturing, e.g. imperfect symmetry of the fibre core, inho-
mogeneous material refractive index or birefringence due to built-in strain arising
from the cooling process when the fibre is drawn. But also bending of the fibre
during use slightly changes the quartz crystal structure thereby inducing birefrin-
gence. Further, at larger incident angles, the process of total internal reflection
induces phase-shifts between the parallel and perpendicular polarised components
(with respect to the reflecting surface) of a ray, thereby affecting its polarisation
state (Azzam, 2004). The predominant scattering process in fibres in the UV-Vis
is Rayleigh scattering with typical extinction coefficients of 5 x 107® m~! (Grattan
and Meggitt, 2000). Considering that only forward scattered radiation will remain
in the fibre core (scattering angles smaller 2a,4,), for which the SOP is basically
maintained (see Section 3.3.5), scattering is expected to have negligible impact.

It is important to understand that the effects listed above in first instance change
the SOP of individual rays but not necessarily reduce their DOP. Fibres with suffi-
ciently homogeneous birefringence for instance behave like long wave plates (in fact,
fibres are sometimes modelled as a single or a series of waveplates, e.g. by Golz,
2012)): as illustrated in Figure 11.7, the SOP of initially linearly polarised light,
oriented at 45° with respect to the slow and fast axis of a birefringent optical fibre,
oscillates between linear and circular polarisation along the fibre at typical spatial
periods of several metres (Mitschke, 2016). Hence, the DOLP oscillates between zero
and unity while the DOP is maintained. Therefore, a fibre that yields an emergent
DOLP of zero under distinct incident polarisation orientations and position on the
lab bench, might yield arbitrary DOLPs in other situations, depending on how it
is bent and how the birefringence principal axes are oriented. In monomode fibres,
effective depolarisation - in the sense that the DOP is reduced - was suggested to
be mainly be caused by anisotropies in the fibre (Marcuse, 1975), e.g. changes in
the birefringence over the fibre cross-section, leading to a superposition of rays of
different SOPs.

After all, it seems that a profound understanding of the behaviour of polarisation
in step index multimode fibres has not yet been established. During characterisation
of the PMAX-DOAS, we therefore performed own measurements to investigate their
depolarisation capabilities. In the following some of the results are presented and
discussed.

The experimental setup and the results of a first experiment are shown in Figure 11.8.

Vertically linearly polarised light (xo = 90°) was fed to a short fibre (diameter
d = 600 pm and length of L = 0.5m) at an f-number of f/4, which corresponds to the
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Figure 11.7: A homogeneously birefringent fibre behaves like a waveplate. At small
incident angles «, the SOP of incident linearly polarised light at 45°
orientation with respect to the birefringence principal axes oscillates
between linear and circular SOPs over the fibre length.

FOV of most Czerny-Turner spectrometers. The emerging light was analysed using a
another motorised polariser ("analyser"), an integrating sphere and a spectrometer.
The integrating sphere was found to strongly depolarise incoming light (remaining
DOP < 5 x 1073 when incident light is fully polarised) and is necessary here to
avoid biases due to the spectrometer’s polarisation sensitivity (see Figure 11.5). The
plots in Figure 11.8 show the measured intensities over the analyser orientation for
different wavelengths. Shown are the results for two cases: once the fibre is straight,
once it is bent (bending radius of ~ 12c¢m in the plane 45° to the horizontal).
It is remarkable that in both cases the resulting intensity patterns can well be
described by a simple linear retarder model according to Equation 3.35, fitting only
the difference in refractive index An between slow and fast axis (independent of
wavelength) and the orientation of the polariser § with respect to the fast axis.
This indicates that the DOLP is reduced mostly due to birefringence in the fibre,
while the DOP is largely maintained. Bending of the fibre introduces significant
additional birefringence (An increase by 30 %). Also, the order of magnitude of An
is in agreement with values reported e.g. by (Mitschke, 2016). Further experiments
on the basis of the same setup showed:

e By stronger bending of the fibre, birefringence could be further increased. If
multiple bends are applied (S-shaped, as applied in typical static mode mixers)
the single linear retarder model breaks down. However, we found no indication
for a significant reduction in the DOP.

e Roughening of the fibre entrance (thereby creating a quasi built-in diffusing
disc to enforce mode mixing, inspired by Nasse et al., 2019)) had no significant
impact on the emerging polarisation state. This might be expected, since
forward scattering largely maintains the SOP and light scattered at larger
angles will not be guided by the fibre.
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Figure 11.8: Observed behaviour of vertically linearly polarised light in a short fibre
(diameter of 600 pm and length of 0.5m). Top panel illustrates the
measurement, setup. Left plots show normalised intensities detected
with the spectrograph for a straight (top) and a bent fibre (bottom,
bending radius of ~ 12cm in the plane 45° to the horizontal). Right
plots show the results of a simple linear retarder model according to
Equation 3.35, fitted to the data. Fitted parameters are the difference in
refractive index An between the fast and slow axis, and the orientation
0 of the polariser with respect to the fast axis.
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Figure 11.9: Observed behaviour of initially linearly polarised light in a long fibre
bundle (seven fibres of 150 pm diameter and length of 10 m). The mea-
surement setup is illustrated at the top. Four configurations were in-
vestigated (see subplot labels and main text for explanations). Left
panel: DOLP and polarisation orientation (indicated by the marker’s
orientations) emerging from the individual fibres for each of the four
configurations. Right panel: "Images" of the DOLP, as observed with
the CCD through the analyser.

e For longer fibres (d = 200 um, L = 3m), the linear retarder model could still
describe the general pattern, but scaling of the modelled intensity variations
by 0.7 was necessary to bring measurements and model into agreement. This
indicates that in longer fibres, the DOP is indeed reduced.

In another measurement, we investigated the different polarisation states emerging
from a fibre bundle, using a blue LED as light source (Peak wavelength of 445 nm
and spectral FWHM of 20nm) and a camera CCD as detector. The experimental
setup and results are illustrated in Figure 11.9. Four configurations were realised:
an initial measurement with incident vertical linear polarisation (y, = 90°), two
measurements with the incident polarisation rotated to yo, = 0° and 45°, respectively,
and a measurement with the illumination angle reduced from f/4 to f/10. The
variation of x( in the second and third measurement is useful here to investigate
birefringent effects, since the orientation of the incident polarisation is changed with
respect to the fast and slow axis (if existent) of the individual fibres. A rotation by
Axo = 90° (second measurement) effectively switches the roles of fast and slow axis
but would be expected to lastly yield similar DOLPs behind the fibre bundle, in
case that the latter can be approximated as a series of waveplates. In fact, this can
be observed in the data. In contrast, a rotation by Ay = 45° is expected to "switch
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the roles" of the individual fibres: for those, with the principal axes oriented close
to 0° and 90°, birefringent effects should gain impact, while for those with principal
axes oriented closer to 45° and 135°, the opposite is expected. In fact, also this can
to some extent be observed in the data. All this indicates that in the first three
measurements, the DOP (unfortunately not directly measured here) is on the order
of 0.5 for all fibres, while the DOLP is modulated due to birefringence. Remarkable
are the strong spatial patterns in DOLP over the cross-sections of individual fibres
(see bottom right of Figure 11.9), which appear to be strongly smoothed out if
the illumination angle is reduced. Extreme values observed at the fibre edges are
most likely measurement artefacts. It is further interesting that a reduction of the
illumination angle in the fourth measurement seems to generally reduce the DOLP
and very likely also the DOP. The average emerging DOLP over the entire bundle
remains below 10 % for all four configurations. The application of fibre bundles with
subsequent mixing of the emerging light (e.g. by a thick monofibre) is therefore a
promising approach to achieve good depolarisation.

We performed further investigations in these directions in the course of a bach-
elor’s project (Ohmke, 2019), in which a large set of different fibres was charac-
terised, measuring the full SOP (including the circular component). Major findings
of Ohmke (2019) were:

e To reduce an initial DOP of unity to 1/e, an average fibre length L. of one to
two metres is required.

e Some fibres appeared to well maintain the DOP (L. ~ 10m). This was the case
only for "modern" fibres, produced by 2015 or later. It is not clear whether
this is related to improvements in the manufacturing process (less defects) or
to ageing effects.

e A systematic dependence of L, on the fibre thickness could not be found, indi-
cating that an increasing number of internal reflections does not significantly
improve polarisation scrambling.

e Changing the angular illumination (reducing the f-number or applying ring
apertures) turned out to have significant but very different impact on L. for
different fibres. A general conclusion on whether large or small incidence angles
favour polarisation scrambling in the fibre could not be drawn.

e (lassical "gentle" mode mixing approaches like static bending or steady vi-
bration of the fibre did not significantly improve depolarisation. Only very
strong shaking (amplitude of 10cm, frequency of 5Hz) over a considerable
fibre length (6 m coiled up to 7 winds) was successful. Under such conditions,
the mechanically induced birefringence seems strong enough to cause signifi-
cant variation in the SOP such that the temporally averaged DOP approaches
7ero.

144



11.3.4 Alternative polarisation scrambling approaches

There are numerous other approaches to scramble polarisation. Typically, they in-
duce a high frequency spatial, temporal or spectral variation in the SOP, such that
the averaged emerging polarisation state appears effectively randomized. However,
many of the approaches are restricted regarding the wavelength range or the state
of incident polarisation. A promising solution are spatial polarisation scramblers
that rely on "wedged waveplates", i.e. birefringent crystals of varying thickness (as
described e.g. in McGuire Jr. and Chipman, 1990) that transform any incoming
SOP into a spatially varying pattern of SOPs over their aperture. The emerging
beam averaged over the entire aperture therefore appears depolarized. Such polar-
isation scramblers are amongst others applied in satellite instruments like OMI or
TROPOMI (Levelt et al., 2006; Veefkind et al., 2012). We performed experiments
with a commercially available wedged waveplate (DPU-25 by Thorlabs). However,
installing it behind the polariser in the PMAX-DOAS skylight telescope channel
could not be accomplished without obtaining significant and variable residual struc-
tures (magnitude of several 1073) in the DOAS fit, arising from the wavelength
dependence of the spatial SOP pattern over the waveplates aperture in conjunction
with transmission characteristics of other components of the setup. This approach

was therefore not further pursued but, if optimised, might be a solution for future
PMAX-DOAS instrument designs.

11.3.5 Concluding remarks

Avoiding UPS in typical MAX-DOAS setups (telescope — optical fibre setup —
grating spectrometer) is not trivial. The former assumption of fibres being efficient
polarisation scramblers seems arguable. The behaviour of polarisation, particularly
in multimode fibres with large acceptance angles, appeared to be complex and a
profound understanding could not be developed in the course of our literature re-
search and investigations. However, our results indicate that birefringence (induced
during manufacturing and mechanical strain during use) is the main driver for the
behaviour of polarisation in modern step index multimode quartz fibres. Single fi-
bres of few metres length were found to reliably change the SOP, whereas an actual
depolarisation sufficient for our purposes (emerging DOP on the order of 1% at
incident DOP of unity) could not be ensured. In contrast, the application of fibre
bundles with subsequent mixing of the emerging light from all fibres achieves good
depolarisation. This approach was lastly implemented in the PMAX-DOAS (see
Figure 11.3). The characterisation of the final fibre setup was not possible before
deployment in the field, but the total UPS of the instrument is estimated in Section
13.1.1 to be less than 1 %.

Note that these findings not only have implications for the PMAX-DOAS but
also for conventional MAX-DOAS instruments: when evaluating skylight spectra
of different viewing directions (and thus different SOPs) against each other in the
DOAS analysis, the Wood’s anomalies potentially introduce residual structures in
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the DOAS fit and affect the quality of the dSCD results. Furthermore, as discussed
in Section 6.4, AMFs vary with the SOP of the detected light. Consequently, UPS
in MAX-DOAS instruments potentially biases the radiative transport and therefore
the retrieved quantities.
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12 Measurement location and setup

12.1 Location overview

The PMAX-DOAS has been measuring at the Meteorological Observatory Hohen-
peissenberg (MOHP, 47.801° N, 11.009° E, ground altitude of 977 m above sea level)
in Bavaria, southern Germany, since autumn, 2019. The MOHP is operated by
the German Weather Service (Deutscher Wetterdienst, DWD). An overview on the
observatory and its surroundings are illustrated in Figure 12.1 and 12.2. As indi-
cated in the figures, the PMAX-DOAS was installed on the balcony of the MOHP
main observation tower with the telescope at an altitude of 1000 m above sea level.
Figure 12.3 shows the view from the balcony (DWD webcam) in the approximate
PMAX-DOAS elevation scan direction (see Section 12.2 for details on the measure-
ment procedure). The DWD operates a large suite of instruments for atmospheric
monitoring at the MOHP. Those instruments of relevance for our retrieval setup,
comparison, and validation purposes, are indicated in Figure 12.1 and 12.2. In
the following they will be referred to as "supporting observations". They comprise
in-situ measurements, radiosonde data, Sun photometer observations, and diverse
meteorological observations. These are discussed in detail in Section 12.4.

12.2 PMAX-DOAS measurement procedure

The daily measurement routine performed by the PMAX-DOAS is illustrated in
Figure 12.4. Tt includes different kinds of observations: during twilight (dawn as well
as dusk), spectra are only recorded in the zenith viewing direction. During daylight,
the PMAX performs elevation scans in an azimuthal viewing direction of 295° with
respect to North, followed by direct sun observation. Every fourth elevation-direct-
sun cycle (about every 70 min), an almucantar scan is performed. At night, spectra
for correction and calibration purposes are recorded. These comprise dark spectra
to determine CCD offset and dark-current as well as mercury lamp spectra for the
spectrometers wavelength calibration and determination of the ISF.

The exposure times were dynamically adapted to the lighting conditions to ensure
a saturation level of the spectrometer’s CCD of about 50 %. The azimuthal direction
of the elevation scans was chosen according to three major criteria: (1) to ensure
an unobstructed view with a low and flat horizon, (2) to have a uniform ground
(forest) for the negative EAs and (3) to cover most of the RAA range between 0 and
180° over the day. In the case of elevation and almucantar scans, the PA sequence
performed in each viewing direction includes redundant measurements (at same PA)
and follows an oscillating pattern. This has two advantages: (1) averaging over the
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Figure 12.1: Image of the MOHP. The positions and approximate viewing geometries
of the relevant instruments, including the PMAX-DOAS, are indicated.
Image provided by Koehler (2021)

Altitude map Horizon elevation
1

— 40 2.0 b i 45
g T sl orn : g
g 20 s S . i w0y
c " ] e ' 9
2 o moHP s 109 N N i 55
E 'R Altenstadt @ L fle ’ : 5
oy G 05 2. & ! 2
g S i H B¢
z 20 £ 001 4 o i i
g £ 0.5 ,..n-l. * A | g
w —

e s urs & r"h“ 20

-40 -20 0 20 40 0 50 100 150 200 250 300 350
North-South Distance [km] Azimuth angle [ ]
1400 NW

1200 A

1000

800 Model ground

Altitude a.s.l. [m]

600

400
o

Distance to instrument [km]

Figure 12.2: Topography around the MOHP within a radius of 50 km. Earth’s cur-
vature is taken into account. Top: topographic map (laeft) and horizon
elevation as seen from the PMAX-DOAS on the tower balcony (right).
The dashed line indicates the elevation scan azimuth direction. Bot-
tom: cross-section of the MOHP topography along the elevation scan
direction. Altitude data originates from NASA’s Shuttle Radar Topog-
raphy Mission (van Zyl, 2001), parsed using the Python-SRTM library
(Charnock, 2020).
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Figure 12.3: West view from the tower balcony. Left: DWD-Webcam image with
the approximate PMAX-DOAS elevation scan geometry indicated in
red. Right: Image from the PMAX-DOAS telescope camera.

redundant observations yields three spectra at different polariser angle, virtually
recorded simultaneously and (2) comparison of the redundant spectra allows to
assess uncertainties introduced by temporal variations in the skylight radiance.

12.3 Investigated time period

Over the operation time at MOHP a considerable dataset could be recorded. For this
thesis, however, we focus on three clear sky days with different aerosol conditions and
nearly complete data coverage regarding the PMAX-DOAS as well as the supporting
observations: the 5th, the 8th and the 10th of April, 2020. Furthermore, we limit
our investigations to elevation scans only. The investigation of the full dataset was
out of the scope for this thesis and might be subject to future activities.

12.4 Supporting observations

12.4.1 In-situ instruments

The DWD operates different in-situ instruments on the rooftop on one of the MOHP
buildings (see Figure 12.1), 7m below the PMAX-DOAS. Nearly continuous mea-
surements are available for O3 (ThermoFisher Model 49i based on UV absorption)
and NOy (ThermoFisher Model 42i-TL based on chemoluminescence) at temporal
resolutions of 1min and 2min, respectively. Within this thesis, O3 data is used
to constrain the retrieval atmosphere (see Section 14.4) while the NO, measure-
ments are used to validate the PMAX-DOAS retrieved NOs concentration in the
corresponding atmospheric layer.
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Figure 12.4: Tlustration of the PMAX measurement procedure over the day. De-
pending on the SZA, different measurement patterns are performed
and repeated.

12.4.2 Ozone sondes

In few day intervals, the DWD launches radiosondes from the MOHP, providing
vertical profiles of temperature, pressure, relative humidity and O3 at a vertical
resolution of approximately 50m up to altitudes of 35km. Example profiles are
shown in Figure 14.3. For the time period investigated in this thesis, the sonde
launches on 2020-04-01 at 5:50h and on 2020-04-10 at 4:39h are of relevance. Their
data is used to constrain the retrieval atmosphere.

12.4.3 Sun photometer

The DWD operates a Sun photometer (CE318-T) on the rooftop on one of the
MOHP buildings (see Figure 12.1) 10m below the PMAX-DOAS). The photometer
is part of the Aerosol Robotic Network (AERONET, see Holben et al., 1998). Tts
primary data are direct-sun and sky radiances at 1020, 870, 675 and 440 nm wave-
length. AOTs are directly inferred by determining the attenuating effect of aerosol
on direct sunlight. Surface albedo and column integrated aerosol optical as well as
microphysical properties are deduced by applying inversion methods (Dubovik and
King, 2000b; Dubovik et al., 2000; Sinyuk et al., 2020). We use the AERONET Ver-
sion 3 inversion products, with a temporal resolution of approximately 1h. Wave-
length dependent quantities are provided at the measurement wavelengths listed
above. Where necessary, they were spectrally inter- or extrapolated to the required
wavelengths in the UV and Vis assuming a logarithmic dependence (in analogy to
the definition of the Angstrém exponent in Equation 3.50) of each parameter X to
wavelength A\ according to

In(X)) =a-In(\) +9, (12.1)
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Figure 12.5: Data from the Sun photometer over three investigated days. Shaded ar-
eas indicate uncertainties, where available. Lines with small dot mark-
ers indicate Level 1.5 data. Those that "survived" the Level 2.0 quality
filters are circled.

with the parameters a and b inferred from the Sun photometer observations of X
at 440 and 675 nm. Where necessary, temporal gaps were interpolated linearly.
AERONET provides aerosol microphysical properties assuming a bi-modal size dis-
tribution described in terms of volume concentration column, mode volume median
radii, mode standard deviations as well as a common aerosol refractive index for both
modes. From these, the RAPSODI native parameters (aerosol area VCD, number
median radii, bi-modal fraction) were deduced applying Equations 3.55 to 3.58. The
Sun photometer observations of relevance for this thesis over the three investigated
days are illustrated in Figure 12.5. For AERONET inversion V3 data, there are
different quality levels available. With increasing level, data has undergone increas-
ingly strict quality assurance criteria, which are described in detail in Holben et al.
(2006). Highest quality is provided with the level 2.0 data, however, its data cov-
erage is very scarce (< 25% of Level 1.5 data) and for some quantities there is no
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Level 2.0 data provided at all. We therefore use level 1.5 data, even though they
are expected to be less reliable and need to be interpreted with care. In fact, Figure
12.5 already raises some concerns: while the AOT changes very smoothly over the
day, aerosol properties, and thus the surface area VCD, show much stronger vari-
ability. At the same time, the variations in surface area VCD and different aerosol
properties appear strongly correlated, indicating that the quantities compensate for
each others deviations from the truth.

In contrast to level 1.5, level 2.0 data also provides error estimates for some of the
aerosol properties. To obtain approximate uncertainties also for level 1.5 data, the
level 2.0 uncertainties were linearly interpolated to the level 1.5 timestamps.

Recall that the RAPSODI algorithm assumes all particles to be spherical. The
AERONET Version 3 inversion results also provide an estimate for the fraction of
spherical particles, contributing to the total aerosol amount. It is shown in the lowest
row of Figure 12.5. Most values are above 80 %, we therefore consider the spherical
approximation in the RAPSODI retrieval to be justified for the investigated days.

12.4.4 Ceilometer

Information on the aerosol vertical profiles was obtained by combining the Sun pho-
tometer aerosol columns with data from a ceilometer (Lufft CHM15k Nimbus, at
975m above sea level). The latter continuously provided vertically resolved infor-
mation on the atmospheric aerosol content by measuring the intensity of elastically
backscattered light from a pulsed laser beam (1064 nm) propagating in zenith di-
rection (see e.g. Wiegner and Geifs, 2012). The raw data are attenuated backscatter
coefficient profiles over an altitude range from 200 m to 15 km above the ceilometer
(175m to 15.0 km above the PMAX-DOAS), with a temporal and vertical resolution
of one hour and 15 metres, respectively. These were converted to aerosol area con-
centration and aerosol extinction profiles by scaling with coincident Sun photometer
aerosol area VCDs and AOTs, respectively. The resulting aerosol profiles over the
three investigated days are shown in Figure 12.6.

12.4.5 Meteorology

The DWD also provided in-situ measurements of pressure, temperature and relative
humidity from two locations, the MOHP and a weather station in Altenstadt. The
position of the latter is also indicated in Figure 12.2 and will be used to constrain
the atmospheric conditions at altitudes below the MOHP.
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Figure 12.6: Scaled ceilometer backscatter profiles for the three investigated days.
Top row shows aerosol surface area concentrations, bottom row shows
extinction coefficient profiles at 477 nm. For better comparability, the
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plied in the retrieval (see Section 14.3).
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13 Spectral analysis

The first step in the PMAX-DOAS data evaluation is to infer dSOTs and dSCDs
(as required by the RAPSODI retrieval) from the raw PMAX-DOAS spectra. The
corresponding procedures are outlined in this chapter.

13.1 Sources of errors

Prior to the actual spectral analysis, it is useful to discuss a few potential error
sources and their impact on the inferred dSOTs and dSCDs. In conventional MAX-
DOAS retrievals, the DOAS fit error is often assumed as the measurement error for
dSCDs (sometimes it is multiplied by a factor of ~ 2, inspired by Stutz and Platt
(1996), who performed comprehensive investigations on the relation between DOAS
fit error and actual dSCD uncertainty). For gases with SOTs in the few percent
range, however, this is a very optimistic approach. Typical DOAS fit errors for
O, in the Vis for instance are on the order of few 10* molec? cm™> that compare
to O, dSCDs up to 10** molec? cm™>, hence, the assumed relative errors turn out
to be extremely small (< 1%). In this regime, other error sources need to be
considered, first of all the limited accuracy of the instrument to realise a distinct
viewing geometry (including the RAA ¢, EA « and, in the case of the PMAX-
DOAS, the PA 4). Also for dSOTs, the major sources of uncertainty are systematic
effects like imperfect realisation of the viewing geometry, instrumental UPS but also
natural variations in the skylight radiance between subsequently recorded spectra
(at least in the presence of clouds). In the following, we will estimate the impact of
some of these effects on the observed quantities.

13.1.1 Viewing geometry and undesired polarisation
sensitivity

Regarding the instrument pointing accuracy in conventional MAX-DOAS observa-
tions, most attention is paid to the EA, since - particularly at low EAs - already
slight deviations on the order of few tenths of degrees induce significant biases in
the measured dSCDs (see e.g. Donner et al. (2019) and Figure 13.3). In contrast,
deviations in the RAA are considered less critical (see e.g. Zielcke, 2015), at least
for RAAs 2 10°. For PMAX-DOAS, things are more critical due to the additional
rotation axis of the polariser and its "interaction" with the other axes. In fact, high
accuracy in all three axis (EA, RAA and PA) is important to obtain meaningful
measurements here. This can be illustrated by a simple example: consider an in-
strument with ideal EA and PA calibration but a bias in the azimuth angle. When
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Figure 13.1: Validation of the PMAX-DOAS azimuthal pointing by comparing cam-
era images of the horizon in different directions with the horizon eleva-
tion calculated from NASA SRTM data (coloured lines). The camera
in the telescope is not perfectly horizontally aligned, which causes some
of the deviations at the image borders.

the instrument points to the zenith, the bias in the azimuth directly propagates into
the PA (while the impact decreases with sin(«) towards lower EAs).

The pedestal of the PMAX-DOAS telescope is equipped with a 2D water level.
This water level and the elevation motor offset were calibrated in the lab as illus-
trated in Appendix B. The water level allowed to reproduce an upright position of
the telescope azimuth axis in the field to tilting angles < 0.2°. At MOHP, the tilt in
the elevation scan plane was furthermore optimised to an uncertainty of ~ 0.1° by
scanning over a small lamp at several metres distance that was vertically adjusted
in using a laser level (see Appendix B for details).

The primary adjustment and validation of the azimuthal pointing was achieved
by comparing telescope camera images with expected horizon elevations, calculated
from SRTM ground elevation data (van Zyl, 2001). Such a comparison (for the
adjusted setup) is shown in Figure 13.1. In this way an azimuthal pointing accuracy
better than a few tens of degree could be achieved, at least at low EAs.

Another useful reference to assess the instrument’s pointing accuracy is the posi-
tion of the Sun in the sky. The latter can be accurately predicted from astronomical
calculations (also considering atmospheric refraction). Throughout this study we
used the Pysolar library (Zebner et al., 2017) for this purpose. During direct-sun
observations performed at MOHP, the position of the sun within the camera FOV
was compared to the expected position according to the Pysolar calculations and
the instrument’s nominal pointing. The instrument’s elevation pointing turned out
to be systematically too low (0 to 0.5° below the sun), while the azimuthal miss-
pointing varied between —0.5 and 0.5° over the day. Reasons for these deviations
might be imperfect calibration of the pan-tilt head regarding the angular span or
non-orthogonality between the rotation and optical axes of the telescope. For the
direct-sun observations, a real-time fine adjustment of the instrument pointing on
the basis of the sun position in the camera FOV was performed, thereby achieving
a pointing accuracy better than 0.1° in both, elevation and azimuth pointing. Sub-
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Figure 13.2: Comparison of the theoretical and observed orientation of skylight po-
larisation in the zenith viewing direction over one day (2020-04-08)
between 350 and 450 nm. See text for further details.

sequent almucantar scans were performed with RAAs relative to the fine adjusted
pointing to achieve maximum accuracy in the RAA.

The orientation of the polariser was only approximately calibrated (to about 0.5°
accuracy) in the lab. The fine adjustment and validation was performed in the field
by evaluating zenith observations on clear sky days. For symmetry reasons, the
orientation of polarisation y of zenith skylight is determined by the solar geometry
according to Equation 6.3, at least in a homogeneous atmosphere. Figure 13.2
compares expected and observed y for the adjusted setup. In average, there is good
agreement, indicating that the polariser’s orientation is accurate to a few tenths of
degrees. Some short term variation is expected due to atmospheric inhomogeneity,
the variation of the skylight intensity between subsequently recorded spectra at
different PAs and the limited precision of the applied rotary stage (OWIS DRTM
40, repeatability < 0.2°). However, the residual also features a systematic S-pattern
of =~ 1° amplitude, which is also apparent for other clear sky days than 2020-04-08.
This might again be partly explained by non-orthogonality between the telescope
rotation axes but also by remaining UPS of the instrument. In fact, slight scaling
of the observed radiances I3po and [1500 by factors of 1.01 and 0.995, respectively,
largely removes the pattern (orange markers in Figure 13.2 show the corrected data).

Generally, the effect of different misalignments and their impact on the actual
observations is not trivial to assess. In the future, advanced approaches might
be applied to improve and simplify the instrument pointing calibration: Riesing
et al. (2018) for instance proposes a quaternion-based approach to infer relevant
setup parameters (including non-orthogonalities between the rotation axes) from
the instrumental miss-pointing during direct-sun observations.
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For now, we stick to rough estimates based on the measurements above: the accu-
racy for all three axes (EA, RAA and PA) over the full hemisphere is approximately
0.5°. The accuracy in EA at low EAs in the elevation scan direction is about 0.1°.
The UPS of the instrument will be assumed to introduce an error of 1% on the
observed radiances.

To estimate the impact of pointing and PA uncertainties on the actually mea-
sured quantities, we simulated the sensitivity of O, SCDs and SOTs in a Rayleigh
atmosphere in Figure 13.3. As discussed before, the EA is most critical at low ele-
vations, where O4 SCDs change by more than 10 % per degree in EA. Misalignment
of the polariser has significant impact (= 0.025 per degree) on SOTs at larger wave-
lengths and in directions of large DOLP. We will refer to these findings for the error
estimation of dSCDs and dSOTs in Section 13.3 and 13.4, respectively.

Lastly, we would like to propose a simple method for an accurate polariser angle
calibration that might be applied for future setups: almost perfectly horizontally
polarised light can easily be realised through specular reflection on a water surface
close to the Brewster angle (see Appendix B). Using the light’s polarisation ori-
entation as reference, it should be feasible to determine the instrument’s polariser
orientation with respect to the horizon to better than < 0.1°.

13.1.2 Skylight variability

The variability of the detected skylight radiance in time can introduce significant
uncertainties when deriving dSOTs between subsequently recorded spectra. Such
changes might not only be caused by real variation in the skylight radiance but also
by instrumental effects or sporadic obstruction of the LOS for any reason (e.g. hu-
man beings working on the MOHP balcony or insects in the telescope). As indicated
in Figure 12.4, the polariser sequence performed at each viewing direction follows
a cyclic pattern: within about 1min, four spectra per PA are recorded and their
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comparison allows to assess the magnitude of skylight variability over the sequence.
Figure 13.4 shows histograms of the standard deviations between spectra of equal
PA recorded in a single viewing direction on a clear sky and a cloudy day. Only data
with SZAs 6 < 75° was considered to avoid large radiance drifts due to changes in
the solar geometry over the PA sequence. Apart from few outliers, the variation is
well below 1% for clear sky days. Interestingly, also on the cloudy day, the average
variation remains relatively small (few percent) most of the time. The maximum
variation observed over the entire day is 22 %. Note, however, that in extreme sit-
uations (e.g. single clouds passing the instrument FOV) skylight radiance changes
can become extremely large.
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Figure 13.4: Relative variability in skylight radiance, observed between spectra of
equal PA, for a clear sky day (2020-04-05, top row) and a day with
nearly continuous cloud cover (2020-03-26, bottom row). Correspond-
ing DWD-webcam images on the right illustrate the conditions.

13.1.3 Variability in fibre transmission

A last interesting aspect, is the changes in transmission of optical fibres if they
are bent. In the PMAX-DOAS, the fibre-bundle connecting the moving telescope
with the spectrometer unit is bent in different directions depending on the telescope
pointing. This affects dSOTs between spectra recorded in different viewing direction.
To estimate the magnitude of this effect, spectra of the halogen lamp inside the
telescope were recorded in quick succession, while driving the telescope to different
elevation and azimuthal positions. The resulting bending of the fibre introduced
changes in the detected radiance with a standard deviation of > 2% (and ~ 10%
peak-to-peak). As described later on, for the retrievals from field data presented in
this thesis we will not include dSOTs between spectra of different viewing directions.
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Therefore, these findings are not of relevance. However, for future evaluations they
should be kept in mind.

13.2 Spectral Pre-processing

The raw spectra from the PMAX-DOAS were corrected for CCD offset and dark
current. The pixel-to-wavelength calibration was achieved using spectra with well-
known emission lines from the mercury gas lamp installed inside the PMAX-DOAS
telescope. Typical offset spectrum, dark current spectrum and wavelength calibra-
tion results are shown in Figure 13.5. Furthermore, the spectra were corrected for
non-linearity of the CCD readout amplifier (determined to about 1 %), following the
approach described in Horbanski (2015). Spectra of same PA and viewing direc-
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Figure 13.5: Left panel: typical CCD offset and dark current spectra. Right panel:
pixel to wavelength calibration using a mercury gas lamp spectrum.

tion (according to the polariser angle sequences in Figure 12.4) were averaged. The
standard deviation between them was used to infer the skylight variability over the
sequence.

VLIDORT is computationally most efficient if dSCDs and dSOTs for a single solar
geometry (SZA, RAA) are provided, i.e. if all observations belonging to an elevation
scan are recorded simultaneously. This was virtually achieved by linear temporal
interpolation of the spectra between subsequent elevation scans.

We also created a set of non-polarimetric data by summarising the spectra of
different PAs according to Equation 3.27. The resulting set of spectra is equivalent to
conventional MAX-DOAS observations and is useful to later assess the improvements
achieved through the incorporation of polarimetric information.

13.3 Differential slant columns

DSCDs were inferred using the DOAS spectral analysis based on HEIDOAS (Friek,
2020) outlined in Section 4.2. DOAS fits were performed in two spectral ranges in the
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Table 13.1: List of literature absorption cross-sections applied for the DOAS fits

Species  Temperature Reference

Oy 293K Thalman and Volkamer (2013)
HCHO 294K Meller and Moortgat (2000)
NO, 204K Vandaele et al. (1998)

O3 223K Serdyuchenko et al. (2014)

H,O 296 K HITEMP (Rothman et al., 2010)
H,0W0) @ 296 K HITEMP (Rothman et al., 2010)

@ To-corrected with SU0) = 5 x 10%% molec cm 2 (see Equation 4.14)

Table 13.2: Applied DOAS fit settings (adapted from Kreher et al., 2019)

[OAY Vis
Spectral fit ranges 336.5 - 370 nm 425 - 490 nm
Included species O4, HCHO, NOy  Oy4, NOg, O3
O3, H,O H,0, H,O0)
Fit polynomial order 4 4
Offset polynomial order 2 2

UV and Vis, respectively. Table 13.1 lists the applied trace gas literature absorption
cross-sections. The instrumental slit function for convolution of the cross-sections
was inferred from the mercury lamp emission peak at 334 nm. Table 13.2 summarises
the important fit settings. These were adapted from Kreher et al. (2019). The Ring
spectrum was inferred according to Equation 4.7 from a noon zenith spectrum on
2020-04-05. The DOAS fit was applied to both non-polarimetric and polarimetric
spectra, yielding a non-polarimetric and a polarimetric set of dSCDs, respectively.
All spectra were evaluated against the zenith reference of the respective scan (with
PA = 0° in the case of polarimetric spectra).

Figure 13.6 shows example fits in the UV and Vis spectral range for a spectrum
recorded at EA = 5° evaluated against the zenith reference. Particularly in the
Vis fit, the residual exhibits systematic structures around the rather strong O,
absorption band, indicating that the DOAS fit setup is not ideal and might be
optimised in the future. Nevertheless, the residual magnitude is sufficiently small
to achieve reasonable detection limits for the gases of interest and the purpose of
a first proof of concept. For the dSCD uncertainty we assume twice the DOAS fit
error. Based on the investigations in Section 13.1.1, we further (quadratically) add
a 2 % uncertainty due to the instrument’s limited pointing and PA accuracy.

Figure 13.7 shows the non-polarimetric dSCDs inferred in the UV spectral range
for all three species and over the three investigated days. Polarimetric dSCDs are
shown and discussed separately in Section 15.1.
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Figure 13.6: Results of two example DOAS fits in the UV (top) and Vis (bottom)
spectral range. Black lines show the observed SOT, red lines indicate
the fitted DOAS model (see Equation 4.13). The vertical axis indicates
optical thicknesses. Numbers above the subplots represent the fit re-
sults (standard deviation for the residual, dSCDs for trace gases and
Ring coefficient kg in the case of the Ring spectrum
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Figure 13.7: Time-series of UV DSCDs of all three species over the investigated days
at selected elevation angles.

13.4 Differential slant optical thicknesses

DSOTs were derived from the PMAX-DOAS polarimetric spectra according to Equa-
tion 4.8, at wavelengths of 343, 360, 415, 460, 477 and 532 nm. In the evaluation of
real data, we focus on the incorporation of polarimetric information. According to
the considerations in Section 7.2.2, we therefore only include dSOTs between spectra
recorded in the same viewing direction: spectra at PAs ¢ € [30, 150°] are evaluated
against 0 = 90° as reference. No dSOTs are derived from the non-polarimetric
spectra.

For polarised radiances we assume a measurement precision of 2 %, motivated by
the investigations performed in Section 13.1 regarding the uncertainty in polariser
orientation and potential remaining UPS of the instrument. Further, the temporal
variation in skylight radiance observed over the corresponding PA sequence (see
Section 13.1.2) is quadratically added but with typical contributions of 0.3 % only
of minor relevance, most of the time. Consequently, typical dSOT uncertainties are
of the order of v/2-0.02 ~ 0.028.

13.4.1 Correction for inelastic Raman scattering

Recall that the RAPSODI forward model assumes Raman scattering to be an elastic
scattering process (see Section 7.4.4), whereas in reality photons undergo wavelength
shifts (3.3.2). The resulting filling-in of Fraunhofer-lines causes spectral narrowband
features in the real OTs and will therefore lead to deviations between measured and
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modelled dSOTs. Recall that the DOAS fit provides information on the OT changes
due to inelastic scattering in the form of the Ring-spectrum R(\) and its magnitude
kr (see Section 4.2.4). This information can be used to virtually "shift" the Ra-
man scattered photons in the dSOT observations back to their TOA wavelengths,
to improve agreement with the model. We partly achieve this by the following ap-
proach: for each pair of spectra, Raman fit coefficients kg are obtained using the
DOAS analysis. A wavelength dependent kg(A) is derived by linearly interpolating
between the two In(kg) values obtained in the UV and Vis DOAS fit range. Then
the spectral Raman dSOT A71r(A) = kr(XA) - R(\) can be calculated. By subtracting
a polynomial, the narrowband features of A7y are extracted, which approximately
describe the OT changes due to wavelength shifts. The resulting A7R'(\) are then
subtracted from the observed dSOTs A7(A), to obtain what might be considered
as "Raman shift compensated" dSOTs. Maximum magnitudes of AT7R'(\) at the
wavelengths of interest are of the order of few 1072. Even though the approach is
not ideal, it should sufficiently reduce the impact of Raman scattering on dSOTs to
negligible amounts compared to other sources of uncertainties.
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14 Retrieval setup

14.1 Measurement vector

In the following, retrievals are performed for each elevation scan (see the PMAX-
DOAS measurement routine in Figure 12.4). The observations of an entire scan
are summarised in ¥ and fed to the RAPSODI algorithm. The results therefore
have a temporal resolution of approximately 17 min (compare Figure 12.4). An
overview on the measurement vector elements is given in Table 14.1 together with
typical uncertainties. Note that the uncertainties for dSCDs (particularly O,) are
considerably larger than those assumed by Friefs et al. (2019) and in the synthetic
data analysis in Section 9.1. This is mostly a consequence of the additional 2%
error that we introduced to account for the instrument miss-pointing.

14.2 Treatment of negative elevations

Observations at negative EAs are particularly critical, since the instrument looks
directly towards the Earth’s surface. A first aspect is that the light path length
between instrument and observed spot on the ground depends on topography. In
the forward model, which assumes a flat ground, we account for this following the
approach by Zhang (2014). Tt is illustrated in Figure 14.1: the elevation angles
assumed in the model are adapted such that the distance between instrument and
observed ground spot in the model correspond to the real distance.

A second critical aspect is the increased sensitivity of negative EA observations
to the very local surface’s optical properties. As shown in Figure 14.2, the PMAX-
DOAS detected radiances reflected by the ground exhibit a strong directionality.
Largest albedos are perceived for Vis wavelengths, when the Sun is located behind
the instrument (RAA = 180°). This is in line with independent observations of
typical forest BRDFs (Nag et al., 2017) and indicates that the assumption of a

L O ——

DOAS

Model ground

Real ground

Figure 14.1: llustration of the EA adaption for the RAPSODI forward model. «
and o indicate the real and the model elevation angle, respectively.
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Table 14.1: Overview on the different kinds of observations included in the measure-
ment vector ¥. Last column shows typical measurement uncertainties for
the non-polarimetric and the polarimetric data (in brackets). Uncertain-
ties of dSCDs are given in molec? cm™ (O4) and moleccm™2 (HCHO,

NOy).
Observations Simulation Typical uncertainties
wavelength [nm|
dSOTs® 343, 360, 415 N.A. (0.028)
460, 477, 532
0O, UV dSCDs 360 10 - 10* (12 - 10%)
0,4 Vis dSCDs 477 8- 10% (9-10%)
HCHO dSCDs 343 6-10'° (10 - 10%9)
NO, UV dSCDs 360 2101 (3-10%)
NO, Vis dSCDs 477 5-10M (6 - 10%)

@ Only at positive EAs

Lambertian albedo (as implemented in RAPSODI) is not representative at least for
negative EA observations with forest in the LOS.

On the one hand, it is desirable to obtain at least some sensitivity to altitudes
below the MOHP, which is best achieved by including observations at negative EAs.
On the other hand, test runs with negative EA observations indicated that the
approximations discussed before bias the entire retrieval. For the retrievals presented
in this thesis, we therefore go for a compromise by only including non-polarimetric
dSCDs at negative EAs.

14.3 Model ground and vertical grid

In contrast to the real topography around the MOHP, the Earth’s surface in the
RAPSODI forward model is assumed to be flat. The horizontal sensitivity of MAX-
DOAS observations decreases approximately exponentially with the horizontal dis-
tance = to the instruments with 1/e-lengths on the order of 10km (Wagner and
Beirle, 2016; Tirpitz et al., 2020). The model ground altitude was calculated apply-
ing a weighted average over the topography h(x) along the elevation scan azimuthal
direction according to:

f50 on h(z) exp(—x/10km)

0
[ " exp(—2/10 km)

=T725m a.s.l. (14.1)

hmodel -

Consequently, in the model atmosphere, the PMAX-DOAS "levitates" at an altitude
of 275m above the ground. The topography and the model ground altitude are
illustrated in Figure 12.2. We applied a custom vertical grid of 40 layers: the PMAX-
DOAS is centered inside a layer of 50 m thickness, in the following referred to as the
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Figure 14.2: Radiances [(\) reflected from the ground towards the PMAX-DOAS
instrument (2020-04-05), normalised by the cosine of the SZA cos(6).
Assuming Lambertian reflection, 1(\)/cos(#) is an approximate mea-
sure for the ground’s reflectivity. I(\) was inferred by extrapolating
the radiances observed at all negative EAs (-1, -2 and -4°) to an EA of
—90° to remove the impact of atmospheric effects, e.g. light dilution
between surface and instrument.

"PMAX-layer". Above and below, the layer thickness increases exponentially with
vertical distance to the instrument. The grid is illustrated in Figure 14.3. Retrieved
are the atmospheric parameters in the lowest 25 layers, spanning the altitude range
between zero and 7.3 km above the ground. In the model atmosphere, the MOHP
in-situ instruments are located at 265 m altitude, hence in the lower third of the
PMAX-layer.

14.4 Static atmospheric parameters

Atmospheric parameters that are not retrieved with RAPSODI are O3 concentra-
tions, pressure, temperature and relative humidity. Profiles for all these quantities
are provided by the DWD’s O3 sonde observations. The sonde profiles recorded
closest in time served as the basis for the retrieval setup. Furthermore, for each
evaluated elevation scan, the tropospheric O3 amount was scaled with the coinci-
dent in-situ O3 concentration observed at the MOHP. The scaling was applied with a
weight of unity at the MOHP altitude, linearly decreasing with altitude A and falling
to zero at h = 10km. Below the MOHP, the O3 concentration was assumed to be
constant. Similar approaches were taken for pressure, temperature and relative
humidity: here, profiles were scaled to agree with the coincident in-situ observa-
tions at MOHP and Altenstadt. For altitudes above the sonde’s maximum altitude
(~ 35km), a US-standard atmosphere was assumed. Example profiles of pressure,
temperature, relative humidity, and O3 are shown in the left panel of Figure 14.3.
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Table 14.2: A priori settings for the state vector elements x applied for the evaluation
of field data at the MOHP.

Kind Parameter A priori value ApI‘lOI‘l' Correlation
uncertainty length
Profiles Caer Exp. profile® 50% 1km
CHCHO Exp. profile®  50% 1km
CNO, Exp. profile®  50% 1km
Surf. albedo  wgy, s 0.03 0.03 -
Aerosol T 0.08 pm 25 % -
properties Ty 0.75 pm 40 % -
o1 0.5 15% -
09 0.6 10 % -
Rn(N) 1.47 0.06 400 nm
In(A) 0.0017 100 % 400 nm
f 0.9996 0.002 -

@ 1km scale height, VCD of 0.3 - 108 ym? cm?
® 1km scale height, VCD of 4 - 10'® molec/cm?

14.5 State vector

For the retrievals from field data, we limit most of our investigations to the Mie
aerosol model, since the HG-model (with its simplifying assumptions) turned out to
not accurately reproduce the real polarisation state of skylight (see Section 15.2).
Further, in compliance with the data provided by the Sun photometer, we assume a
common refractive index for both aerosol size modes, i.e. ¥n; and Rn, as well as Sn,
and Qngy are linked in the retrieval and in the following referred to as $n and Sn.
An overview of the state vector elements is given in Table 14.2. The a priori aerosol
VCD and properties represent approximate mean values and standard deviations as
observed by the Sun photometer at MOHP over the year 2019. A priori trace gas
VCDs were slightly reduced compared to the synthetic studies (compare Table 9.4),
inspired by in-situ observations of NOy at the MOHP over the year 2019.
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Figure 14.3: Tlustration of the basic atmospheric settings. The left panel shows
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the entire grid (grey lines indicate model layer boundaries) with exam-
ple profiles (noon on 2020-04-05) of parameters that are not retrieved.
Right panel shows a zoom into the lowest kilometre, with the PMAX-
DOAS instrument altitude and the a priori profiles for aerosol and trace

gases (NOy and HCHO) indicated.



15 Comparison of measurements and
forward model results

Before performing actual retrievals, it is illustrative to compare the field measure-
ments to forward model simulations. For each real elevation scan we simulated the
corresponding measurements in an atmosphere with aerosol profiles and properties
as inferred from coincident ceilometer and Sun photometer observations. Below the
vertical measurement range of the ceilometer (altitudes < 460 m above the model
ground), an exponential aerosol profile with a scale height of 1km was assumed,
which was scaled to obtain continuity at the transition between ceilometer and
exponential profile. For trace gases, we assume the a priori profiles according to
Table 14.2.

15.1 Differential slant column densities

Figure 15.1 and 15.2 compare measured and modelled O, dSCDs at 360 and 477 nm,
respectively. In the MAX-DOAS community, it is not unusual to scale the mea-
sured O4 dSCDs prior to the retrieval by a factor Fp,. This was initially motivated
by Wagner et al. (2009), who reported a significant mismatch between measured
and simulated dSCDs in a relatively well-known atmosphere. The application of
the scaling and the reason for its necessity are debated (e.g. Wagner et al., 2009;
Clémer et al., 2010; Ortega et al., 2016; Wagner et al., 2019, and references therein).
Scaling factors applied in former MAX-DOAS studies are 0.7 < Fp, < 1, typically
with smaller values for the UV than the Vis. Also in the just presented comparison
we found that a scaling of O4 dSCDs by 0.85 and 0.9 in the UV and Vis, respec-
tively, significantly improve the average agreement between measurement and model
results. In Figure 15.1 and 15.2, these scalings are already applied and we will also
use the scaled O4 dSCDs in the retrievals in Section 16. This step is of course
critical, as it entails the risk to conceal measurement artefacts or shortcomings of
the model under the pretext of some "unknown physics". In the future, this should
therefore be further investigated. The comparison between measurement and model
for unscaled dSCDs is shown in Appendix D.

With this scaling applied, the overall agreement between measured and modelled
dSCDs is satisfactory. As predicted in Section 6.4, the O4 dSCDs recorded at dif-
ferent polariser orientations split up particularly at viewing geometries where high
DOLPs are expected. For high EAs, the deviations are mostly in agreement with
the measurement uncertainties and the basic observed daily patterns are well re-
produced by the forward simulations. This changes for low EAs: here, the model
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: Comparison of measured and modelled O4 dSCDs at 360 nm in units of

10" molec?ecm™ (vertical axis). The model atmosphere was set up to
best knowledge from Sun photometer and ceilometer observations. For
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Figure 15.2: Same as Figure 15.1, but for O4 at 477 nm
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Figure 15.3: Same as Figure 15.1 but for HCHO dSCDs at 343nm and without
modelled data. DSCDs are in units of 10'° molec cm™2 (vertical axis).

at times strongly deviates from the measurements and shows large variability that
coincide with the changes in aerosol properties as observed by the Sun photometer
(compare Figure 12.5). Recall that aerosol profiles below the ceilometer’s vertical
measurement range are not known. The somewhat arbitrary assumption of an ex-
ponential profile in the lowest layers is therefore likely to explain large parts of the
deviations. However, changes in aerosol properties with altitude might also be an
issue, considering that MAX-DOAS observations become more sensitive to low alti-
tudes with decreasing viewing elevation. Furthermore, the Sun photometer aerosol
amounts and properties might not well represent the true aerosol conditions over
the entire horizontal sensitivity range of MAX-DOAS observations at low EAs.

For HCHO and NO, there is no or not sufficient independent information avail-
able on their vertical distribution. Thus, a meaningful comparison between mea-
surements and forward model results cannot be conducted. Figure 15.3 and 15.4
therefore only show the measured HCHO and NO; dSCDs. The HCHO dSCDs
hardly exceed the PMAX-DOAS detection limit. A potential splitting with PA
therefore gets lost in the noise. For NOy, dSCDs, a splitting with PA is visible with
similar patterns as for O4. However, the splitting is significantly weaker than for
Oy, which is in agreement with the predictions in Figure 6.7.

171



2020-04-05 2020-04-08 2020-04-10

- Il PALl:
| gl | g IN--»"‘ .
0+ T T T T 150
LI'I’ oslies 7. JJ hu_‘iu
S o0 Imwv‘. P - IN"“' - modelledd
n 2.5
" 0l !,l,&mhi \ﬂ“ﬂ —

% o Ih*hl Nu‘ld lﬂlnl..-ll

2 11 inkas AR | Mes -v..... sl aana o d i
TN Y | N VS | e

7.5 10 0 12 5 15.0 8 10 12 14 7 5 10.0 12.5 15.0
Hour of day Hour of day Hour of day

Figure 15.4: Same as Figure 15.1 but for NOy dSCDs at 460 nm and without mod-
elled data. DSCDs are in units of 10'® molec cm™2 (vertical axis).

15.2 Differential slant optical thicknesses

Figure 15.5 and 15.6 show a comparison between modelled and measured dSOTs
in the UV and the Vis respectively. Recall that, for field data, we focus on the
incorporation of polarimetric information and therefore only consider two polariser
angles (0 € [30,150]) per viewing direction, both evaluated against the 6 = 90°
spectrum of the same viewing direction.

The agreement between model and measurement is reasonable in the sense that the
basic temporal patterns are well reproduced. Significant deviations again coincide
with changes in the aerosol properties observed by the Sun photometer (compare
Figure 12.5), particularly on 2020-04-08 between 11:00 and 13:00h. Again, this
indicates that the Sun photometer provided aerosol properties are at times not well
representative for airmasses sampled by the PMAX-DOAS. The deviations increase
with decreasing EA, probably for the same reasons as discussed in the context of O,
dSCDs before. The decrease in DOLP with increasing aerosol load is directly visible
here: the magnitude of the dSOTs is reduced on 2020-04-10 (AOT ~ 0.2) compared
to 2020-04-05 (AOT = 0.06).

Figure 15.7 shows the same data as presented in Figure 15.1, 15.2, 15.5 and 15.6
but in the form of histograms. It does not provide new insights but is useful, since
the same way of representation is applied to assess the convergence of the retrievals
performed in Section 16.

For test purposes, we also applied the HG-aerosol model to perform forward sim-
ulations and compare them to the observations. Apart from the microphysical prop-
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Figure 15.5: Same as Figure 15.1 but for dSOTs at 343 nm.
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Figure 15.6: Same as Figure 15.1 but for dSOTs at 532 nm.
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Figure 15.7:
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The same data as shown in Figure 15.1, 15.2, 15.5 and 15.6 but in the
form of histograms, which indicate the difference F(x) —y between for-
ward modelled results (F(x)) and measurements (y). Top row ("UV")
shows data for dSOTs at A < 400nm, and O4 dSCDs at 360 nm. Bot-
tom row ("Vis") shows data for dSOTs at A > 400nm and O, dSCDs
at 477nm. Grey shaded areas indicate the average measurement error.
Numbers in the subplots indicate the correlation coefficient (R) and the
RMS between measured and modelled data.
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Figure 15.8: Comparison of modelled and measured dSOTs with HG-aerosol applied
in the simulation. Left: day with low aerosol load (AOT of 0.06 at
440nm) in the UV, i.e. low impact of aerosol scattering. Right: day
with high aerosol load (AOT of 0.2 at 440nm) in the Vis, i.e. high
impact of aerosol scattering.

erties, the Sun photometer directly provides corresponding values for the asymme-
try parameter, the single scattering albedo and the Angstrom exponent, which were
inserted for gng, whe and a in the forward model (spectrally interpolated to the corre-
sponding wavelengths applying Equation 12.1). Figure 15.8 shows simulated dSOTs
for selected days, wavelengths and EAs. Particularly in situations where aerosol
scattering significantly contributes to the detected radiance field (large wavelengths,
high aerosol load) the model significantly underestimates the dSOT magnitudes
(hence, the DOLP). This is likely related to the simplifications taken in terms of
the HG-phase matrix as defined in Section 3.3.3, which assumes aerosol scattering
to be non-polarising. We conclude that the HG-approximation (at least in the form
implemented in the RAPSODI algorithm) cannot fully reproduce the real SOP of
skylight, and is therefore not a useful approximation for retrievals from polarimetric
MAX-DOAS observations.
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16 Retrieval results

Within this chapter, we present retrievals with RAPSODI on the basis of the dSOTs
and dSCDs as inferred from the PMAX-DOAS spectra according to Section 13.
As for synthetic data, we will show results from multiple retrieval runs with the
composition of measurement and state vector being varied. In all retrievals, the
species are retrieved simultaneously in a single model atmosphere and at multiple
wavelengths.

Regarding the state vector X, we focus on two major cases:

e Profile retrieval only: we retrieve vertical profiles of aerosol, HCHO and NO,,
whereas surface albedo and aerosol microphysical properties are fixed to the
values from coincident Sun photometer observations. The corresponding re-
sults are discussed in Section 16.1.

e Full state retrieval: we retrieve the full set of atmospheric parameters, includ-
ing vertical profiles, surface albedo and aerosol microphysical properties. The
corresponding results are shown in Section 16.2.

For the purpose of side studies, we occasionally implement further state vector
compositions. These are discussed in more detail in the corresponding paragraphs.
Regarding the measurement vector ¥, two cases are investigated:

e Retrieval from non-polarimetric observations: y only consists of non-polarimetric
dSCDs of O4, HCHO and NOs at all available wavelengths according to Table
14.1. In the nomenclature introduced for synthetic data (see Table 9.5), this
corresponds to the "Multi-S" mode.

e Retrieval from polarimetric observations: for positive EAs, all available polari-
metric dSCDs and dSOTs are incorporated into ¥. At negative EAs, we keep
the non-polarimetric dSCDs and exclude dSOTs for the reasons discussed in
Section 14.1. This corresponds to the "Multi-S-P" mode.

16.1 Retrieval of vertical profiles only

In a first retrieval run we only retrieved vertical profiles of aerosol and trace gases,
whereas surface albedo and aerosol microphysical properties were fixed to the values
from coincident Sun photometer observations. The measurement vector contains
non-polarimetric dSCDs of O,, HCHO and NOs at all available wavelengths accord-
ing to Table 14.1 (in the nomenclature introduced in Table 9.5 this corresponds to
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the Multi-S mode). DSOTs were not included. Apart from the simultaneous re-
trieval of all species from data at multiple wavelengths and the application of the
Mie-model, this setting is very similar to how a conventional MAX-DOAS retrieval
would be performed.

Figure 16.1 shows the results over the three investigated days. The first six rows
show aerosol profiles and aerosol vertical columns in comparison to the Sun pho-
tometer and ceilometer observations. Here, two comparisons are performed in terms
of aerosol surface area concentration ¢, (first two rows) and in terms of the aerosol
extinction coefficient K, (fourth to sixth row), respectively. Recall that AOTs
are directly measured by the Sun photometer (determining the attenuation of di-
rect sunlight), whereas the Sun photometer aerosol area VCD is a product of the
AERONET retrieval algorithm and and strongly depends on the inferred aerosol mi-
crophysical properties. Therefore, the comparison of extinction profiles and AOTs
should in the following be considered more meaningful.

The shown ceilometer profiles were convoluted with the PMAX-DOAS AVKs ac-
cording to Eq. 5.23. They therefore represent how the PMAX-DOAS is expected to
perceive the original ceilometer profiles (the latter are shown in Figure 12.6), given its
sensitivity to the different atmospheric layers. For the calculation of PMAX aerosol
VCDs and AOTs, only layers above the PMAX-DOAS (including the PMAX-layer)
were considered to ensure comparability to the Sun photometer (which is located
about 10m below the PMAX-DOAS). The "partial™ AOT and VCD represent the
vertically integrated convoluted ceilometer profiles, i.e. they estimate the fraction
of the total vertical column that the PMAX-DOAS is able to detect according to its
AVKs.

The seventh row of Figure 16.1 shows the retrieved HCHO profiles. For HCHO,
there are no supporting observations available for comparison. Also, HCHO dSCDs
only slightly exceeded the detection limit over the investigated period. The following
investigations and discussions therefore focus on aerosol and NOy. The last two rows
show retrieval results of NO,. The bottom row compares the NO, concentration
retrieved in the PMAX-layer with coincident MOHP in-situ observations.

Text labels in the very right indicate the average DOF'S obtained for the respective
species’ profiles. Recall that at negative EAs (which are most sensitive to the layers
below the PMAX-DOAS) we always feed non-polarimetric dSCDs to the retrieval
(see Section 13.3). Therefore, for the calculation of DOFS, only the layers above
the PMAX-DOAS are considered to better assess the gain in information achieved
through the incorporation of polarimetric information at positive EAs in later re-
trieval runs. In each profile plot, the altitude of the PMAX-DOAS instrument is
indicated by a white dashed line.

Shaded areas in the line plots indicate uncertainties. The PMAX-DOAS uncer-
tainties, particularly for the vertical columns, are very small and unlikely to repre-
sent the real uncertainty. This is a well-known issue: as described in Section 5.4,
the retrieval covariance S is inferred by propagating the measurement uncertainties
(assumed to be normally distributed) into the retrieval results but does not consider
other (often prevailing) sources of uncertainties, e.g. horizontal inhomogeneity.
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Figure 16.1: Profiles retrieved from non-polarimetric dSCDs of O4, HCHO and NO,.
See text for further details.

Regarding aerosol profiles and vertical columns, the basic patterns of PMAX-
DOAS, Sun photometer and ceilometer agree well. The observed deviations are
comparable to those reported in former comparison studies using similar approaches
(e.g. Friek et al., 2016).

For layers below the PMAX-DOAS, there is no data for validation available. Here,
some features in the aerosol profiles seem unlikely though: thin aerosol layers at
the PMAX-DOAS altitude or features sharply confined to the layers below (in the
evening of all three days). Their origin has not been identified but a priori biases or
issues with the negative EA observations are potential candidates (see also Section
14.1). Similar issues appear also in some of the following retrievals. However, we
will not further discuss this, since no supporting data exists on the corresponding
altitudes and since the feasibility of retrievals from negative EAs requires thorough
investigations that are out of the scope of this thesis.
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The NO; profiles look realistic over the full altitude range. In the morning, the
PBL typically rises due to convection driven by solar heating of the surface (Stull,
2012). It is very likely this rise that is observed in the NOs profiles, most pronounced
on 2020-04-08. Regarding the NO;y concentration in the PMAX-layer, the boundary
layer might advect up the slopes of the Hohenpeissenberg, leading to very local
increases in the NOy concentration at about 8:00h. The corresponding peaks in the
in-situ concentration might therefore not be detected by the PMAX-DOAS. Later
in the day, when the PMAX-layer is fully covered by the PBL and well mixed, the
PMAX and in-situ observations show good agreement most of the time.

Figure 16.2 compares the modelled observations F(X) for the retrieved state X
to the actual observations y, thereby indicating the quality of the retrieval’s con-
vergence. Positive offsets, i.e. overestimations by the model, are observed for O,
and NOy dSCDs in the UV. Furthermore, the model slightly underestimates O4 Vis
dSCDs particularly at low EAs where O, dSCDs are large. In the case of NO, this
is likely related to a priori biases: the average retrieved NO, concentrations over
the three investigated days are rather small compared to the a priori values. For
Oy, the rather uncertain scaling factors might be an issue but also the fixed aerosol
properties from the Sun photometer might not be ideal, preventing the algorithm
from bringing both UV and Vis observations into agreement. We will show in Sec-
tion 16.2 that the retrieval of the full state vector including aerosol microphysical
properties yields much better agreement.

In the next retrieval run, we incorporated polarimetric information, i.e. polarimetric
dSCDs and dSO'Ts at all available wavelengths according to Table 14.1 were included
in ¥ (in the nomenclature introduced in Table 9.5 this corresponds to the Multi-S-P
mode). The results are shown in Figure 16.3 and 16.4.

Aerosol profiles and vertical columns strongly deviate from the ceilometer and
Sun photometer data. Recalling the disagreement between measured and forward
modelled dSOTs already observed e.g. in Figure 15.6, this might be expected to
some extent. They are most likely a consequence of erroneous or non-representative
aerosol properties provided by the Sun photometer. In the affected time intervals,
RAPSODI obviously compensates those by introducing aerosol layers at high alti-
tudes (> 2km). This is rather successful regarding the convergence of the retrieval
(see Figure 16.4) but not desired at all. Interestingly, the NOy profiles are not sig-
nificantly affected compared to the retrieval from non-polarimetric dSCDs and the
agreement of MAX-DOAS and in-situ instrument even slightly improves.

A striking finding was made when repeating the same retrieval, but this time includ-
ing the surface albedo ws,, s in X as an additionally retrieved parameter. The results
are shown in Figure 16.5 and 16.7. The retrieved values for the surface albedo are
shown in Figure 16.6.

Just by retrieving wg,, s, the agreement between PMAX-DOAS and supporting
observations for aerosol profiles and columns is basically "restored" and the agree-
ment of the vertical columns is even improved compared to the retrieval from non-
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Figure 16.2: Comparison of modelled measurements F(X) for the retrieved state x
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to the actual observations y. Histograms show the difference F(%X) - ¥.
Top row ("UV") shows data for dSOTs at A < 400nm, Oy and NO,
dSCDs at 360 nm and HCHO dSCDs at 343 nm. Bottom row ("Vis")
shows data for dSOTs at A > 400nm, O, dSCDs at 477nm and NO,
dSCDs at 460 nm. Grey shaded areas indicate the average measurement

error.
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Figure 16.3: Same as Figure 16.1 but for profiles retrieved from the full set of polari-
metric observations according to Table 14.1: this includes dSOTs and
polarimetric dSCDs of O4, HCHO and NO,.

polarimetric dSCDs in Figure 16.1. Figure 16.7 furthermore indicates a significant
improvement in the convergence of the retrieval in the sense that the biases between
F(x) and § are reduced compared to Figure 16.2 and 16.4. The retrieved surface
albedo varies strongly but does not show a consistent diurnal cycle as it would be
expected if topography features or the BRDF of the real surface were the only issue.
Instead wgy, s seems to correlate with changes in the Sun photometer aerosol proper-
ties and at times exhibits rather unlikely spectral dependencies (e.g. in the evening).
We therefore assume that RAPSODI "exploits" wg,, to compensate for two effects
here: (1) the model’s simplifying approximations regarding the topography and sur-
face properties and (2) erroneous or non-representative aerosol properties from the
Sun photometer. The incorporation of polarimetric information increases the DOFS
for the retrieved profiles by about 0.5 for aerosol, 0.1 for HCHO and 0.2 for NO,
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Figure 16.4: Same as Figure 16.2 but for the retrieval results shown in Figure 16.3.

compared to the retrieval from non-polarimetric dSCDs. This is qualitatively in line
with the findings from the synthetic studies in Section 9, even though the condi-
tions as well as the assumptions on a priori and measurement covariances are quiet
different.
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Figure 16.5: Same as Figure 16.3 but with the surface albedo being retrieved as
additional parameter.
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Figure 16.6: Retrieved surface albedo values for the profile results shown in Figure
16.5. Grey dashed lines and shaded rectangles indicate a priori val-
ues and uncertainties. DOFS on the right represent temporal averages
summed over all six wavelengths.
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Figure 16.7: Same as Figure 16.2 but for the retrieval results shown in Figure 16.5
and 16.6.
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16.2 Retrieval of the full atmospheric state

So far we limited the retrieval to vertical distributions of aerosol and trace gases.
We will now go a step further and retrieve all parameters listed in Table 14.2, hence,
vertical profiles, surface albedo and aerosol microphysical properties. Again we start
by only incorporating non-polarimetric dSCDs of Oy, HCHO and NOg in § (Multi-S
mode). The retrieval results are shown in Figure 16.8, 16.9 and 16.10.
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Figure 16.8: Same as Figure 16.1 but with surface albedo and all aerosol micro-

physical properties being retrieved from non-polarimetric dSCDs of Oy,
HCHO and NOs.

As indicated by the DOF'S values in Figure 16.9, the information on surface albedo
and aerosol properties is very limited. Significant information (DOFS > 0.2) is only
inferred on the fine mode parameters r; and o; as well as wg,r and Rn (if DOFS
are summed over all wavelengths). For 7o, 09, Sn and f, DOFS are below 0.15
and the retrieval basically resorts to the a priori values that significantly differ from
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Figure 16.9: Retrieved surface albedo and aerosol properties for the profiling results
shown in Figure 16.8 (retrieval from non-polarimetric dSCDs of Oy,
HCHO and NOj). Grey dashed lines and shaded rectangles indicate
a priori values and uncertainties. DOFS on the right represent tempo-
ral averages. For spectrally resolved quantities (wsy,f, ), DOFS are
summed up over all wavelengths.

the Sun photometer observations. As a consequence, PMAX-DOAS area surface
concentrations and VCDs in Figure 16.8 strongly differ from the ceilometer and
Sun photometer data, particularly when the differences between Sun photometer
and a priori values are large. Now that the retrieval algorithm is "aware" of the
limited information on aerosol properties, the DOFS for aerosol profiles (1.4) are
significantly reduced compared to the former retrieval runs (between 1.9 and 2.3).
Accordingly, the convolution of the ceilometer profiles (see Eq. 5.23) yields a apriori
biased and thus much smaller values than in the comparisons before. Interest-
ingly, the PMAX-DOAS extinction profiles are still rather in agreement with the
unconvoluted ceilometer profiles (as shown in Figure 12.6) than with the convoluted
ones. The results for trace gases do not seem to be much affected by the limited
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Figure 16.10: Same as Figure 16.2 but for the retrieval results shown in Figure 16.8
and 16.9.

information on the aerosol conditions. The retrieved surface albedo again lacks a
consistent diurnal cycle, indicating that it still compensates for some aerosol related
effects, probably horizontal or vertical gradients in the aerosol properties. As shown
in Figure 16.10, the large set of retrieved parameters allows RAPSODI to achieve
exceptional convergence. Compared to former retrieval runs, particularly the differ-
ences in modelled and measured O, dSCDs are significantly reduced to about half
the measurement uncertainty.

We now incorporate all available polarimetric dSCDs and dSOTs according to Table
14.1 into § (Multi-S-P mode) and perform another retrieval of the full atmospheric
state. Figures 16.11, 16.12 and 16.13 show the corresponding results. Furthermore,
Table 16.1 directly compares the DOFS obtained for the full atmospheric state re-
trievals from non-polarimetric and polarimetric data. Regarding surface albedo
and aerosol properties, the information content significantly increases: the number
DOFs for both more than doubles. Accordingly, the results in Figure 16.12 are now
drawn away from the a priori assumptions, except for oo, where the information
content remains very low (DOFS of 0.05). The agreement with the Sun photome-
ter aerosol properties is rather poor with correlation coefficients below 0.2 for all
parameters. From the available data it is hard to tell which observations are closer
to reality, or to what extent the deviations are related to the sampling of different
air-masses. While some of the retrieved parameters vary realistically smooth over
the day, others at times exhibit rather unlikely outliers or variations. Particularly
Sn shows unrealistically large values in the forenoon. Also, the DOFS of 3n are
highly variable ranging from 0.05 to 1.5. A technical issue, probably related to the
linking of the modes, cannot be fully excluded here but further investigations are
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Figure 16.11: Same as Figure 16.1 but with surface albedo and all aerosol microphys-
ical properties being retrieved from polarimetric dSCDs and dSOTs.

necessary to identify the actual reason. It shall be noted that also the Sun photome-
ter values for Sn show very large values in the evening on two of the three days,
indicating that the AERONET retrieval exhibits similar issues. The modal fraction
f retrieved by the PMAX-DOAS tends to particularly low values (i.e. more coarse
mode particles) in the morning. Light fog events at low altitudes (invisible to the
Sun photometer) might a reason, even though nothing the like could be observed in
the corresponding DWD webcam images.

Again, as a result of the disagreement in the aerosol properties, also the aerosol
area concentration profiles and area-based VCDs of PMAX-DOAS and support-
ing observations disagree. Nevertheless, for reasons discussed before (e.g. Section
12.4.3), the Sun photometer VCD is arguable and it is well possible that the PMAX-
DOAS VCD, with its low variability over the day (except of the early morning), is
closer to reality. In contrast to the aerosol area concentration data, the aerosol
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Figure 16.12: Retrieved surface albedo and aerosol properties for the profiling results
shown in Figure 16.11 (retrieval from polarimetric dSCDs and dSOTS).
Grey dashed lines and shaded rectangles indicate a priori values and
uncertainties. DOFS on the right represent temporal averages. For
spectrally resolved quantities (wgurr, n), DOFS are summed up over
all wavelengths.

extinction profiles and AOTs are in good agreement: when excluding scans be-
fore 7:00h, the RMSD between Sun photometer and PMAX-DOAS AOTs is 0.015.
Compared to the full atmospheric state retrieval from non-polarimetric observations
(RMSD of 0.035) the agreement improves by almost 60 %. Also the agreement be-
tween PMAX-DOAS and in-situ NO, concentrations (the latter averaged to half
hour intervals to approximately account for the much larger spatial and temporal
kernels of the PMAX-DOAS) slightly improves: The RMSDs after 8:30h reduce by
about 10 %. Figure 16.13 again indicates a successful convergence over the entire pe-
riod with deviations between modelled and measured DSCDs of the order or smaller
than typical measurement uncertainties.
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Figure 16.13: Same as Figure 16.2 but for the retrieval results shown in Figure 16.11
and 16.12.

Table 16.1: Average DOFS for the retrievals of the full atmospheric state from non-
polarimetric (Multi-S) and polarimetric (Multi-S-P) data.

Parameter subgroup Multi-S  Multi-S-P .Absolute Belatlve
increase  increase
Aerosol profiles 1.44 2.2 0.76 53 %
HCHO profiles 0.96 1.07 0.11 11%
NO; profiles 2.45 2.66 0.21 9%
Surf. albedo 0.63 1.61 0.98 156 %
Aerosol properties 2.37 5.55 3.18 134 %
Total 7.85 13.09 5.24 67 %

In Section 12.4.3 we already discussed that large parts of the variations in the Sun
photometer observed aerosol properties might be a result of strong correlations be-
tween them. Lastly, we therefore performed another retrieval run from the full set
of polarimetric measurements but only retrieving profiles, ws,,s and the fine mode
radius 1. All other parameters were fixed to the values observed by the Sun pho-
tometer. Regarding those parameters, RAPSODI assimilates the potentially false
variations in the Sun photometer data and is forced to adapt r; accordingly, which
should bring r; from the PMAX-DOAS into better agreement with the Sun pho-
tometer values. The results for ws,, s and r; are shown in Figure 16.14. Indeed, for
r1 the agreement between PMAX-DOAS and Sun photometer improves significantly
(correlation coefficient of 0.58) compared to the retrievals before, again indicating
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that the variations in the Sun photometer aerosol properties are not real. On the
other hand, it also suggests that the different air-masses sampled by PMAX-DOAS
and Sun photometer are comparable at least to some extent.
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Figure 16.14: Retrieved surface albedo and fine mode radius if all other aerosol pa-
rameters are fixed to the values observed by the Sun photometer.

16.3 Concluding remarks

Even though a thorough statistical analysis on the basis of a long-term dataset has
not yet been performed, the results presented in this chapter provide first insight
regarding the potential, feasibility and challenges of polarimetric MAX-DOAS re-
trievals from field data. It shall also be pointed out that, for the first time, aerosol
microphysical properties were retrieved from MAX-DOAS observations. The re-
trieval converges successfully and the results for most parameters are plausible, at
least for the atmosphere above the PMAX-DOAS.

Polarimetric observations significantly increase the information content on the full
atmospheric state by more than 60 % in terms of DOFS. The information on surface
albedo and aerosol properties more than doubles. For aerosol profiles it increases by
about 50 %. For trace gas profiles, the increase is small (< 15%). Recall that the
non-polarimetric data was calculated from the polarimetric dataset. A conventional
instrument without polarising filter would perceive about twice the amount of light,
thereby reducing the measurement uncertainties and increasing the DOFS in a "real"
non-polarimetric retrieval. The numbers given above might therefore be slightly
too optimistic. Generally, the observed increase in information is in qualitative
agreement with the findings from synthetic studies in Section 9. In the details,
however, the DOFS from synthetic data and field measurements cannot be directly
compared, as they are based on different scenarios regarding atmospheric state and
viewing geometries, as well as different assumptions on a priori and measurement
covariances.

A thorough validation of the retrieval results, particularly regarding aerosol prop-
erties, turned out to be difficult. First of all, the supporting observations sample
quiet different air-masses: ceilometer profiles are inferred along the zenith LOS
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above the MOHP and the Sun photometer provides vertically integrated quantities
inferred from almucantar scans at rather high viewing elevations over the day. In
contrast, the PMAX-DOAS observations exhibit considerable horizontal sensitivity
ranges (typically several kilometres) and are particularly sensitive to low altitudes.
Therefore, horizontal inhomogeneities as well as vertical gradients in the aerosol
properties potentially induce large deviations between the different observations.
Second, the scaling of ceilometer profiles involves simplifying assumptions and there
are severe indications that the Level 1.5 inversion data from the Sun photometer does
not provide sufficiently reliable data. Also the rather uncertain O, scaling factors
might introduce biases, however, side studies indicated that the aerosol properties
are predominantly driven by information from the dSOT observations. For future
validations, accurate and representative supporting observations are therefore highly
desirable but likely associated with tremendous efforts.

Also the PMAX-DOAS results itself raise a number of questions to be further
investigated in the future. While the strong increase in sensitivity to surface albedo
and aerosol properties is encouraging, it comes along with the necessity for their
accurate description within the model. While the HG-aerosol model has established
as a useful approximation in conventional MAX-DOAS retrievals, we found that it
is not suitable for polarimetric observations, as it fails to accurately reproduce the
SOP of skylight. Furthermore, there are indications that the model assumption of a
Lambertian surface is not appropriate and might be replaced by a BRDF approach
in the future. Lastly, it might be necessary to allow vertical gradients in the aerosol
properties. Regarding these aspects, diverse solutions are conceivable but all asso-
ciated with an increased complexity of the retrieval and additional computational
effort.

Regarding aerosol extinction profiles the patterns observed by the ceilometer and
the PMAX-DOAS are still similar for most retrieval runs. Also the AOTs observed
by Sun photometer and PMAX-DOAS agree quiet well most of the time (RMSD of
0.015 for the retrieval of the full atmospheric state from polarimetric observations).
In contrast, for the surface albedo, aerosol area concentrations and aerosol proper-
ties, the correlation between PMAX-DOAS and Sun photometer is poor (correlation
coefficients < 0.2) and deviations are sometimes even of the order of the a priori
uncertainties. On the other hand, the results of the PMAX-DOAS appear plausi-
ble, in the sense that parameters change smoothly over the day. For the reasons
discussed before, it is not fully clear whether the Sun photometer or the PMAX-
DOAS observations are closer to reality. The retrieved NOy concentration in the
PMAX-layer and the in-situ observations by the DWD agree well when the PBL
presumably exceeds the MOHP altitude and the PMAX-layer is well mixed.

As shown during the investigations on synthetic data in Section 9, there is large
potential to improve the retrieval results in the future by incorporating alternative
viewing geometries (e.g. almucantar scans) and dSOTs between different viewing
directions. Another aspect that we have avoided so far is the impact of clouds,
which is generally an issue in passive remote sensing applications. However, for
the retrieval of aerosol properties from polarimetric sky radiance measurements,
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investigations in this direction have been performed by Grob et al. (2019). They
find that retrievals are still feasible under moderate cloud fractions if the instrument
points to cloud holes (either actively or by applying corresponding filters). To what
extent such approaches are transferable to polarimetric MAX-DOAS observations
remains to be investigated.
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Part IV

Conclusions and outlook
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In the course of this work, first important steps have been taken to integrate
polarimetry into MAX-DOAS applications.

A major outcome is the RAPSODI retrieval algorithm, with the unique capability
to process polarimetric MAX-DOAS observations and to utilise the corresponding
information to retrieve vertical distributions of aerosol and trace gases as well as
aerosol properties. Furthermore, in contrast to former algorithms, it retrieves all
species of interest simultaneously in a shared model atmosphere thereby considering
and exploiting corresponding synergetic effects. It is also the first MAX-DOAS
retrieval algorithm that allows to infer aerosol microphysical properties. For this
purpose RAPSODI makes use of a Mie aerosol model with the aerosol properties
being described in terms of a bi-modal size distribution and material refractive
indices.

The development and deployment of the PMAX-DOAS instrument resulted in
a comprehensive dataset of polarimetric MAX-DOAS observations recorded at the
Meteorological Observatory Hohenpeissenberg. Different viewing geometries (eleva-
tion scans, almucantar scans and direct-sun observations) were implemented in the
measurement routine. The full dataset covers a period of more than one year and
thus comprises various atmospheric conditions.

Prior to this work, it was already well known from former studies (e.g. Boesche
et al., 2006; Emde et al., 2010; Xu and Wang, 2015) that polarimetric observations
of skylight provide useful information, since aerosol alters the skylight’s SOP com-
pared to a pure Rayleigh atmosphere. In contrast, former studies paid little atten-
tion to the fact that light of different SOP arriving at the Earth’s surface has taken
different effective paths through the atmosphere. Polarimetry therefore allows to
realise light path geometries inaccessible to conventional MAX-DOAS observations.
This is an important aspect when aiming at the retrieval of spatial distributions
of atmospheric constituents. We found that variations in the O4 AMF up to 60 %
can be achieved in a single viewing direction, just by regarding skylight of different
polarisation orientations. For gases confined to lower altitudes, the effect is reduced
(by a factor of ~ 2 for gases with an exponential profile of 1km scale height) but
still significant. The DOLP and the O, excentricity (the maximum relative change
of Oy dSCDs achieved through different PAs in a single viewing direction) exhibit
similar but not equal patterns in their dependence on viewing direction, wavelength
and aerosol parameters. Polarimetric O, dSCDs can therefore be regarded to carry
a "new kind" of information on aerosols that, to our knowledge, has not yet been
considered by any other atmospheric remote sensing approach.

A crucial part of this work is based on investigations with synthetic data. Amongst
others, measurements and weighting functions were simulated for a comprehensive
set of different atmospheric scenarios and instrument viewing geometries. On the
basis of this data, the potential of polarimetric MAX-DOAS observations com-
pared to non-polarimetric observations could be assessed. The total information
increase achieved in terms DOFS is about 50 %, when retrieving vertical distribu-
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tions of aerosol, HCHO and NO, as well as aerosol microphysical properties from
UV-Vis spectra recorded during typical elevation scans. Largest gain in information
is obtained for aerosol properties (about 70 %) and aerosol area concentration pro-
files (50 %). In contrast, the increase for trace gas concentration profiles is rather
small (about 10 %). Regarding aerosol microphysical properties, high sensitivity (0.7
DOFS per parameter) is achieved for the fine mode properties, whereas the sensi-
tivity to coarse mode properties remains small (DOFS < 0.2 per parameter). As
discussed in detail in Section 9 the exact numbers vary, depending on the underlying
assumptions. The numbers above represent approximate mean values.

Retrievals on the basis of the simulated observations show that the incorpora-
tion of polarimetric information significantly improves the accuracy of the results,
particularly for aerosol related quantities. In an ideal atmosphere, the RMSD be-
tween retrieved and true values for aerosol VCDs and aerosol properties decreases
by about 60 %. In contrast, for trace gas VCDs the decrease is below 20% and
even an increase is observed, if the loss of light due to the polariser is taken into
account, (detailed discussion in Section 9.6). Aerosol property results improve by
about 40 %. The fine mode aerosol microphysical parameters can be retrieved to an
accuracy of 30 % percent of the a priori uncertainty. Coarse mode results achieve
only 70 % and, as a consequence of the little available information, remain strongly
biased towards the a priori. The information in the measurements can be further
enhanced by about 50% (in DOFS, compared to the polarimetric elevation scan),
by including almucantar scan geometries and the variation of radiances over the
sky’s hemisphere as additional source of information. In this case also the retrieval
of coarse mode properties becomes feasible. Generally, these very promising results
degrade if additional noise is added to the observations (noise magnitudes up to
10 %, to simulate atmospheric spatio-temporal variability) but remain below the
a priori uncertainties for vertical columns, trace gas concentrations and aerosol fine
mode properties.

Apart from the investigations on synthetic data, first polarimetric retrievals were
performed on the basis of field data from the PMAX-DOAS instrument. Elevation
scans on three selected clear sky days were evaluated. The increase in information
achieved through the incorporation of polarimetric observations is in qualitative
agreement with the findings from the synthetic studies above. Differences in the ex-
act numbers are expected since the underlying atmospheric scenarios and retrieval
settings were different. The average increase in total DOFS is about 65%. For
aerosol properties, aerosol profiles and trace gas profiles the increases are about
130 %, 50% and 10%. The comparison of the retrieval results with the support-
ing observations yielded mostly good agreement for AOTs and NO, concentrations.
For the retrieval of vertical distributions of aerosol, HCHO and NO, as well as
aerosol microphysical properties, an RMSD in AOTs of 0.035 was achieved by the
non-polarimetric retrieval. The incorporation of polarimetric information yielded
an improvement of almost 60 %, reducing the RMSD to 0.015. In contrast, the
retrieved aerosol area VCDs and aerosol properties (also regarding the fine mode)
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strongly disagreed with the Sun photometer observations: the correlation coefficients
between PMAX-DOAS and Sun photometer were below 0.2 and the deviations were
sometimes of the order of the a priori uncertainty. The reasons could not be un-
ambiguously identified. On the one hand, there are indications that the limited
accuracy and representativeness of the Sun photometer Level 1.5 observations are
a major issue. On the other hand, there are indications that simplifications in the
RAPSODI model atmosphere bias the PMAX-DOAS retrieval results. This com-
prises the assumption of a Lambertian flat surface, spatio-temporal homogeneity
and constant aerosol properties over the full altitude range. But also the simpli-
fied bi-modal representation of the aerosol size distribution or the assumption of
spherical particles might have some effect. Another critical aspect is the scaling of
04 dSCDs prior to the retrieval, which is still not understood and debated within
the community. In the future, a thorough validation of the field measurements is
highly desirable but likely associated with tremendous efforts. Alternatively, stud-
ies addressing these issues might be performed on the basis of synthetic data from
independent models (e.g. Monte Carlo RTMs) that allow to simulate observations
in three dimensional atmospheres, including horizontal inhomogeneities or variable
surface properties. Note that the three days of elevation scan data comprise only a
very small subset of the PMAX-DOAS dataset. An extended evaluation will provide
further insight not only regarding the statistics. Future activities might comprise
combined retrievals from almucantar and elevation scan data as well as direct-sun
observations. Furthermore, the feasibility of retrievals under less ideal conditions,
in particular in the presence of clouds, is an important issue to investigate.

In the instrumental design of (polarimetric) MAX-DOAS instruments, particular
care has to be taken regarding undesired polarisation sensitivities of various com-
ponents. In the past, multimode optical fibres have been considered to be efficient
polarisation scramblers and a useful tool to ensure equal sensitivity of the spectro-
scopic setup to arbitrary polarisation orientations. In contrast, investigations in the
course of this thesis suggest that, at least in modern optical fibres, the DOP can
be largely maintained over fibre lengths of several metres. In conjunction with the
polarisation sensitivity of typical grating spectrometers, this can severely bias the
measurements, with consequences for the spectral analysis and the retrieval results
in both, polarimetric and non-polarimetric MAX-DOAS applications.

Apart from the investigations proposed above, diverse future activities are con-
ceivable. Explicit additional features that might be implemented in the RAPSODI

algorithm are:

e An improved model representation of surface properties in terms of a BRDF
instead of a Lambertian albedo.

e A computationally feasible approach to account for vertical gradients in the
aerosol properties.
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e An improved parametrisation for the spectral dependence of surface albedo

and aerosol refractive indices, for instance in terms of a polynomial.

e The consideration and propagation of uncertainties in those atmospheric pa-

rameters that are not retrieved.

e The capability to make use of narrow-band polarisation features originating

from inelastic Raman scattering as well as strong trace gas absorption. Both
are expected to carry additional information on the atmospheric state (Aben
et al., 1999; Wagner et al., 2009).

Further studies might address the following aspects:

e Asindicated in the course of our investigations on synthetic data, there is large

potential in the optimisation of viewing geometries: the number of observations
might be strongly reduced without significant loss in information, thereby
improving the temporal resolution of the measurements.

Most of our investigations focus on the wavelength range between 300 and
550 nm. Extending the range to the near IR is expected to further improve the
results in particular regarding the sensitivity to coarse mode aerosol properties.
Furthermore, it might help to disentangle those retrieved parameters that are
strongly correlated.

As discussed before, AMFs vary strongly with the polarisation orientation of
the detected skylight. This might be utilised to retrieve AOTs and trace gas
VCDs from observations in a single viewing direction.

In short, we found that the use of polarimetry in MAX-DOAS measurements is a
promising approach in particular for applications focussing on aerosol. Yet, in the
face of the numerous possibilities and questions regarding the detailed implementa-
tion of instruments and retrieval algorithms, many aspects remain to be investigated
in further detail.
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Part V

Appendix
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A VLIDORT linearisations

The main results of VLIDORT (for our purposes) are the stokes parameters I. For
retrieval algorithms like RAPSODI, we also require the derivatives of I with respect
to to the state vector x (see Section 5). For retrieval algorithms in general, these are
often derived using finite differences: a small pertubation is applied to each param-
eter and the effect on the simulation results is evaluated. However, this approach
is computational expensive as the forward model has to be run n additional times
for this purpose. A great advantage of VLIDORT is that it can be configured to
provide the desired derivatives (from internal calculations during the RTS) if it is
configured accordingly.

Internally, the optical properties of each atmospheric layer in VLIDORT are de-
scribed by three macroscopic quantities: the vertical extinction OT A, the single
scattering albedo w and the expansion coefficients B, of the scattering matrix (the
index p indicates the expansion order and will in the following be omitted). They
describe the combined effects of molecules and aerosol on the radiative transport,
hence:

A= Tgas + Tray + Taer (Al)
67'ay + Oqer
Sl S A2
o=t (42)
OrayBray + 0qer B
B = JrayJray aerDaer A3
5'ray + Oger ( )

with 7,5 being the layer’s molecular absorption OT, 7,4, (74er) being the Rayleigh
(aerosol) extinction OT, d,4y (daer) being the Rayleigh (aerosol) scattering OT and
B, .y (Baer) being the scattering matrix expansion coefficients for Rayleigh (aerosol)
scattering. We further define the albedos

67‘(1 5(1/67"
Wray = —2 and Waer = (A.4)

ray aer

Normally, it is wyqy, = 1, however, VLIDORT cannot not handle layer SAAs too
close to unity and to avoid those, wyqy, =1 — 1075 is assumed.

To obtain the desired derivatives, the user must provide VLIDORT with nor-
malised linearisations

1 0A 1 0w q 1 0B
—_— —_— a —_—
A 0z’ w 0z " B 0z
with respect to the desired parameters z (details can be found in the VLIDORT
user guide). Particularly for the Mie model, these are not trivial and shall therefore

(A.5)
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be reported here. z has a v-index, to indicate that the set of parameters discussed
here is not exactly the same as the set of parameters x retrieved by RAPSODI:
z basically contains the parameters as listed in Table 7.1, however, without the
Angstrom exponent and containing the layer molecular absorption optical depth
Qygqs instead of the trace gas concentrations. The following equations apply for each
model layer. The layer index [ will be omitted for convenience.

For a convenient representation we pre-calculate a few expressions. For the Mie
model case, it is useful to define the variable &, relating the aerosol surface area

concentration c¢,., to the number concentration cﬁflﬁ according to
CELJeVT) = 6 " Caer (A6)

From the equations for log-normal size distributions introduced in Section 3.3.3, it
can be derived to

£ = [f73 ep(2ad) + (1 - f) 13 exp(203)] (A7)

Its derivatives with respect to the Mie model parameters (as listed in Table 7.1) are:

0

S5 — —sn€fri exp(201) (A8)

%~ sm(1 — [y exp(203) (A.9)
T2

88_5 = —167E*(1 — f)rio, exp(203) (A.11)
02

o5 = —n€* [ exp(20%) + rexp(203)] (A12)
o _ 98 _

= o 0 (A.13)

With these, we can express the derivatives of 7, with respect to each Mie model
parameter (indicated by the place-holder P) as

or, oc 95k
aer = Coer h ,(e)._ ae A]_4
op ~ © (J op " op (A-14)
and with respect to the aerosol area surface concentration as
ar,
“aer e gl p A.15
acaer 5 O_GGT ( )

5. is the aerosol bulk extinction cross-section according to Equation 3.60 and h is
the vertical extend of the model layer. The derivatives 05 /OP are provided by
the Mie model.
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The equivalents of Eq. A.14 and A.15 for the HG model case are considerably
simpler. Here, it is

gTaer _ i@(hg) h and
Caer

a7-0467‘

=0 (A.16)

this time with P being a placeholder for ¢*9) and w9, respectively, and Q"9 being
the aerosol extinction efficiency at the simulation wavelength. With these quantities
introduced, we can give handy expressions for the required linearisations formulated
in Eq. A.5.

The derivatives of the layer extinction OT A are:

1 0A 1

- — A1l
NG (A.17)
1 0A 1 O7ger
Aoy A 0Cqer (A.18)
1 0A 1 O7ger
AOP ~ A 0P (4.19)
(A.20)

For OTuer/0Cher and OT,e/OP, the precalculated expressions above have to be in-
serted, depending on which aerosol model is used.

The derivatives of the layer SSA w are:

1 Ow 1

— = —— A21
W OTgas A ( )
1 Ow 1 /w oT,
- - aer _ 1 aer A‘22
W 6caer A < w ) 8Caer ( )
1 Ow Taer awaer 1 Waer aTaer
wIoP  wA 9P Z( w o 1) opP (4.23)

Values inserted for wge, are either the Mie model bulk SSA @, (see Eq. 3.59) or
the HG-SSA w9, The derivatives OWaer /OP are provided by the Mie model. The
derivatives dw"9) /0P are trivial since

O h9) A h9)
— =1 and
Owh9) dgh9)

~0. (A.24)

The derivatives for B will be given for a single matrix element § as they apply

202



equally for any element and expansion order:

108
55" (A.25)
108 1 08 0Taer (A.26)

B 80{16"" B B aTaer acaer
1 8/8 _ 1 ( 85 awaer + 6/8 87—(167“ + a/B a/80,(57’) (A.27)

BOP B \0waer OP ' OTuer OP ' OPuer OP
with the outer derivatives

aﬁ Waer

N G (4:28)
86 o Taeréray

Oger  W2A2 (Baer = Bray) (4.29)
86 . 5aer5ray

oy wh (A.30)

The derivatives 0f,../OP are either provided by the Mie model, or vanish in the
case of the HG model.
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B Pointing calibration

A 2D water level was mounted on the PMAX-DOAS pedestal which allowed to
install the instrument in the field with a nearly upright instrument azimuth axis.
The calibration of the water level and the elevation motor offset is illustrated in the
top panel of Figure B.1. Light from a laser pointer was coupled into the spectrometer
side of the telescope fibre. By adjusting the elevation motor offset and the pedestal
orientation, the emerging beam from the telescope was horizontally aligned with
the beam of a laser level over a distance of 10 to 20 m in three azimuth directions
(0, 90 and 180°). The water level allowed to install the reinstall the instrument
in the field with tilting angles in the azimuthal axis less than 0.2°. As indicated
in Figure 13.3, the accuracy of the EA is of particular importance in MAX-DOAS
elevation scans. Therefore, at the MOHP, the pedestal orientation was fine adjusted
in the elevation scan plane by scanning over a small light source (angular height
as perceived by the telescope < 0.003°), positioned at an EA of 0° with the help
of a laser level (see bottom panel of Figure B.1. The intensities perceived by the
adjusted PMAX-DOAS during the scan are shown on the left. They indicate an
EA accuracy better than 0.1° and also confirm the theoretically expected telescope
vertical FOV of 0.25°.
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Figure B.1: Top: Simultaneous calibration of the water level on the PMAX-DOAS
pedestal and the elevation motor offset. Bottom: field fine adjustment
of the pedestal orientation in the elevation scan plane.

The alignment of the polariser is easiest, if light of a very well known polarisation
orientation is available as reference. In the course of this thesis we used skylight in
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the zenith viewing direction. However, a much simpler approach for lab calibrations
in the future might be to use the specular reflection of light from a water surface
close to the Brewster angle. The setup is illustrated in Figure B.2.

A
O/e,_/;?e )
7 Light source
. i ®
PMAX - | Brewster
DOAS \g'
153°

A2 T

Figure B.2: Proposed setup for future accurate and simple calibration of the instru-
ment’s polariser orientation in the laboratory. Specular reflection on a
water surface close to the Brewster angle is used to create a horizontally
polarised beam as reference.
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C Box airmass factors

Equation 4.20 can be derived as follows: consider an optically homogenous layer [
with vertical optical depth Tl(a). The slant optical thickness is then given by Tl(a) A
and the attenuation of the incident radiance [y along the slant light path is described
by

I = Iyexp(—7” - A) (C.1)

with I being the merging radiance. Accordingly, it is

OL g, exp(—7 M A) = A1 (C.2)

afl‘“) B

Solving for A;, yields Equation 4.20.

206



D Measured and forward modelled Oy
dSCDs
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Figure D.1: Same as Figure 15.1, but with no Oy scaling applied (Fp, = 1.0 instead
of 0.85).

207



EA =90"°

2020-04-05

2020-04-08

2020-04-10

L} ! TAY ~—~— ~—R_~
< 9= //I' \\‘ =S A2 ??=_~_\ —/—T—
I el e X
w -y J D i == || =t s m et s
2.5 1 . . . . . . . . . .
y ~ .
In 5.0 4TS T o E P
1 BERAS NV e L
< S8 R Y ——— e
w S = X e e I
2.5 A T x5 3
T T T T T T T T T T T
o 31 -
n g ‘-,e ————— ~ ==
s N | e e
P RS ZoeEET - R ||~ SRR
< " ~So || 7 TN~
w o1 T~
1 T T T T T T T T T T T
o E SR —— PN
5217 . i "
m 7 r":‘\* 7 e 4 =N
i1 I N —_‘_’_-:’Z‘_\“ﬁ S
E ;4'(__ :"-\§ /- = ’;a ~_§Q
T T T T T T T T T T T
=
- .
i et rrrr——— R
0.0 g N = / N
) 7
~0.51 e
T T T T T T T b T T T
7.5 10.0 12.5 15.0 8 10 12 14 7.5 10.0 12.5 15.0
Hour of day Hour of day Hour of day

PAL"I:
90
150

=== Modelled
Measured

Figure D.2: Same as Figure 15.2, but with no Oy scaling applied (Fp, = 1.0 instead

208

of 0.9).



E Lists

E.1 List of abbreviations

Abbreviation Description

MAX-DOAS Multi-Axis DOAS

DOAS
RAPSODI

VMR
PBL
EM
RT
RTS
RTE
TOA
Uuv
Vis
NIR
SZA
VAA
RAA
EA
PA
LOS
SOP
DOP
DOLP
FOV
SCD
dSCD
oT
SOT
dSOT
ISF
VCD
AOT
AMF
BAMF
RMS
RMSD
GT
UPS
HG

Differential Optical Absorption Spectroscopy
Retrieval of Atmospheric Parameters from Spec-
troscopic Observations using DOAS Instruments
Volume mixing ratio

Planetary boundary layer
Electromagnetic

Radiative transfer

Radiative transfer model

Radiative transfer equation

Top of the atmosphere

Ultra-violet spectral range

Visible spectral range

Near infra-red spectral range

Solar azimuth angle

Viewing azimuth angle

relative (viewing) azimuth angle
(Viewing) elevation angle
(Instrument) polariser angle

Line of sight

State of polarisation

Degree of polarisation

Degree of linear polarisation

Field of view

Slant column density

Differential slant column density
Optical thickness

Slant optical thickness

Differential slant optical thickness
Instrumntal slit function

Vertical column density

Aerosol optical thickness

Air mass factor

Box air mass factor

Root mean square
Root-mean-square difference
Glan-Thompson (polarising filter)
Undesired polarisation sensitivity
Henyey-Greenstein (approximation)
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E-field oscillation patterns and corresponding normalised Stokes vec-
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in this thesis. The corresponding references are listed in Table 13.1.
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Dependence of the aerosol extinction efficiency F on the size parame-
ter a for monodisperse aerosol of different refractive index $n. Figure
is adapted from Roedel and Wagner (2017). . .. . ... ... .. ..

[llustration of scattering matrices for monodisperse aerosol with n =
1.33 + 107% - ¢ and different size parameters o. The subplots show
effective phase functions for unpolarised incoming light (matrix ele-
ment Ppp), as well as for polarisations parallel (P;; + Py;) and per-
pendicular (P;; — Pyq) to the scattering plane. Grey lines and scales
indicate the DOLP after a single scatter event of initially unpolarised
light (Pi2/Py1). It has a sign here: positive and negative values indi-
cate polarisation perpendicular and parallel to the scattering plane,
respectively. . . . . . Lo

Mie aerosol size distribution in terms of normalised particle number
(N), particle surface area (A) and particle volume (V') for the "stan-
dard mixed aerosol" case that is assumed for several investigations
throughout this thesis (see Table 3.2). Vertical grey lines indicate the
number size distribution mode median radii. . . . . . ... .. .. .

Bulk aerosol optical properties for the standard mixed aerosol (see
Table 3.2). . . . ..

Mlustration of scattering matrices for different scattering processes on
molecules (top panels) and aerosols (lower panels). The Mie calcula-
tions were performed at A = 400 nm for the standard mixed aerosol
as defined in Table 3.2. The HG phase matrix assumes an asymmetry
parameter of gy, = 0.74. The data shown is similar to Figure 3.5.

Average remaining DOLP after single scattering of initially linearly
polarised light for different scattering processes. See text for the de-
tailed definition. . . . . . . . .. ..
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5.1

5.2

6.1

6.2

6.3

6.4

Mlustration of the MAX-DOAS measurement procedure. Left: spec-
tra of skylight recorded under different viewing directions contain in-
formation on the atmospheric state integrated along the effective light
paths, the latter indicated by the thick yellow arrows. The paths are
strongly simplified, as they are actually superpositions of a multitude
of light paths, potentially involving multiple scattering in the atmo-
sphere and on the Earth’s surface, as illustrated by the dashed thin
arrows. Right: Once measurements have been performed and spec-
trally analysed, an RTM is used to reproduce the observations in an
artificial atmosphere. The model parameters are adapted to bring
modelled and actual observations into closure, thereby approaching
the real atmospheric state. . . . . . ... ... 0L

lustration of Bayes’ theorem assuming Gaussian PDFs (adapted
from Rodgers (2000)). . . .. .. ..o

Example of a linear problem with two parameters (in a 2D state
space on the left) being retrieved from two measurements (in the 2D
measurement space on the right), assuming Gaussian PDFs. The
PDFs are depicted here as blurred ellipses with their mean values
indicated by cross markers. The a priori, measurement and solution
PDFs are depicted in green, blue and orange, respectively. For the
detailed description and interpretation, see main text. . . . . . . . . .

[lustration of the angles that define the viewing geometry. Further,
the FOV-plane (perpendicular to the instrument LOS), 6" and the
single scattering angle Oy, are indicated. . . . . . .. ... ... ...

Skylight polarisation patterns (Stokes parameters, normalised to ex-
traterrestrial irradiance and DOLP) produced by four different at-
mospheric constituents at 350 nm and SZA = 30°. Top row shows a
pure Rayleigh atmosphere, remaining rows include aerosol only. The
figure was adapted from Emde et al. (2010), the reader is referred to
the original publication for further details. . . . . .. .. ... .. ..

Angular position of the DOLP-amximum in the sky, described in
terms EAs « in the solar principle plane (RAA of ¢ = 180°). Com-
pared are the position ags, expected from single scattering consid-
erations and the "real" position ag;,,, derived from RT-simulations.

The polarisation orientation y in a Rayleigh atmosphere for a viewing
elevation angle of 1°. Each symbol represents a solar geometry and
indicates y as expected from single scattering considerations (dotted)
and x as obtained from RT-simulations (solid).. . . . .. ... .. ..
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6.5

6.6

6.7

6.8

6.9

6.10

7.1

7.2

7.3

Skylight polarisation patterns, produced by the bi-modal Mie-aerosol
introduced in Section 3.3.3. Rayleigh scattering was not considered

here. An exponential profile with 1km scale height and AOT of 0.4

was assumed. The figure is similar to Figure 6.2 . . . . . . . ... .. 63
Left: Two DOLP spectra recorded by the PMAX-DOAS instrument

(see Section 11) under similar geometries (SZA ~ 60°, RAA ~ 90°,

EA = 3°) but on two clear sky days with different aerosol conditions.
Right: coincident aerosol amount and properties as observed by the
nearby Sun photometer (see Section 12.4.3). . . . .. ... ... ... 65
Excentricity of the AMF modeled over the sky hemisphere in a Rayleigh
atmosphere in the two O4 absorption wavelengths at 360 and 477 nm,
respectively. Upper row show AMFs for Oy4, bottom row shows AMFs

for an arbitrary trace gas confined to lower altitudes (exponential
profile with scale height of 1km). . .. .. .. ... ... ... ... .. 66
Box-AMFs at 360 and 477 nm, respectively, for different AOTs. We
assume the Mie standard mixed aerosol introduced in Section 3.3.3.
Lines show conventional "non-polarimetric" bAMFs, while shaded ar-

eas indicate the variation with polariser angle. The assumed geometry

is RAA = 180°, SZA = 30° and EA = 30°, where these variations are
particularly large (compare Figure 6.7). . . . . . . . . ... ... ... 66
Dependence of radiance (left) and Oy AMF (right) on the polariser an-

gle of the observing instrument, simulated in a Rayleigh atmosphere

at 477nm. ... L 67
Dependence of the Oy AMF excentricity (and DOLP, for compari-

son) on the aerosol optical thickness. The applied aerosol properties

are defined in Table 3.2. The underlying geometry is SZA= 30°,
RAA=180°, EA=30° . . . . . . . . . . 68

Schematic overview of the RAPSODI retrieval algorithm. OEM is
used to iteratively optimise the parameters x to bring real and sim-
ulated measurements into closure. The individual components are
discussed in detail in the following subsections. Red labels next to
arrows indicate transformations to/from optimised units, as described
in Section 7.5. . . . . .. e 70
Hlustration of how dSOTs carry different kinds of information and
how they will be incorporated into the retrieval in this thesis. Fach
box represents a spectrum, recorded at a distinct elevation and po-
lariser angle (first and second number, respectively). Arrows repre-
sent dSOTs between them. Arrow colours indicate the kind of infor-
mation they carry (see text). . . . . . . .. .. ... 72
Typical set of input measurements y, depicted with the help of three
skylight example spectra, recorded with the PMAX instrument at
different PAs at a single viewing direction. For a detailed descriptions
please refer to the main text. . . . . . . . .. . ... ... . ...... 73
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8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

Schematic overview of the RAPSODI forward model. It makes use
of the PyRTS library, which in turn calls and communicates with the
VLIDORT-Mie module using textfiles. . . . .. ... .. .. .....

Dependence of the RAPSODI forward model computation time on
the number of simulated atmospheric layers (left) and the number of
applied half-space streams (right). . . . . . ... ... ... ... ...

Observed deviations of different simulated quantities (different sub-
plots) from the ground truth for different model vertical grids. Data
points represent the maximum deviation observed over a set of obser-
vations at different viewing geometries and wavelengths. Thin hori-
zontal black lines indicate typical measurement uncertainties. . . . . .

Observed deviations of different simulated quantities (different panel
rows) from the ground truth for different ny4, values. The left panel
shows results for gn, = 0.65 and low aerosol load (AOT = 0.25). The
right panel shows results for an asymmetry parameter of ¢ = 0.75 and
higher aerosol load (AOT = 1.0). Data points represent the maximum
deviation observed over a set of observations at different viewing ele-
vation angles and wavelengths. Horizontal black lines indicate typical
measurement uncertainties. The lowest row shows the distribution of
the deviations of all observations relative to the typical measurement
uncertainties as box-whisker plots, with boxes (whiskers) indicating
the 25th to 75th (5th to 95th) percentiles. . . . . . . ... ... ...

Different trace gas number concentration (a) and aerosol extinction
profiles (b) assumed for the simulation of the synthetic dSCDs. The
shaded areas in (b) indicate the location of fog and cloud layers with
an extinction coefficient of 10km™!. Figure is taken from Frief et al.

Comparison of dSCDs from the RAPSODI forward model (vertical
axis) and the median dSCD dataset provided by Friefs et al. (2019).

Comparison of retrieved (red lines) and true (green lines) vertical
profiles of aerosol extinction for each aerosol scenario (columns). Red
lines indicate the median of retrieved profiles for all SZA - RAA com-
binations. The (25 - 75%) and (5 %95 %) percentiles are shown as
grey boxes and whiskers, respectively. The blue line indicates the
a priori profile. . . . . ...

Same as Figure 8.6, but for trace gas concentration profiles for HCHO
and NO,. Here, the box-whisker plots represent the statistic over all
RAA-SZA combinations and aerosol scenarios. . . . . ... ... ...

Comparison of dSCDs for different species from the RAPSODI for-
ward model using full stokes RT simulations and the scalar approxi-
mation respectively. . . . . .. ..o
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8.9

8.10

8.11

9.1

9.2

9.3

9.4

Same data as in Figure 8.8 but depicted in the form of box-whisker
plots aggregated by the underlying aerosol scenarios. Grey shaded
areas indicate the typical detection limits from the DOAS spectral
analysis as proposed by Friefs et al. (2019). . . .. ... .. .. .. ..
Same data as in Figure 8.8, this time aggregated by different solar and
viewing geometries. Values for O, are given in molec? cm™°, values
for HCHO and NO; are given in molecem™2. . . . . . . . ... . ...
Normalised weighting functions of four key observables (columns) to
different parameters (rows) for multiple wavelengths (vertical axes)
and EAs in the solar principal plane (horizontal axes). See main text
for further details. Black dotted lines indicate wavelengths were O,
actually exhibits absorption bands (360, 477 and 577nm, compare
also Figure 3.3). . . . . . . ..

Aerosol area concentration (left) and trace gas concentration (right,
same profiles for HCHO and NOs) vertical profiles used as input for
the forward modelling of the synthetic data. Key properties of each
profile are also described in Table 9.2. . . . . . ... ... ... ....
Visualisation of Table 9.6. Shown are histograms of the DOFS ob-
tained for different parameter subgroups (see legend). Each occurence
corresponds to one atmospheric scenario. Trace gas profile DOFS
for NOy and HCHO have been summed up. Subplot rows show dif-
ferent measurement modes according to the labels on the left axes.
The histograms are peak normalised, the vertical axis therefore indi-
cates the number of occurences in arbitrary units. Histograms for the
modal fraction f are shown in separate panels on the right to main-
tain readability of the figure. The aerosol scenario Aer0 (no aerosol)
was excluded here. . . . ... L oo
Left panel: box-whisker plots of DOFS increase grouped by differ-
ent aerosol profile scenarios (different subplots) and parameter sub-
groups (box colors) for the Mie model case. A DOFS is the difference
in DOFS between the polarimetric (Multi-S-P) and non-polarimetric
(Multi-S) measurement mode. Right panel: average DOFS profiles
grouped by species (different subplots) for different measurement modes
as indicated in the legend. Horizontal grey lines indicate model layer
boundaries. . . . . ... L
Dependence of DOFS on AOT (left panel) and aerosol size (right
panel) for three different measurement modes and three state vector
element subgroups. Simulations were performed with Mie aerosol,
0 = 60°, ¢ = 90° and trace gas scenario TG1. In the right panel, a
monomodal size distribution is assumed. n; are average DOFS ob-
tained for the real and imaginary refractive indices at multiple wave-
lengths. The size parameter on the top axis was calculated from the
effective radius rors1 according to Eq. 3.54. . . . . .. .. ...
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9.6
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9.8

9.9

9.10

9.11

9.12

9.13

9.14
9.15

Left panel: dependence of the total DOFS on the viewing geometry,
namely different SZAs (line colors) and elevation scan RAAs (x-axis).
Simulations were performed with Mie aerosol and for the profile sce-
nario Aerl-TG1. Right panel: illustration of the tilted elevation scan
discussed in the main text. . . . . . . . ... ... L.
Correlation coefficient (sub-)matrix for the Mie aerosol case and the
Multi-S-P mode, averaged over all atmospheric scenarios and viewing
geometries. . . .. ... L
Same as Figure 9.7 but for the Multi-S-P-A-I mode. . . . . . . . . ..
Retrieval results for the Aerl-TG6 scenario and Mie aerosol. Different
subplot rows show different measurement modes (see captions on the
left). The first three subplot columns show profiles with altitude in
km on the y-axis. Remaining columns show values (y-axis) of other
state vector elements (see captions at the top), eventually for different
wavelengths (x-axis). Blue lines and symbols show a priori values,
green lines and crosses show true values. Orange thick lines and
circles show results for a noiseless retrieval while thin lines and dashes
indicate the results of the five retrievals with random noise added to
the observations. Transparent areas and bars indicate uncertainties. .
Retrieval results for the Aer7-T(G3 scenario and Mie aerosol. Descrip-
tion of Figure 9.8 applies. . . . . . . .. ... .. .. ... ... ...
Retrieval results for the Aer2-TG5 scenario and HG aerosol. Descrip-
tion of Figure 9.8 applies. . . . . . . .. .. ... L.
Retrieval results for the Aer5-TG2 scenario and HG aerosol. Descrip-
tion of Figure 9.8 applies. . . . . . . .. . ... ... ... ...
Deviations between the input observations ¥ and the modelled obser-
vations F (%) for the retrieved states X to investigate the quality of the
convergence. Subplot columns show different kinds of observations.
Subplot rows represent different measurement modes. Y-axes are oc-
currences in arbitrary units. Grey shaded areas indicate the assumed
measurement, uncertainties according to Table 9.1. RMS values are
given in the horizontal axes’ units.. . . . . . . .. ... ... ...
Statistical representation of all retrieval results, grouped by parame-
ter (different subplots) and different measurement modes (box colours
according to legend). The y-axis represents the difference to the true
value, normalised by the a priori uncertainty. Then latter is indicated
by the grey shaded areas. Where possible, dotted grey lines indicate
the a priori value. Deviations < 1 with little bias towards the a priori
indicate a successful retrieval. Boxes span the 25th to 75th, whiskers
the 5th to 95th percentile. Dashes indicate the median, diamonds the
median of the retrievals with noiseless observations. . . . . . . . . ..
Visualisation of Table 9.10. Figure is similar to Figure 9.2. . . . . . .
Statistical representation of all retrieval results, with increased noise
for polarimetric dSCDs. Figure is similar to Figure 9.13. . . . . . ..
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9.16

9.17

11.1

11.2

11.3
11.4

11.5

11.6

11.7

11.8

Statistical representation of the retrieval results for the Multi-S-P
and the Multi-S-P-A-T modes, with inhomogeneity noises of different
magnitude (x-axis indicates noise magnitudes in percent). The figure
is organised similar to Figure 9.13. For some parameters, statistics is
only performed over five available values and therefore, the whiskers
overlap with the box limits. . . . . . . ... ... ... ........

The change of DOFS obtained for different measurement modes and
parameter subgroups, if S, is scaled by a factor k,. Calculations were
performed for # = 60°, ¢ = 90°, Mie aerosol and Aerl-TG1 profiles.

Schematics and images of the PMAX-DOAS spectrometer and tele-
scope unit. . . . .. Lo

Optical fibre arrangement and FOV of the skylight telescope. The
image on the right shows the correlation between camera image pixels
and coincident spectrometer radiances. Blue and yellow indicate weak
and strong correlation, respectively. . . . . . . ... ..o

Optical fibre setup of the PMAX-DOAS instrument. . . . . . . .. ..

Typical efficiency curves for gratings with triangular grooves. Curves
are given for polarisations parallel (P) and perpendicular (S) to the
grooves. The figure was adapted from Palmer (2002). . . . .. .. ..

Polarisation sensitivity of the Acton 300i spectrometer. The sketch at
the top illustrates the experimental setup. The measurements were
performed at three different grating positions (circled numbers) to
achieve broad spectral coverage. Grey areas indicate the fitting ranges
later used for the DOAS spectral analysis (see Section 13.3). . . . . .

Guiding principle of a step index fibre. For incident angles o < a4z,
v exceeds 90°, resulting in total internal reflection at the core-cladding
interface and thus guiding of the ray within the core. The cladding
is typically surrounded by a strongly absorbing mantle (not shown in

136

the figure). Light leaving the core can therefore be assumed to be lost.138

A homogeneously birefringent fibre behaves like a waveplate. At small
incident angles «, the SOP of incident linearly polarised light at 45°
orientation with respect to the birefringence principal axes oscillates
between linear and circular SOPs over the fibre length. . . . . .. ..

Observed behaviour of vertically linearly polarised light in a short
fibre (diameter of 600 pm and length of 0.5m). Top panel illustrates
the measurement setup. Left plots show normalised intensities de-
tected with the spectrograph for a straight (top) and a bent fibre
(bottom, bending radius of ~ 12 cm in the plane 45° to the horizon-
tal). Right plots show the results of a simple linear retarder model
according to Equation 3.35, fitted to the data. Fitted parameters are
the difference in refractive index An between the fast and slow axis,
and the orientation d of the polariser with respect to the fast axis. .

. 142



11.9 Observed behaviour of initially linearly polarised light in a long fibre
bundle (seven fibres of 150 pm diameter and length of 10m). The
measurement setup is illustrated at the top. Four configurations were
investigated (see subplot labels and main text for explanations). Left
panel: DOLP and polarisation orientation (indicated by the marker’s
orientations) emerging from the individual fibres for each of the four
configurations. Right panel: "Images" of the DOLP, as observed with
the CCD through the analyser. . . . .. .. ... .. .. .......

12.1 Image of the MOHP. The positions and approximate viewing geome-
tries of the relevant instruments, including the PMAX-DOAS, are
indicated. Image provided by Koehler (2021) . . . . ... ... .. ..

12.2 Topography around the MOHP within a radius of 50km. Earth’s
curvature is taken into account. Top: topographic map (laeft) and
horizon elevation as seen from the PMAX-DOAS on the tower bal-
cony (right). The dashed line indicates the elevation scan azimuth
direction. Bottom: cross-section of the MOHP topography along
the elevation scan direction. Altitude data originates from NASA’s
Shuttle Radar Topography Mission (van Zyl, 2001), parsed using the
Python-SRTM library (Charnock, 2020). . . . .. .. ... ... ...

12.3 West view from the tower balcony. Left: DWD-Webcam image with
the approximate PMAX-DOAS elevation scan geometry indicated in
red. Right: Image from the PMAX-DOAS telescope camera. . . . . .

12.4 Illustration of the PMAX measurement procedure over the day. De-
pending on the SZA, different measurement patterns are performed
and repeated. . . . . . ...

12.5 Data from the Sun photometer over three investigated days. Shaded
areas indicate uncertainties, where available. Lines with small dot
markers indicate Level 1.5 data. Those that "survived" the Level 2.0
quality filters are circled. . . . . . .. . . ... L

12.6 Scaled ceilometer backscatter profiles for the three investigated days.
Top row shows aerosol surface area concentrations, bottom row shows
extinction coefficient profiles at 477 nm. For better comparability, the
zero altitude and the vertical grid correspond to the settings later
applied in the retrieval (see Section 14.3).. . . . . . . .. .. ... ..

13.1 Validation of the PMAX-DOAS azimuthal pointing by comparing
camera images of the horizon in different directions with the horizon
elevation calculated from NASA SRTM data (coloured lines). The
camera in the telescope is not perfectly horizontally aligned, which
causes some of the deviations at the image borders. . . . . . . .. ..

13.2 Comparison of the theoretical and observed orientation of skylight
polarisation in the zenith viewing direction over one day (2020-04-08)
between 350 and 450 nm. See text for further details. . . . . . . . ..
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13.3

13.4

13.5

13.6

13.7

14.1

14.2

14.3

15.1

15.2
15.3

Sensitivity of Oy SCDs and SOTs in the principal plane (RAA ¢ =
180°, SZA 6 = 30°) to changes in the EA a and PA §. O4 SCD (So,)
1 950, | g |1 950,

So; da S, 05
(1) sensitivities are given in [2Z] and |[Z]. . ... ...
Relative variability in skylight radiance, observed between spectra of
equal PA, for a clear sky day (2020-04-05, top row) and a day with
nearly continuous cloud cover (2020-03-26, bottom row). Correspond-
ing DWD-webcam images on the right illustrate the conditions.

Left panel: typical CCD offset and dark current spectra. Right panel:
pixel to wavelength calibration using a mercury gas lamp spectrum.
Results of two example DOAS fits in the UV (top) and Vis (bottom)
spectral range. Black lines show the observed SOT, red lines indicate
the fitted DOAS model (see Equation 4.13). The vertical axis indi-
cates optical thicknesses. Numbers above the subplots represent the
fit results (standard deviation for the residual, dSCDs for trace gases
and Ring coefficient kg in the case of the Ring spectrum . . . . . ..
Time-series of UV DSCDs of all three species over the investigated
days at selected elevation angles. . . . .. . ... ... 0.

sensitivities are given in , respectively. SOT

Mustration of the EA adaption for the RAPSODI forward model. «
and o/ indicate the real and the model elevation angle, respectively.
Radiances (\) reflected from the ground towards the PMAX-DOAS
instrument (2020-04-05), normalised by the cosine of the SZA cos(6).
Assuming Lambertian reflection, I(\)/ cos(f) is an approximate mea~
sure for the ground’s reflectivity. I(\) was inferred by extrapolating
the radiances observed at all negative EAs (-1, -2 and -4°) to an EA of
—90° to remove the impact of atmospheric effects, e.g. light dilution
between surface and instrument. . . . . ... ..o
[llustration of the basic atmospheric settings. The left panel shows the
entire grid (grey lines indicate model layer boundaries) with example
profiles (noon on 2020-04-05) of parameters that are not retrieved.
Right panel shows a zoom into the lowest kilometre, with the PMAX-
DOAS instrument altitude and the a priori profiles for aerosol and
trace gases (NOy and HCHO) indicated. . . . .. ... .. ... ...

Comparison of measured and modelled O, dSCDs at 360 nm in units
of 10" molec?cm™ (vertical axis). The model atmosphere was set up
to best knowledge from Sun photometer and ceilometer observations.
For orientation regarding the geometries: the RAA changes over the
day from 190° at 7:00h to 30° at 16:00h. The minimum SZA over the
day is about 40°. . . . .. .. Lo
Same as Figure 15.1, but for O4 at 477nm . . . . . .. .. ... ...
Same as Figure 15.1 but for HCHO dSCDs at 343nm and without
modelled data. DSCDs are in units of 10' moleccm™ (vertical axis).
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15.7

15.8

16.1

16.2

16.3

16.4
16.5

16.6
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