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Abstract

Urban air quality is a major concern in the context of human health since cities are at the same
time emission hot spots and home to a large fraction of the world’s population. Airborne imag-
ing spectrometers may be a valuable addition to traditional air pollution monitoring networks
as they can be used to map the spatial distribution of air pollutants such as nitrogen dioxide
(NO>) at high spatial resolution. Retrieving NO, concentrations from such measurements
requires information about the average path of the photons collected by the spectrometer,
which depends on observation and solar geometry, surface reflectance, and atmospheric
scattering by air molecules and aerosols. This is usually accounted for by an air mass factor
(AMF) computed with a radiative transfer model (RTM). Since scattering processes are not
homogeneous in the atmosphere, so-called box AMFs representing the AMFs for defined
spatial grid boxes are calculated before being integrated to a total AME The actual 1D-layer
AMFs (only account for vertical inhomogeneity of the atmosphere), traditionally used for NO»
retrievals, are not sufficient to resolve the high spatial variability of NO, concentrations in
cities. As a result, measured NO, distributions of such measurements are much smoother than
one would expect from looking at other mapping techniques in cities (e.g., high-resolution
dispersion model simulations of NO,). Therefore, I study the impact of 3D and buildings in
the radiative transfer calculation on the NO, concentrations retrieved from ground-based
and airborne spectrometers. In this study, AMFs are computed with the MYSTIC solver of the
libRadtran RTM. MYSTIC uses a Monte Carlo technique to simulate photons journeys in the
atmosphere and retrieve different radiative transfer (RT) quantities. The MYSTIC AMF module
has been extended to be a 3D radiative transfer code and is now able to account for complex
ground features (i.e., buildings). With synthetic case studies, I demonstrate the importance
of considering 3D features in the radiative transfer calculations. Considering the 3D path
of photons in the retrievals affects the spatial structure of the sensitivity of ground-based
and airborne instruments. Considering 3D radiative transfer features induces a horizontal
smearing of the sensitivity, especially of features with high NO, concentrations, as for example
exhaust plumes or roads. Buildings reduce the instrument sensitivity to the near-surface NO,
and induce noticeable random noise that might explain part of the uncertainty observed in
the retrieved NO, maps. Moreover, I implemented the developed features in the Empa APEX
NO; retrieval algorithm and retrieved vertical column densities (VCD) and high-resolution
near-surface NO, concentrations from the APEX airborne imaging spectrometer. Finally I
evaluate the quality of near-surface NO, concentration maps by comparing the results to in
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Abstract

situ measurements. The new modules are essential for analyzing NO, remote sensing data
over cities as they will reduce systematic errors and spatially better allocate measurements.
This pioneer research is intended to help the community identifying problems that might
appear with the fast increase in horizontal resolution of satellites. The possible high resolution
maps obtained from high-resolution trace gas remote sensing can support city authorities and
different teams in the scientific community to access high-resolution ground NO, concentra-
tions maps, to study urban air quality and to support urban development planning.

KEYWORDS - air pollution; radiative transfer modelling; trace gas remote sensing; nitrogen
dioxide; airborne spectroscopy; photons paths in the urban canopy
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Résumé

La qualité de I'air urbain est une préoccupation majeure dans le contexte de la santé humaine,
car les villes sont a la fois des zones d’émissions et le lieu de résidence et d’activité d'une
grande partie de la population mondiale. Les spectrometres aéroportés peuvent constituer
un complément précieux aux réseaux traditionnels de mesure de surveillance de la pollution
de l'air, car ils peuvent étre utilisés pour cartographier la distribution spatiale de polluants
atmosphériques tels que le dioxyde d’azote (NO>) a haute résolution spatiale. La récupéra-
tion des concentrations de NO- a partir de telles mesures nécessite des informations sur le
trajet moyen des photons collectés par le spectrometre, qui dépendent de la géométrie de
la mesure, de la position du soleil, de I’absorption et de la réflectance de la surface, ainsi
que de I'absorption et de la diffusion atmosphérique par les molécules de I'air et par les
aérosols. Ce phénomene est généralement pris en compte par un facteur appelé "air mass
factor" (AMF) calculé a I'aide d'un modeéle de transfert radiatif (MTR). Comme les processus de
diffusion ne sont pas homogeénes dans I’atmosphére, des box-AME représentant les AMF pour
des cellules spatiales définies, sont calculés avant d’étre intégrés en AMF total. Les AMF de
couches 1D (i.e. 1D-layer AMFs, qui ne tiennent compte que de I'inhomogénéité verticale de
I'atmosphere), traditionnellement utilisés pour la récupération de NO,, ne sont pas suffisants
pour résoudre la grande variabilité spatiale des concentrations de NO, dans les villes. Par
conséquent, les distributions de NO, mesurées sont beaucoup plus lisses qu’attendues et
comparées a d’autres techniques de cartographie de polluants dans les villes (par exemple, de
modeles de dispersion de NO, a haute résolution). Par conséquent, j'étudie 'impact de la 3D
et des batiments dans le calcul du transfert radiatif sur le NO, récupéré a partir de spectro-
metres terrestres et aéroportés. Dans cette étude, les AMFs sont calculés avec le solutionneur
MYSTIC du MTR libRadtran. MYSTIC utilise une méthode de Monte Carlo pour simuler les
trajets des photons dans I’atmospheére, pour ainsi calculer différentes quantités de transfert
radiatif (TR). Le module AMF de MYSTIC a été étendu pour devenir un code de TR 3D et est
maintenant capable de tenir compte de caractéristiques complexes du sol (par exemple les
batiments). A 'aide d’études de cas synthétiques, je démontre I'importance de la prise en
compte des caractéristiques 3D dans les calculs de transfert radiatif. La prise en compte de la
trajectoire 3D des photons dans la récupération affecte la structure spatiale de la sensibilité de
I'instrument, qu’il soit terrestre ou aéroporté et induit un lissage horizontal de la sensibilité, en
particulier pour les éléments a forte concentration de NO», comme par exemple les panaches
de pollution ou les routes. Les batiments réduisent, quant a eux, la sensibilité des instruments



Résumé

a la concentration de NO, proche du sol et induisent un bruit aléatoire important qui pourrait
expliquer une partie de I'incertitude dans les cartes de NO,. J’ai également implémenté les
modules développés dans la routine de récupération de gaz a I'état de traces de 'Empa et
récupéré des concentrations contenues dans une colonne atmospherique donnée (appelé
VCD) et des cartes a haute résolution de NO, proche de la surface a partir du spectromeétre
aéroporté APEX. Enfin, j’évalue la qualité des cartes de NO, proche de la surface en compa-
rant les résultats aux mesures in situ. Les nouveaux modules sont essentiels pour I'analyse
des données de télédétection de NO, au-dessus des villes, car ils permettront de réduire les
erreurs systématiques et de mieux comprendre la composante spatiale des concentrations.
Cette recherche pionniéere a pour but d’aider la communauté a identifier les problemes qui
pourraient apparaitre avec I'augmentation rapide de la résolution horizontale des satellites.
Les cartes a haute résolution obtenues par la télédétection de gaz a I’état de trace peuvent
aider les autorités municipales et différentes équipes de la communauté scientifique a accéder
a des cartes de concentration de NO; afin d’étudier la qualité de I'air urbain et de soutenir la
planification du développement urbain.

Mots-clés — pollution de I'air; modélisation du transfert radiatif; télédétection des gaz a I'état
de traces; dioxyde d’azote; spectroscopie aéroportée; trajectoires des photons dans la canopée
urbaine
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SAA ... Solar azimuth angle

SBI ............... Spectrolite Breadboard Instrument - airborne spectrometer
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SZA ............... Solar zenith angle

TOA .............. Top of the atmosphere

Y/ V. Viewing azimuth angle
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1§ General introduction

1.1 Air pollution

Air pollution presents a major threat to health and climate, as it is the largest environmental
cause of disease and premature death in the world today (Landrigan et al., 2018). Short
or long-term-exposure to air pollution can have severe impacts on human health with e.g.,
inflammation of the entire respiratory system or premature death (Bell et al., 2006; Beelen et al.,
2014; Landrigan et al., 2018) and on ecosystems (Bouwman et al., 2002). It can also increase the
effects of other environmental stresses such as pollen-induced respiratory allergies (D’Amato
et al.,, 2014) and heat stress (Fischer and Schir, 2010; Garcia-Herrera et al., 2010). Nitrogen
dioxide (NO3), ozone (O3), and particulate matter (PM) are considered as the most harmful air
pollutants in Europe (Guerreiro et al., 2014), as air pollution concentration limits, which are set
by European and Swiss legislations, are frequently exceeded in urban areas where population
densities are highest (BAFU, 2020). The World Health Organization recently updated its
recommendations for the air pollution concentration limits (World Health Organization,
2021).

1.2 Nitrogen dioxide and its spatial and temporal variability in cities

Nitrogen oxides (NOx = NO + NO») are important precursors of tropospheric ozone and
particulate matter that respectively play an important role in the formation of photochemical
smog and wintertime air pollution (Crutzen, 1970; Steinbacher et al., 2007). The NOx air
pollutants are mainly emitted by road traffic but also by residential heating, industrial facilities,
power plants and some other sources. Because of these localized emissions and the short
lifetime of a few hours (Schaub et al., 2007), NO, concentrations are characterized by high
spatial and temporal variability, especially when atmospheric mixing is low. Because of this
spatial variability, estimations of population exposure to NO, remains very challenging, and
high-resolution pollution maps are therefore needed.
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Figure 1.1 — NO; columns retrieved from APEX imaging spectrometer and from city-scale
GRAMM/GRAL modelling system (preliminary results shown by Kuhlmann et al. (2017)).

The number of in-situ NO, measurement sites strongly increased in the past 40 years with the
setup of regional and national monitoring networks such as NABEL in Switzerland (BAFU,
2020), but the density of the measurement network is still too low for resolving the spatial
variability of the air pollutant within cities. One approach to overcome these limitations is to
combine in-situ observations with geostatistical models such as land-use-regression models
to generate city-wide maps (e.g. Mueller et al., 2015), but the sparseness of the measurement
network limits the accuracy of the method. Deploying numerous low cost air quality sen-
sors has also been exploited, but the precision and stability of the measurement remains a
major obstacle (Heimann et al., 2015). Other alternatives are ground-based remote sensing
instruments including concurrent multi-axis Differential Optical Absorption Spectroscopy
(DOAS) and tomographic long-path DOAS systems (Leigh et al., 2007; P6hler, 2010). These
instruments present the disadvantage that they usually measure trace gases above the urban
canopy, and therefore miss the important close-to-ground NO, concentrations. Furthermore,
they measure the integrated NO, along the line of sight and to obtain accurate high-resolution
air pollution maps for a city, a large amount of theses costly instruments and scanning paths
are required (e.g., applying the Tomographic Differential Optical Absorption Spectroscopy -
Tom-DOAS - technique described in Pundt et al. (2005)). Alternatively, air pollution dispersion
models have been used to produce high-resolution air pollution maps at city scale (Berchet
etal., 2017). This method critically depends on the quality of the underlying emission invento-
ries and is computationally expensive to run over long periods (see NO, columns from the
GRAMM-GRAL dispersion model on the right illustration in Fig. 1.1).

Alternative measurement methods are imaging spectrometers placed on satellite, aircraft,
drones, and in the future possibly on High-Altitude Pseudo-Satellites (HAPS). An example
is the airborne prism experiment (APEX) imaging spectrometer, which has been developed
by a Swiss-Belgian consortium on behalf of the European Space Agency (ESA) and has been
flown on an aircraft in various projects on behalf of the European remote-sensing community
(Schaepman et al., 2015). The APEX instrument was one of the first airborne spectrometers

2
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Table 1.1 - APEX specifications

Parameter Visible & Near Infrared
Wavelength range 380-970 nm

Spectral resolution (FWHM) 0.6-6.3nm

FOV across track 28°

IFOV across track 0.0028°

Swath width 3100 m

Ground speed 72ms™!

Exposure time 58 ms

O6SCD detection limit 3.3x 10" molec cm™2
Scanning Push broom

Across-track spatial resolution 60m
Along-track spatial resolution 80 m
Scanning Push broom

suited for high-resolution NO, remote sensing in cities (Popp et al., 2012) (e.g., see NO>
columns from the APEX instrument on the left illustration in Fig.1.1). Several APEX campaigns
were conducted, where the instrument was installed on board of an German Aerospace Center
(DLR) Dornier Do-228 airplane and flown over Zurich (between 2010 and 2016), Munich
(in 2016) and other European cities to retrieve NO, maps with a spatial resolution of 50 m
for the NO, product. Airborne spectroscopy presents the advantage of resolving the spatial
distribution of the pollutant, but uncertainty in the measurement and in the retrieval remains
large. Furthermore the relation between the measured column and the ground concentration
is complex and the measurement only represents a snap-shot of the distribution at the time of
the flight.

1.3 NO; retrieval from airborne spectrometers

Trace gas measurement with a spectrometer require a series of steps to retrieve the targeted
trace gas quantity, here NO,. First, the incoming light is split in discrete wavelength bands
by a dispersion medium (e.g., prism, grating), then sensors, composed of e.g., CCD detectors,
measure several wavelength bands. Once digitized, the measured signal is undergoing a
complex spectral in-flight and off-line calibration (Hueni et al., 2013), from which a calibrated
high resolution spectrum is obtained for every observed pixel. APEX is a push broom scanner,
which means that it simultaneously measures several pixels in the across-track direction of
flight (with a field of view of 28°) (see details in Tab. 1.1 based on https://earth.esa.int/web/
eoportal/airborne-sensors/apex, last access 6 January 2022 and on Tack et al. (2019)).

The most commonly applied trace gas retrieval method in the ultraviolet, visible and near-
infrared spectral range is the differential optical absorption spectroscopy (DOAS) (Platt and
Stutz, 2008). It fits absorption cross sections of trace gases to the logarithm of the ratio of the
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measured spectrum and a reference spectrum based on the Beer-Lambert law. Broadband
variations in the spectrum by atmospheric and ground effects are accounted for by a low order
polynomial. The DOAS retrieval is usually computed using a dedicated retrieval software. The
data used in this PhD thesis, was obtained using the Empa APEX NO, retrieval algorithm (also
used in Kuhlmann et al., 2022) using the flexDOAS python DOAS retrieval library (Kuhlmann,
2021). The result of the DOAS retrieval is a slant column density (SCD), which is the integrated
trace gas concentration along the optical path of the sunlight scattered towards the spectrom-
eter (see SCD sketch in Fig. 1.2a). The optical path depends on the illumination and viewing
geometry, on absorption and scattering by air molecules, aerosols and clouds, and surface
reflectance.

(@ (b)

Figure 1.2 — Schematic representation of (a) SCDs and (b) VCDs for an airborne spectroscopy
measurement with NO, molecules in red and blue.

A physically more meaningful quantity that is independent of the measurement geometry is
the vertical column density (VCD), which is the integrated trace gas concentration from the
ground to the top of the considered atmosphere (e.g., the top of the atmosphere - TOA)(see
VCD sketch in Fig. 1.2b). The ratio between SCD and VCD is defined as an air mass factor
(AMF) (Solomon et al., 1987), which can be computed with a radiative transfer model (RTM).
To account for the vertical variability in atmospheric properties, AMFs are usually computed
for discrete vertical layers (layer AMFs) assuming horizontal homogeneity (Palmer et al., 2001;
Wagner et al., 2007; Rozanov and Rozanov, 2010).

1.4 Radiative transfer models in NO, retrievals

In the past decades, numerous RTMs have been developed with the possibility to calculate
one-dimensional layer AMFs (e.g., Berk et al., 1999; Postylyakov, 2004; Rozanov et al., 2005;
Wagner et al., 2007; Spurr et al., 2001; Iwabuchi, 2006; Iwabuchi and Okamura, 2017). The
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1.5. Challenges in NO, retrievals from airborne spectrometers

computation of layer AMFs is implemented in most trace gas retrieval algorithms for satellite
and ground-based observations applied today (Boersma et al., 2011; Irie et al., 2011; Wenig
et al., 2008; Wu et al., 2013). An alternative method is direct fitting, which is used in few
algorithms (e.g., GODFIT in Lerot et al., 2010). The direct fitting method directly fits simulated
backscattered spectral radiances from a radiative transfer model to measured radiances. For
some specific applications, e.g., where the computation time for AMFs calculation is critical,
precalculated lookup tables are used (e.g. Lee et al., 2009; Boersma et al., 2011).

In this PhD-thesis, I will use the Monte carlo code for the phYSically correct Tracing of photons
In Cloudy atmospheres (MYSTIC) as solver of the libRadtran RTM (www.libradtran.org, last
access: 25.11.2021), which uses a Monte Carlo method to compute photon paths in the
atmosphere, accounting for scattering and absorption processes in the atmosphere and on
the ground. More details about MYSTIC will be presented in Chap. 2.

1.5 Challenges in NO, retrievals from airborne spectrometers

Current airborne imaging spectroscopy retrievals assume horizontal homogeneity of ground
and atmospheric absorption and scattering properties, and therefore apply 1D-layer AMFs to
convert the measured SCDs to VCDs. High resolution air pollution maps obtained from air-
borne spectroscopy appear much smoother than what would be expected from the instrument
spatial resolution and compared to maps from other air pollution mapping techniques (e.g.,
NO; columns from APEX compared to maps obtained from the GRAMM-GRAL city-scale dis-
persion model in Fig. 1.1, respectively left and right). Small structures (e.g., smaller roads) are
not visible on airborne spectrometer maps, even if the spatial resolution for NO, is supposed
to be lower than 50 x 50 m?.

Part of the observed smearing of the NO, distribution may be attributable to atmospheric
dispersion and mixing processes or to fast chemical processes affecting the NO, concentra-
tions. Another part of the smearing may be induced by 3D radiative transfer effects, i.e., by the
many different paths the photons followed through the atmosphere before being collected by
the spectrometer. These paths are affected by illumination and measurement geometries, by
atmospheric scattering processes, and by ground reflecting properties. The measured signals
thus contain information collected along all these 3D paths.

In cities, absorption and reflecting properties affecting photons paths are highly inhomoge-
neous (e.g., NO, distribution or building shapes), and therefore the induced radiative transfer
effects need to be studied, in the broader scope of airborne spectroscopy trace gas mapping.
Those effects could become even more relevant as the spatial resolution of instruments in-
creases with time. Newly launched satellites and future satellite missions with higher spatial
resolution (e.g., GHGsat, Sentinel-2, CO2M, Nitrosat) might also face the described smearing
issue in the future.
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1.6 Research question and approach

The PhD thesis focuses on radiative transfer effects on airborne spectroscopy retrievals, es-
pecially the effects of 3D radiative transfer including the effects of buildings on the AMF
calculation. The thesis is a core part of the HighNOCs project, whose goals were to develop
and advance methods to derive high-resolution near-surface concentrations of NO, from
airborne imaging spectrometers. The overarching goal of the project was to provide reliable,
city-wide maps (<50x50 m? resolution) of near-surface NO, concentrations in order to bet-
ter understand their sources and spatial distribution, and to evaluate the potential of this
novel technology to complement ground-based urban air pollutant observations. MY specific
contributions to the project were to validate and extend an existing radiative transfer model
with 3D capabilities and to perform sensitivity studies. The goal of my work was to describe,
understand and quantify the part of the smearing observed in NO; columns, obtained from
airborne spectrometers flying over cities, attributed to the radiative transfer (see previous
section and the smeared NO, maps in Fig. 1.1 left). Therefore, the following specific questions
were formulated and addressed in this PhD thesis:

* What are the effects of 3D radiative transfer on airborne and ground based trace gas
remote sensing?

* How do the buildings and the 3D optical path affect airborne imaging spectrometers?

¢ Can we improve the NO, VCDs and the near-surface concentration products if 3D and
buildings radiative transfer effects are accounted for in the trace gas retrieval from
airborne spectrometers?

To answer these questions, the MYSTIC radiative transfer solver had to be extended, first
to include 3D-box AMFs calculations and then the urban canopy, to be able to account for
complex surface properties (i.e., buildings). These extensions are fundamental to study the
radiative transfer effects on NO, retrieval from airborne spectroscopy. Before addressing the
individual questions presented above, I compare the 3D implementation with 1D-layer AMFs
simulations from MYSTIC and other RTMs to verify the implementations and validate the
developed MYSTIC modules. The implementation of 1D-layer and 3D-box AMFs into MYSTIC
and its comparison with other RTM are presented in Chap. 3.

To study the 3D radiative transfer (RT) effects on trace gas retrieval from airborne spectroscopy,
I first show the spatial distribution of the sensitivity of different instruments. Assessing
the spatial structure of the sensitivity distribution, helps to identify the underlying physical
processes that we will address in the following chapters. Second, I set up synthetic, close to
real, scenarios, to study the effects in controlled environments, where I define the numerous
parameters affecting the photon paths in the atmosphere. I also show the effect of 3D-box
AMFs on the calculation of total AMFs. These synthetic case studies are presented in Chap. 3
and 4.
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To evaluate the importance of considering and studying the effects of buildings in trace gas
retrievals, I included buildings in the synthetic scenarios, and compared the simulations with
and without buildings. In high-resolution simulations including real building data, I show
the underlying physical processes impacting the radiative transfer calculation. The effects of
buildings are presented in Chap. 4.

Last but not least, in Chap. 5,  implement the developed RT features in the Empa APEX NO,
retrieval algorithm and evaluate the effects of 3D RT and buildings on real APEX measurements
from different measurement campaigns over Zurich. I also compare the near-surface NO,
concentration product calculated with the developed modules with immission measurement
at air pollution monitoring sites.

1.7 Outline

This thesis is composed of a general methods section and three main chapters (chapter 3, 4 and
5). The content of chapters 3 and 4 was published in Atmospheric Measurement Techniques
(Schwaerzel et al., 2020, 2021), and the content of chapter 5 is planned to be submitted to a
peer-reviewed scientific journal after the submission of the thesis. In chapters 3, 4, and 5, I
used the "we" pronoun, as it was (and will be) used in the published versions. Chapters 2, 3,4
and 5 are briefly described here:

Chapter 2: General methods

The General methods chapter will present the methods and mathematical background shared
by the chapters 3, 4 and 5. Methods specific to a given chapter will be addressed there.

Chapter 3: Three-dimensional radiative transfer effects on airborne and ground-
based trace gas remote sensing

This chapter presents the validation of the 1D-layer AMFs module and its extension to 3D
in the MYSTIC radiative transfer solver of the libRadtran RTM. The implementation was
validated against a model cross-validation study from Wagner et al. (2007). The developed 3D
module is shown to have an impact on the sensitivity distribution of ground-based MAX-DOAS
measurements and airborne spectrometers. Additionally, we demonstrate the 3D effect on
emission estimation from a synthetic NO, plume imaged by an airborne spectrometer.

Chapter 4: Impact of 3D radiative transfer on airborne NO, imaging remote sens-
ing over cities with buildings

This chapter describes the implementation of complex surface properties (buildings) into
the MYSTIC radiative transfer solver. I also present the spatial distribution of the sensitivity
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to NO; of an airborne spectrometer and study the impact of the 3D-box AMFs and Urban
Canopy MYSTIC modules on the NO», retrieval with synthetic but realistic case studies over
Zurich.

Chapter 5: APEX airborne spectrometer NO, VCDs and near-surface NO, concen-
trations obtained with 3D-box AMFs

In this chapter, I apply the developed 3D radiative transfer and the buildings features to real
APEX data obtained during measurement campaigns in 2010, 2013 and 2016 in Zurich. I also
compute ground NO, concentrations combining APEX airborne spectrometer data, 3D-box
AMFs with buildings and NO; a priori fields from the GRAMM-GRAL city-scale dispersion
model, and compared the results with near-surface NO, concentrations measurements at air
pollution measurement sites in the canton of Zurich.
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2.1 Trace gas remote sensing and radiative transfer

Atmospheric trace gases can be measured with ground-, aircraft- and space-based spectrome-
ters that measure solar irradiance scattered into the line of sight of the instrument (see Fig. 2.1).
In the case of aircraft- and space-based observations, a large fraction of the measured photons
usually travels along a main path (thick dashed line) representing a single reflection at the
surface. In the case of ground-based observations, the measured photons must follow a path
with at least a single atmospheric scattering into the line of sight of the instrument (except
for direct sun observations). Atmospheric scattering and absorption are determined by the
distribution and properties of molecules, aerosols, and clouds and they depend on the wave-
length of the radiation. Molecular scattering is particularly important in the UV range of the
spectrum. Photons are absorbed by the trace gases along the optical path from the sun to the
instrument. For a weak absorber such as NO,, the abundance of the trace gas along the mean
optical path can be obtained by fitting an absorption cross section to the measured spectrum,
which we introduced previously as the DOAS technique. Thereby, the mean optical path is the
total length of all individual photon paths divided by the number of photons collected by the
instrument. The result of the fit is a SCD, which is defined as

SCD = c(hdl, 2.1)
path

with trace gas concentration ¢ and pathlength d!. SCDs are not an intrinsic property of the
atmosphere, since they depend on the illumination and viewing geometry. Therefore, for most
applications, the main quantity of interest is the VCD. It is defined as

Zto
VCD = f " c(2)dz, 2.2)
20

with surface elevation zy and top of the considered atmosphere z;,,. The conversion factor
from SCDs to VCDs was introduced as an AME
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Figure 2.1 - Illustration of the difference between 1D-layer (a,b) and 3D-box AMFs (c,d) for
two scenarios with downward-looking spaceborne (a,c) and upward-looking (orange array)
ground-based (b,d) observations. Selected photon paths are shown as dashed lines and
the thick dashed line represents the main optical path. 1D-layer AMFs implicitly assume
horizontally uniform atmospheric and surface properties, whereas 3D-box AMFs fully account
for both vertical and horizontal variability.

2.2 Air mass factors

The air mass factor (AMF) can be defined as

SCD
AMF = ——, (2.3)
vVCD

ignoring the path-dependency of the absorption cross section. The AMF can be computed for
a vertically varying atmosphere by dividing the atmosphere in layers with uniform properties
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(see Fig. 2.1a and b). The total AMF is then computed from the individual layer AMFs as

Y2 AMFVCDy
Y., VCDy

AMF = (2.4)

with AMFj and VCDj being the AMF and VCD in the k-th layer, respectively. The total AMF is

thus not only a function of the atmospheric properties in each layer but also of the shape of
the vertical profile of the trace gas (Palmer et al., 2001).

Alternatively, the atmosphere can be divided in boxes in all three dimensions (i, j, k) with
homogeneous optical properties within each box (see Fig. 2.1c and d). Therewith, the total
AMF accounts for the 3D distribution of the trace gas. The total AMF can be computed from
the 3D-box AMFs AMF; j i as

Y X T AMF; jkVCD, ik

AMF -
Y VCDy

) (2.5)

where the denominator is a sum over VCDs in k different vertical layers that could, for example,
be taken at the location of an instrument or above the ground pixel of an aircraft- or space-
based instrument. In this case, the AMF can be interpreted as the instrument sensitivity to the
trace gas under investigation for measuring that specific VCD.

2.3 Radiative transfer models

Atmospheric RTMs compute the radiative transfer of electromagnetic (EM) radiation through
the atmosphere. EM radiation can originate from the sun, stars, the atmosphere, the Earth sur-
face, synthetic light (e.g., lasers), and from other sources. In passive remote sensing, the sun is
usually used as a light source. RT solvers use diverse methods to solve the integro-differential
radiative transfer equation. For 1D radiative transfer models, a technique commonly applied
is the so-called discrete ordinate technique where a system of linear differential equations is
obtained after a Fourier and Legendre decomposition of the equation terms and by approxi-
mating the integral over all angles by a sum over discrete angles. Another computationally
more expensive, but popular method is the Monte Carlo technique, which is particularly well
suited for 3D radiative transfer modelling, as it calculates 3D paths of individual photons af-
fected by atmospheric and ground scattering, and absorption properties. A Monte Carlo based
RTM traces individual photons from the source (e.g., sun) to the instrument (e.g., airborne
spectrometer) accounting for ground and atmospheric interactions. Photon paths are treated
as a combination of random decisions with a given probability distribution for each interac-
tion (e.g., probability distribution of the scattering direction). By tracing several thousands of
photons, the averaged photon paths reaching the instrument become representative of the
actual photon paths in the atmosphere (Mayer, 2009).

In this study we use MYSTIC, which is operated as one of about ten different radiative transfer
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equation solvers of the libRadtran package (Mayer and Kylling, 2005; Emde et al., 2016).
The MYSTIC RT solver is based on the Monte Carlo principle to calculate different radiative
quantities such as irradiance, radiance, absorption, emission, actinic flux, photon’s path length
and air mass factors (Mayer, 2009; Emde and Mayer, 2007; Schwaerzel et al., 2020). MYSTIC
divides the atmosphere into 1D vertical layers or 3D grid boxes with homogeneous optical
properties and saves the mean photon path length within each layer or box.

Here, I summarize MYSTIC’s main steps to retrieve AMFs. The MYSTIC Monte Carlo code is
extensively described in Mayer (2009). First, the (solar) photon starts at a random location
on the TOA with the given solar zenith and azimuth angle. Second, the photon is assigned a
random optical thickness to travel defined by a random number combined with the integrated
atmosphere optical thicknesses on the theoretical direct path. Then the trajectory to the
next interaction point is calculated combining the photon direction, its optical thickness to
travel, and the optical thickness(es) of the air on the travel path. At the interaction point the
photon will undergo a scattering or absorption event, which again is determined combining
arandom number and the probability of being scattered or absorbed (i.e., single scattering
albedo), which depends on air composition of the grid cell. If the photon is scattered, a new
photon direction will be calculated by combining a random number and a scattering phase
function of the scattering object (e.g., atmospheric molecule, water droplet, ice crystal, or
aerosol particle). Again the scattering object is determined combining a random number and
the particles present in the grid box, where the scattering happens and the required specific
phase function is read in from libRadtran. If the particle is absorbed, the tracing theoretically
ends, but for computational efficiency and accuracy, the photon is forced to be scattered but
the photon weight is reduced. The photon weight can be interpreted as its probability of
continuing its path in the atmosphere. After the scattering process, the photon gets assigned a
new random optical thickness to travel and is combined with the new direction. The steps
described previously are repeated until the photon is captured by the instrument, leaves the
model domain or hits the ground. Photons leaving the modelling domain through the side will
reenter from the same location on the opposite boundary. Theoretically, the photon could also
(very likely) leave the atmosphere at the TOA and its contribution to the AMF calculation would
be null, but this is avoided by a backward mode, which is explained in the next paragraph. If
the photon hits the surface between two interactions, it can be absorbed or scattered, which is
defined combining a new random number with the reflectance of the surface. If the photon is
reflected, MYSTIC applies a Lambertian reflection and the new direction is given by a random
number. If the photon is absorbed, it will be forced to be reflected but its weight will be
reduced, similarly to the atmospheric absorption described previously. Every time the photon
crosses a grid box (or a layer in 1D simulation), the path length of the photon in the box is
multiplied by its weight and stored. After tracing several thousands of photons, the photon
path in each box is divided by the amount of simulated photons, which results in the mean
photon path for each box. When divided by the height of the box, the result is a box AME
Again, photons that are not collected by the instrument (i.e., leave the atmosphere at the TOA)
would be theoretically ignored in the mean photon path calculation, but, as mentioned, the
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photons are traced backwards to avoid this issue.

To simulate RT quantities such as 3D-box AMFs, MYSTIC traces photons backwards from
the instrument to the sun, which is equivalent to the forward mode but greatly enhances
computational efficiency (Marchuk et al., 1980; Emde and Mayer, 2007). This technique is
limited by the low probability of photons leaving the TOA in the direction of the sun, but
MYSTIC therefore uses a directional estimate technique. A plane parallel geometry is used
for 3D AMF calculations, while both plane parallel and spherical geometry is possible for 1D
calculations. An example of a MYSTIC input file is shown in Appendix A. The implementation
of 1D-layer and 3D-box AMFs will be described in more details in chapter 3.
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8] Three-dimensional radiative transfer
effects on airborne and ground-based
trace gas remote sensing

This chapter was adapted from a publication' in the Atmospheric Measurement Technique
peer-reviewed journal (Schwaerzel et al., 2020). I implemented the 3D-box AMF module in the
MYSTIC solver and validated the implementation, designed and simulated the 3D scenarios,
and wrote the paper. I had important inputs from Claudia Emde for the implementation
of the MYSTIC module and from Gerrit Kuhlmann for the study design and setting up the
manuscript. All coauthors contributed to revise the manuscript.

1Schwaerzel, M., Emde, C., Brunner, D., Morales, R., Wagner, T., Berne, A., Buchmann, B., and Kuhlmann, G.
(2020). Three-dimensional radiative transfer effects on airborne and ground-based trace gas remote sensing.
Atmospheric Measurement Techniques, 13(8):4277-4293.
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Chapter 3. Three-dimensional radiative transfer effects on airborne and ground-based
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Abstract: Air mass factors (AMFs) are used in passive trace gas remote sensing for converting
slant column densities (SCDs) to vertical column densities (VCDs). AMFs are traditionally
computed with 1D radiative transfer models assuming horizontally homogeneous condi-
tions. However, when observations are made with high spatial resolution in a heterogeneous
atmosphere or above a heterogeneous surface, 3D effects may not be negligible. To study
the importance of 3D effects on AMFs for different types of trace gas remote sensing, we
implemented 1D-layer and 3D-box AMFs into the MYSTIC RT solver. The 3D-box AMF imple-
mentation is fully consistent with 1D-layer AMFs under horizontally homogeneous conditions
and agrees very well ( < 5 % relative error) with 1D-layer AMFs computed by other RTMs for a
wide range of scenarios. The 3D-box AMFs make it possible to visualize the 3D spatial distri-
bution of the sensitivity of a trace gas observation, which we demonstrate with two examples.
First, we computed 3D-box AMFs for ground-based multi-axis spectrometer (MAX-DOAS)
observations for different viewing geometry and aerosol scenarios. The results illustrate how
the sensitivity reduces with distance from the instrument and that a non-negligible part of
the signal originates from outside the line of sight. Such information is invaluable for in-
terpreting MAX-DOAS observations in heterogeneous environments such as urban areas.
Second, 3D-box AMFs were used to generate synthetic nitrogen dioxide (NO;) SCDs for an
airborne imaging spectrometer observing the NO, plume emitted from a tall stack. The plume
was imaged under different solar zenith angles and solar azimuth angles. To demonstrate
the limitations of classical 1D-layer AMFs, VCDs were then computed assuming horizontal
homogeneity. As a result, the imaged NO, plume was shifted in space, which led to a strong
underestimation of the total VCDs in the plume maximum and an underestimation of the
integrated line densities that can be used for estimating emissions from NO, images. The
two examples demonstrate the importance of 3D effects for several types of ground-based
and airborne remote sensing when the atmosphere cannot be assumed to be horizontally
homogeneous, which is typically the case in the vicinity of emission sources or in cities.

3.1 Introduction

Ground-based, space-based and airborne remote sensing of air pollutants and greenhouse
gases from scattered sunlight are increasingly used for air pollutant monitoring (e.g., Franken-
berg et al., 2005; Richter et al., 2004; McPeters et al., 2015; Burrows et al., 1999; Zhou et al., 2012;
Nowlan et al., 2016) and for source detection and emission estimation (e.g., Mijling et al., 2013;
Martin et al., 2003; Russell et al., 2012; Krueger et al., 1995). To retrieve NO, concentration
from their spectroscopy measurements, those studies usually apply the DOAS technique, a
commonly applied trace gas retrieval method, presented in more details in Chap. 2. From the
obtained SCDs, they compute VCDs, using 1D-layer AMFs (see details in Chap. 1 and 2). The
traditional 1D-layer AMFs assume horizontal homogeneity, which is not valid when the param-
eters affecting scattering and absorption along the path of the photons vary also horizontally,
for example, in limb geometry near the polar vortex (Pukite et al., 2010) or in the presence
of clouds (Mayer and Kylling, 2005). Horizontal homogeneity is usually a valid assumption
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in coarse-resolution trace gas remote sensing from satellites, where small-scale horizontal
variability is averaged over a large pixel size. It is, however, often not valid for ground-based or
airborne trace gas remote sensing at high resolution in polluted environments such as cities,
as evoked in the Introduction (e.g., Hendrick et al., 2014; Popp et al., 2012; Schénhardt et al.,
2015; Tack et al., 2017). This is particularly true for nitrogen dioxide (NO3), which has high
spatial and temporal variability due to its short lifetime (Schaub et al., 2007). Other parameters
affecting the path of the measured photons like surface reflectance and aerosol distributions
may also have high spatial variability in cities.

To account for horizontal inhomogeneity, one-dimensional (1D) layer AMFs need to be ex-
tended to three-dimensional (3D) box AMFs. Notice that in previous studies (e.g., Rozanov
and Rozanov, 2010) 1D-layer AMF were sometimes referred to as box AMFs. In this study,
we will use the terms 1D-layer and 3D-box AMFs to clearly distinguish between them. The
3D-box AMFs can be implemented most easily in radiative transfer models that compute the
paths of many photons using a Monte Carlo approach to solve the radiative transfer equation
(Deutschmann et al., 2011). In this study, we present both the 1D-layer and 3D-box AMFs
modules implemented in the MYSTIC solver of the libRadtran RTM (Mayer and Kylling, 2005;
Emde et al., 2016). The implementation was evaluated against the results of a RTM comparison
study (Wagner et al., 2007). Finally, the advantage and necessity of using 3D-box AMFs is
demonstrated for a range of realistic ground-based and airborne remote sensing scenarios

3.2 Methods

3.2.1 Implementation of AMFs in MYSTIC

The libRadtran RTM (available at www.libradtran.org) can be used to calculate basic radiative
quantities with different numerical solvers (Mayer and Kylling, 2005; Emde et al., 2016). One
of its solvers is MYSTIC, which uses the Monte Carlo technique to trace individual photons on
their way from the source (e.g. sun) to the target (e.g. measurement instrument). MYSTIC is
extensively described in Chap. 2. The 1D-layer and 3D-box AMFs were implemented following
the same methodology as in McArtim, which to our knowledge is the only other existing RTM
capable of computing 3D-box AMFs (Deutschmann et al., 2011; Richter et al., 2013). Note that
McArtim is no longer actively developed.

AMFs depend on absorption and scattering processes affecting the light path in the atmo-
sphere. AMFs can be readily calculated from the photon paths simulated by a Monte Carlo
radiative transfer model. The Monte Carlo technique traces the paths of individual photons by
describing the effects of absorption, scattering and reflection as random events with specific
probabilities (Mayer, 2009) (also see details in Chap. 2). To obtain a robust measure of the
mean optical path, a large number of photon paths need to be traced.

SCDs, VCDs and AMFs can be computed for the whole atmosphere, for individual vertical
layers, or for individual 3D boxes. For the general case of an atmospheric box i with constant
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concentration and optical properties, the AMF can be written as:

ScD;  Jpan€idl  [pamdl L
AMF; = S = ==,
VCD; f “eidz hi hi

Zi

(3.1

where L; = [, parn A1 is the mean optical path within the box of all photons that reach the
instrument and h; is the height of the box. Since the 3D-box/1D-layer AMFs are usually
simulated for a sensor at a specific location in a three-dimensional model-domain, the photons
are traced backwards from the sensor towards the sun to increase computational efficiency as
described in Marchuk et al. (1980) and Emde and Mayer (2007) (also see Chap. 2). In addition,
the commonly used variance reduction method, known as "local estimate", is applied at each
scattering event (Marshak and Davis, 2005). The method computes the probability of an
individual photon to be scattered into the direction of the sun that is assigned as a weight wy,
to the photon. The weights of all photons can be summed up to obtain the radiance at the
sensor. When a photon is scattered, a weighted photon path-length (w,, - [;) is also calculated,
where /; are the path-lengths in each individual box i traversed by the photon before the
scattering event. The mean optical path within a box i is then obtained by summing up the
weighted photon path-lengths of all photons:

N
_ Zn wnli,n

) 3.2
N, 3.2)

i
where N is the total number of photons. L; is then divided by the height of the box/layer to
obtain the 3D-box/1D-layer AME

3.3 Validation of the AMF modules

3.3.1 Evaluation scenarios

The implementation of the 1D-layer and 3D-box AMF module in MYSTIC was evaluated
against the results of different RTMs presented in an extensive RTM comparison study (Wagner
et al., 2007). The simulated scenarios are representative for ground-based Multi-Axis-DOAS
(MAX-DOAS) measurements of scattered sunlight spectra for different elevation angles (see
Fig. 2.1b and d for the case of zenith-sky observations). The nine models included four models
using full spherical geometry, four models using spherical geometry only for a subset of
interactions and one model using plane-parallel geometry. The 1D-layer AMFs computed
by these models agreed very well with differences mostly below 5 %, which could mainly be
attributed to the different treatments and approximations of the Earth’s sphericity and to
model initialization parameters (Wagner et al., 2007).

For the comparison, we computed 1D-layer and 3D-box AMFs with MYSTIC in plane-parallel
geometry as well as 1D-layer AMFs in spherical geometry for all scenarios presented in Wagner
etal. (2007). 3D-box AMFs have not yet been implemented with spherical geometry.
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1D-layer and 3D-box AMFs were computed for five wavelengths (310 nm, 360 nm, 440 nm, 477
nm, 577 nm), seven elevation angles (1°, 2°, 3°, 6°, 10°, 20°, 90°), and three aerosol scenarios
(aerosol extinction of 0.0, 0.1 and 0.5 km™!). For the aerosol scenarios, an aerosol layer was
prescribed between 0 and 2 km with an asymmetry parameter of 0.68 and a single scattering
albedo of 1.0. No aerosols were prescribed above 2 km. For the simulations 17 vertical layers
were used with a thickness of 100 m below 1000 m and a thickness of mostly 1000 m above
(see Table 1 in Wagner et al., 2007). Profiles of temperature, pressure, density and ozone
concentration were taken from the US standard atmosphere (United States Committee on
Extension to the Standard Atmosphere, 1976). Ozone cross sections (in cm?) were 9.59x10720,
6.19x10723,1.36x107%2, 5.60x 10722 and 4.87x1072! at 310 nm, 360 nm, 440 nm, 477 nm and
577 nm, respectively. Other atmospheric absorbers were ignored. Further details can be
found in Wagner et al. (2007). For each scenario, we traced 1 million photons, which balances
statistical noise expected from a Monte Carlo approach with computation time. The computed
3D-box AMFs were integrated horizontally to obtain 1D-layer AMF that can be compared with
the 1D-layer AMFs from other models. MYSTIC was mainly compared to SCIATRAN (Version
2.2, Rozanov et al. (2005)). SCIATRAN was chosen because it agrees well with the mean of the
models in Wagner et al. (2007), and also because it is based on the discrete ordinate method to
solve the radiative transfer equation, which is fundamentally different from a Monte Carlo
solver, and finally because it offers both plane-parallel and spherical solutions. In addition,
we compared MYSTIC to the mean of eight of nine RTMs in the comparison study. The
PROMSAR/Italy model was not included because of its large deviation from the mean (see
Wagner et al., 2007, for details).

3.3.2 Validation results

The comparison of 1D-layer AMF profiles calculated with the MYSTIC 1D modules with
SCIATRAN for the 67 observation scenarios used in Wagner et al. (2007) is summarized in
Fig. 3.1 in the form of a scatter plot. The horizontally integrated AMFs from MYSTIC'’s 3D
module perfectly agree with its 1D module with plane-parallel geometry within the statistical
noise of the Monte Carlo approach. When tracing 1 million photons, the difference between
1D and 3D module was smaller than 0.5 %. Therefore, only results from the 1D module were
plotted against the SCIATRAN results. The agreement between MYSTIC and SCIATRAN is
very good for almost all scenarios with relative differences mostly below 5 %. 97 % of the
compared points are within a relative difference of 5 % for spherical geometry and 92 % for
plane-parallel geometry. The mean of the relative differences for spherical geometry is 0.9 %
and its standard deviation 2.0 % and for the plane-parallel geometry the mean is 0.3 % with a
standard deviation of 2.7 %.

To illustrate the differences in AMF profiles between the two RTMs, we selected four scenarios
with a wavelength of 577 nm, because at this wavelength we observe comparatively large
differences between the two models. To illustrate a usual scenario with low difference, we
also selected the same scenarios but with a 360 nm wavelength. The upper row of Fig. 3.2
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Figure 3.1 — Scatter plots of MYSTIC 1D-layer AMFs computed with spherical (a) and plane-
parallel geometries (b) against 1D-layer AMFs computed with SCIATRAN spherical (a) and
plane-parallel (b) for 67 MAX-DOAS scenarios with 17 layers (1139 points). The solid black
lines are the respective regression fits to the points.

(scenario at 577 nm) and Fig. 3.3 (scenario at 360 nm) shows MYSTIC 1D-layer AMF profiles
for the selected scenarios with a low elevation angle of 3° and a high elevation angle of 90°
(zenith) without and with aerosols, respectively. For comparison, the corresponding profiles
computed with SCIATRAN are also shown. The lower row presents the relative differences
between MYSTIC and SCIATRAN. Since plane-parallel and spherical modes have different
geometrical assumptions, we compare plane-parallel models and spherical models separately.

In the upper atmosphere, the 1D-layer AMFs decrease with altitude in all scenarios (Figs. 3.2
and 3.3), because the atmospheric density is decreasing, which lowers the amount of scattering
and, correspondingly, the mean photon path length. In the lowest layers, however, the profile
shapes are different for the two elevation angles with a rapid decrease with altitude in the
low elevation angle scenarios and a local maximum between 2 and 5 km in the high elevation
angle scenarios. This local maximum is caused by multiple scattering, which contributes
to the horizontal light paths in those layers. The reduction towards the surface in the latter
scenarios is due to the low surface albedo. For an elevation angle of 3°, AMFs are high close to
the ground because of the long light path in the layers due to the low elevation angle. Since
aerosols increase scattering, photon path lengths and correspondingly 1D-layer AMFs are low
in the lowest 2 km, when an aerosol layer is present.

1D-layer AMFs computed with spherical and plane-parallel geometry show noticeable dif-
ferences for long wavelengths and low aerosol extinction, especially at altitudes above 5 km
where extinction coefficients are small (see upper-and lower-left part in Fig. 3.2). In plane-
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Figure 3.2 — Upper row: MAX-DOAS AMF profiles for MYSTIC 1D spherical geometry (s), 1D
plane-parallel geometry (pp) and 3D plane-parallel geometry (pp) for two selected elevation
angles of 3° and 90°, a SZA of 20°, with and without aerosol for radiation at 577 nm. Correspond-
ing profiles computed with the SCIATRAN RTM are shown for comparison. Lower row: Profile
of relative differences of MYSTIC and SCIATRAN results in spherical (s) and plane-parallel
geometry (pp) (Wagner et al., 2007).

parallel geometry, if one of these photons is traveling horizontally, it will strongly contribute
to increase the mean photon path in that specific layer. In spherical mode, the same photon
would change layer because of the curved atmospheric layers, and therefore its contribution
to the mean photon path will be divided between the crossed layers. Furthermore, in a curved
atmosphere, the zenith angle of the photon, which was initially traveling horizontally, will
increase. At low altitude, these effects are smaller, and, conversely, 1D-layer AMFs computed
with spherical and plane-parallel geometry agree better (mostly < 5 %).

AMF profiles calculated with MYSTIC generally agree very well with those calculated with
SCIATRAN with relative differences mostly smaller than 5 %. However, significant differences
(up to 23 % relative difference) are seen between the plane-parallel solutions of the two models
above 5 km for the scenarios without aerosols at 577 nm (Fig. 3.2). In contrast to the plane-
parallel case, the spherical solution of MYSTIC is in good agreement with the spherical solution
of SCIATRAN. The difference between SCIATRAN plane-parallel and MYSTIC plane-parallel
is attributed to the different solution methods of the radiative transfer equation. A possible
explanation is the following: in discrete ordinate methods, the directions of the radiation field
are discretized and do not include the exact horizontal direction, for which in plane-parallel
geometry the photon path-length becomes extremely large in an optically thin medium like
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Figure 3.3 — Upper row: MAX-DOAS AMF profiles for MYSTIC 1D spherical geometry (s), 1D
plane-parallel geometry (pp) and 3D plane-parallel geometry (pp) for two selected elevation
angles of 3° and 90°, a SZA of 20°, with and without aerosol for radiation at 360 nm. Correspond-
ing profiles computed with the SCIATRAN RTM are shown for comparison. Lower row: Profile
of relative differences of MYSTIC and SCIATRAN results in spherical (s) and plane-parallel
geometry (pp) (Wagner et al., 2007).

the higher atmosphere. In a Monte Carlo model, this horizontal direction is included, therefore
the 1D-layer AMF might be larger. This hypothesis could be tested by including more streams
(discrete directions) in SCIATRAN and verifying if the solution approaches the higher AMFs
from the MYSTIC solution.

The simulations for the same scenarios but with 360 nm wavelength agree very well with
SCIATRAN for both spherical and plane-parallel geometries (relative difference <5 %). The
differences mentioned above are much smaller at this wavelength because atmospheric scat-
tering events increase with lower wavelength and thus, prevent those very long photon paths.
We also investigated a scenario with a wavelength of 440 nm, which is a typical wavelength
of the window used for NO, fitting (see Fig. B4 in Appendix B.1), for which MYSTIC and
SCIATRAN also agree very well (< 5 % relative difference), but as for simulations at 577 nm dis-
cussed above, the simulations at 440 nm show significant differences between plane-parallel
and spherical geometry for layers above 5 km. These differences are, however, smaller than at
577 nm, because the optical thickness of Rayleigh scattering is higher at 440 nm.

Overall, MYSTIC agrees very well with SCIATRAN with differences mainly smaller than 5 %. An
exception is the high elevation scenario without aerosols, where the plane-parallel solutions
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of MYSTIC and SCIATRAN differ by up to 23 % for a wavelength of 577 nm at altitudes above
5km. It should be noted that for these cases the 1D-layer AMFs are very small and therefore
the absolute differences, which are relevant for most applications, are also small. 1D-layer
AMFs computed with MYSTIC also agree very well with the other models presented in Wagner
et al. (2007). Differences larger than 5 % are mainly attributable to differences between
plane-parallel and spherical solutions (see Appendix B.1). When comparing MYSTIC with
the mean of the models, 88.3 % of the compared points are within a relative difference of
5 % for spherical geometry, 81.5 % for plane-parallel geometry, and 97.5 % for the mean of
plane-parallel and spherical geometry. The mean of spherical and plane-parallel geometry
agrees best because the models in Wagner et al. (2007) represents a mixture of spherical and
plane-parallel solutions.

3.4 3D-box AMFs for MAX-DQOAS observations

MAX-DOAS is a ground-based passive remote sensing technique allowing to retrieve vertical
concentration profiles of trace gases and aerosols (Wagner et al., 2004; Frie@§ et al., 2006; Irie
etal., 2011; Hénninger and Platt, 2002). Information about the vertical distribution is obtained
by measuring spectra at a prescribed sequence of elevation angles. Observations at different
elevation angles have different sensitivity to the concentration in a given vertical layer. 3D-box
AMFs as computed by MYSTIC are particularly suitable to illustrate this, because 3D-box AMFs
are a direct representation of the spatial distribution of the sensitivity of the measurements.

To illustrate the 3D distribution of 3D-box AMFs for a typical MAX-DOAS measurement,
we simulated 3D-box AMFs at 450 nm for two scenarios with low and high aerosol optical
depth, which correspond to a visibility of 50 and 10 km in the planetary boundary layer (PBL),
respectively. 450 nm is a typical wavelength for light absorption by NO,. The instrument
points northwards with an azimuth angle of 180° and an elevation angle of 5°. The solar
azimuth angle is 344.7° (164.7° relative azimuth angle) and the solar zenith angle is 24.6°. The
MYSTIC input file is provided in Appendix B.1.

Figures 3.4a and 3.4b show the 3D-box AMFs in the plane of the line of sight of the instrument
for the two scenarios. In both cases, 3D-box AMFs are highest along the line of sight and
reduce with distance from the instrument. Most of the photons collected by the instrument
experienced a single scattering into the line of sight of the instrument. With increased aerosol
amount (visibility of 10 km), photons scattered into the line of sight far away from the in-
strument have a high chance of being scattered out again. As a result, the sensitivity rapidly
(within a few kilometers) decreases along the line of sight with increasing distance from the
instrument. Multiple scattering becomes more important in this scenario, which explains
the enhanced sensitivity to layers below and above the line of sight within a distance of up to
4 km of the instrument. The decrease in AMF with distance is further illustrated for the two
scenarios in Fig. 3.4c which shows the vertically integrated AMFs (in the aerosol layer) as a
function of distance y to the instrument normalized with AMFs integrated horizontally in y
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Figure 3.4 - Cross section of 3D-box AMFs for a MAX-DOAS scenario with an instrument (black
triangle) at the ground (z=0 km, x=20 km, y=3 km) pointing northwards and slightly upwards
at a viewing angle of 5°. The sun is at an azimuth angle of 344.7° and a zenith angle of 24.6°.
The relative azimuth angle between sun and viewing direction is 164.7°. AMFs were simulated
with two aerosol scenarios: a rural type aerosol representative of spring-summer conditions
in the aerosol layer (0-2 km), with a visibility of 50 km (a) and a visibility of 10 km (b) and a
background aerosol above 2km. Decay of vertically integrated AMFs with distance to the
instrument is visualized (c) for the same scenarios with standard (red) and high aerosols (blue)
as in (a) and (b). The altitude of the line of sight as a function of distance is shown in black.

direction. The figure also shows the height of the main optical path as a function of y.

To illustrate the horizontal spread of the sensitivity of the MAX-DOAS measurements in the
PBL, Fig. 3.5 shows horizontal distributions of vertically integrated 3D-box AMFs (0-2 km) for
the same scenarios with low (top row) and high (bottom row) aerosols and for five different
sun positions corresponding to different times of the day on 21 July in the city of Zurich.
The horizontal distribution of AMFs shows high values not only along the line of sight of the
instrument but also in a surrounding region, which is up to a few kilometers wide. This region
is wider for larger relative azimuth angles and is inclined towards the direction of the sun. The
simulations show not only that the MAX-DOAS measurements are sensitive to NO; along the
line of sight but also that they are also influenced by neighboring regions a few kilometers
away.

For the different scenarios, we evaluated which part of the signal originated from a 0.25 km
wide region centered on the northward pointing line of sight (referred to as main line in the
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Figure 3.5 — Top: vertically integrated 3D-box AMFs in the PBL (z < 2.0 km) for an instrument

at the ground pointing northwards with an instrument zenith angle of 5° for different times of
the day on the 21st of June in Zurich. Solar zenith angles are 77.4°, 47.5°, 24.6°, 38.6° and 68.5°
and solar azimuth angles are 249.0°, 281.5°, 344.7°, 65.2° and 101.7°. The arrows point away
from the sun and the dashed lines show the direction of photons coming from the sun. AMFs

were simulated with a rural-type aerosol representative of spring-summer conditions in the
aerosol layer (0-2 km) with a visibility of 50 km and a background aerosol above 2 km. Bottom:
same as above but for a scenario with increased aerosol (visibility of 10 km).

following) and which part crossed boxes outside this range. For the low-aerosol scenario,
between 63 % and 70 % originated from the main line. Thus, up to 37 % of the signal originated
from photons crossing neighboring boxes. For the high-aerosol scenario with enhanced

scattering, the part of the signal originating from the main line was correspondingly lower,

between 30 % and 41 %. The lower values correspond to the scenarios with higher relative
azimuth angles.

Depending on the viewing direction of the instrument relative to the position of nearby emis-
sion sources, this temporally varying spatial sensitivity could introduce a diurnal cycle in
the measurement even when the trace gas concentration field was constant in time. Under-
standing the horizontal distribution of the sensitivity to NO, and its variation in time is thus

particularly important for the interpretation of MAX-DOAS observations in polluted regions
like cities with strong NO; gradients, for which 3D-box AMFs can be a valuable tool.

3.5 3D-box AMFs for airborne observations

In this section, we demonstrate the effect of the spatial variability in 3D-box AMFs on airborne
NO, imaging spectroscopy. For this purpose, we simulated a NO, plume emitted from a stack
to generate a scenario with a distinct three-dimensional trace gas structure. An airborne

spectrometer was then assumed to fly parallel to the plume axis and to sample the plume

in the across-track direction (see dashed line in Figure 3.7). We illustrate the distinct 3D-
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Table 3.1 - MYSTIC input parameters for the emission stack scenario.

Parameter Value
Wavelength [nm] 460

Solar zenith angle [°] 0, 40, 20, 60
Solar azimuth angle [°] 90, 0, 180, 270
Viewing zenith angle [°] 0to 26.6
Viewing azimuth angle [°] 90 /270
Surface albedo 0.2

Aircraft position x [km] 2.9

Aircraft position y [km] 0-4

Aircraft position z [km] 6

Domain size [boxes] 40x40x47
Horizontal resolution [m] 100.0
Vertical resolution (0 - 7km) [m] 25

structure of the sensitivity of the measurements to NO; (as represented by the 3D-box AMFs)
and demonstrate the limitations of using 1D-layer AMFs for such observations.

3.5.1 Synthetic observations of a NO, stack emission plume

The NO; plume was computed with the Graz Lagrangian dispersion Model (GRAL) (Oettl,
2015) for a 262.5 m tall stack located at x=1.9 km and y=1.3 km. NO, molecules were released
at this altitude at a constant rate of 40 kg h~!. NO, chemistry was ignored for simplicity. The
model domain had a size of 4km x 4km and extended from the surface to 21 km altitude.
The simulated NO, was sampled on an output grid with a 100 m horizontal resolution and 20
vertical levels with 25 m resolution from 0 to 500 m. For the simulation we assumed neutral
atmospheric stability and southerly wind with a speed of 5m s~! at 12 m above ground. The
full vertical wind profile is generated within the model based on similarity theory. The NO,
background from the US Standard Atmosphere (United States Committee on Extension to the
Standard Atmosphere, 1976) was added to the simulated NO, field, that was extended to 21 km
altitude (see vertical resolution profile in Appendix B.1). The resulting NO, VCDs are shown in
Figure 3.7a. In the following, the simulated NO, concentration field and the corresponding
NO, VCDs are referred to as the true NO; field and as the true total VCD, respectively. The
true VCD will be used as a reference to demonstrate the limitations of 1D radiative transfer
calculations.

Using MYSTIC, we computed the SCDs that would be observed from an airborne push-broom
spectrometer flying parallel to the plume axis from south to north at an altitude of 6 km.
The field of view in the across-track direction of the instrument covers the full x-direction
of the model domain. The SCDs were obtained by computing 3D-box AMFs for each single
observation (i.e., for each ground pixel) and multiplying these AMFs with the 3D NO, field
from the simulation (which corresponds to the numerator in Eq. 2.5).
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Figure 3.6 — (a) The 3D-box AMFs cross section at y=1.4 km for the aircraft scenario presented
in this section. Aircraft (red star) placed at z=6 km, x=2.9 km and y=1.4 km pointing eastwards.
The sun is at SAA = 90° (west) with a SZA of 20°. (b) Vertical profile of horizontally integrated
AMFs (1D-layer AMFs). (c) Horizontal profile of vertically integrated AMFs (column AMFs).
The default properties are a rural-type aerosol in the PBL, background aerosol above 2 km,
spring-summer conditions and a visibility of 50 km.

As an example, Fig. 3.6 illustrates the 3D-box AMFs for an instrument pointing downwards
at a zenith angle of 4.8° and an azimuth angle of 90°. The sun is placed in the west (SAA=90°)
at a SZA of 20°, i.e., the instrument is facing the sun. The figure shows the 2D cross section
of 3D-box AMFs in the principal plane of the observations, which aligns with the x-z plane
in this geometry. The panels to the right and below the main figure show vertically and
horizontally integrated 3D-box AMFs, i.e., column and layer AMFs, respectively. The layer
AMFs are identical to 1D-layer AMFs. The 3D-box AMFs are high along the line of sight of the
instrument and largest just below the aircraft. Most photons travel directly along the geometric
path from the sun to the ground pixel and then to the instrument. Although 3D-box AMFs
are highest along the geometric path due to the relatively bright surface, a non-negligible
fraction of photons is scattered into the line of sight without reaching the surface, leading
to an increase in 3D-box AMFs within a parallelogram bounded by the line of sight and the
position of the sun.
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The column AMF:s (Fig. 3.6¢) are highest close to the instrument and decrease with distance to
the instrument in the x-direction due to atmospheric scattering. After the "reflection point",
values continue to decrease with distance to the instrument but at a lower rate. Due to periodic
boundaries this decrease continues on the right of the instrument (x = 3.9 km). Layer AMFs
(i.e., 1D-layer AMFs) (right panel) are highest directly below the instrument. They change by a
factor of 2 at the altitude of the aircraft because layers below are crossed (at least) twice by the
photons, while layers above are only crossed once.

3D-box AMFs and corresponding SCDs were computed for four different solar zenith angles
and four different relative azimuth angles between the sun and the plume axis (and flight
direction). We used a default aerosol scenario with a rural-type aerosol representative for
spring-summer conditions in the PBL (0-2 km) and a background aerosol above 2 km (visi-
bility of 50 km in the PBL). The parameters used for the AMF calculation are summarized in
Table 3.1. Note that with perfect knowledge of the relative NO, distribution, the true total
VCD could be reproduced exactly from the SCDs using 3D radiative transfer calculations. The
computational cost of calculating 3D-box AMFs is considerably larger than for 1D-layer AMFs.
The computational time for calculating 3D-box AMFs for the scenarios here (see Table 3.1
with SZA=20°, SAA=90°, VAA=90° and VZA=2°) is around 218 s with 1 million photons using a
single core of our local machine (Intel Xeon W-2175 CPU @ 2.5 GHz). The computational time
for the corresponding 1D-layer AMFs is only about 4 s with 1 million photons. Note, however,
that even less photons would be sufficient to obtain a similar noise level as for the 3D-box
AMFs.

The SCDs computed for the scenario with the sun illuminating the scene from the west at a
solar zenith angle of 40° are presented in Fig. 3.7b. The SCDs are larger than the VCDs (panel
a) because the AMFs (panel c) are generally larger than 1. The SCD plume is wider and shifted
towards the east compared to the VCD plume. The widening is due to both geometric effects
and atmospheric scattering. Geometric effects are caused by the fact that photons following
the main geometric path from the sun to the surface and to the instrument may traverse the
plume either on the way from the sun to the surface or from the surface to the instrument
(or both). These two pathways are separated horizontally. For high solar zenith angles (here
SZA=40°) this leads to two SCD maxima close to the source as seen in Fig. 3.7b. The westerly
maximum corresponds to the direct observation of the plume (photons reflected by the surface
pass the plume on the direct way to the aircraft), whereas the easterly maximum corresponds
to its mirror image (photons first travel through the plume before they get reflected at the
surface and reflected to the aircraft). This is further illustrated in Fig. 3.8, where two of the
three illustrated direct paths (i.e., three viewing zenith angles) cross the NO, maximum - main
photon path (1) and (3) in Fig. 3.8. The main photon path for the observation angle (2) in
Fig. 3.8 misses the plume maximum, which is why total SCD is lower for this observation.
Atmospheric scattering leads to an additional horizontal smoothing of the plume, but in the
case of a medium-high surface albedo of 0.2, the geometric effects dominate.
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Figure 3.7 - Airborne remote sensing of an NO, plume emitted from a 262.5 m tall stack located
at x=1.9km and y=1.3 km. The aircraft flies at an altitude of 6 km from south to north at x =
2.9km (dashed line) parallel to the plume axis and samples the plume in across-track direction.
The sun is located in the west (small arrow in panel a) at a zenith angle of 40°. The panels
show (a) simulated (true) NO, VCDs, (b) synthetic SCDs computed from the simulated NO,
distribution by applying 3D-box AMFs, and (c) 3D-box AMFs computed with MYSTIC. The 2nd
row shows (d) VCDs calculated from the SCDs using 1D-layer AMFs and the "true" NO, profile
above the ground pixel pointed by the instrument, (e) the difference between calculated and
true VCDs, and (f) total AMFs from the MYSTIC 1D module. The 3rd row (g)-(i) shows the
same as (d)-(f) but using the background NO» profile to compute AMFs.

3.5.2 Limitations of VCDs calculated from 1D-layer AMFs

For each scenario, total AMFs were also computed from 1D-layer AMFs, which requires a NO,
profile (Eq. 2.4). The most obvious approach is to use the true NO, profile above the ground
pixel the instrument is pointing towards, which is based on the idea that the AMF is used
to convert an SCD to a VCD above a ground pixel (Fig. 3.7d, e, and f). Alternatively, a NO,
background profile from the US Standard Atmosphere (United States Committee on Extension
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Figure 3.8 — Schematic of the across-track measurement by the aircraft measuring a NO,
plume (dark blue corresponding to high NO, concentrations) with 3 main photon paths for 3
measurement geometries (1, 2, 3).

to the Standard Atmosphere, 1976) was used for each ground pixel, which assumes that no
information on the spatial variability in NO, is available (Fig. 3.7g, h, and i).

Figure 3.7f and i show the total AMFs computed with the true and background NO, profile,
respectively. In both cases, AMFs increase with distance from the aircraft due to the increasing
viewing zenith angle. For the true NO, profiles, AMFs are higher inside the plume. This can be
explained by the fact that the measurements are more sensitive to NO; inside the plume than
to the background NO; outside because the plume is located at an altitude where the 1D-layer
AMFs are higher.

Figure 3.7d and g show the VCDs obtained by dividing the true SCDs in Fig. 3.7b by the 1D-layer
AMFs in Fig. 3.7f and i, respectively. Since geometric distortions and horizontal smoothing due
to scattering cannot be corrected for when using a 1D radiative transfer model, all structures
seen in the SCDs are essentially preserved in the VCDs including the double peak structure,
the widening of the plume, and the horizontal displacement. Figures 3.7e and h show the
differences of these VCDs from the true VCDs. In both cases, the location of the plume is
shifted towards the aircraft relative to the true position. Within the maximum of the plume,
this displacement leads to an underestimation of the true VCDs by -60.8 umol m~2 when
using the NO, profile (Fig. 3.7e) above the ground pixel and by -54.6 umol m~2 when using
the constant NO, profile (Fig. 3.7h).

The displacement of the calculated VCD plume and the magnitude of the bias depend on the
position of the sun as demonstrated in Figs. 3.9 and 3.10. The shift increases with increasing
SZA due to the geometric effects explained earlier. The relative azimuth angle between the
viewing direction and the sun also plays a critical role. The displacement is smaller when the
aircraft is flying directly away from the sun (SAA=0°) or towards the sun (SAA=180°) and the
sun illuminates the scene along the plume axis, but even in these cases it is not negligible.
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Figure 3.9 — Absolute difference between total VCD from synthetic SCD and 1D box AMF with
solar zenith angles (SZA) of (a) 0° (b) 20°, (c) 40° and (d) 60° and the true total VCD.

Biases are typically larger when the spatial displacement is large.

3.5.3 Plume flux estimation

A possible application of airborne imaging spectroscopy is the estimation of NO, emissions
from point sources. Measurements from airborne spectrometers have been used, for example,
to estimate CO, emissions from power plants (Krings et al., 2011) or CH4 emissions from
coal mine ventilation shafts (Krings et al., 2013). The emissions can be estimated using a
mass-balance approach by integrating the NO, VCD enhancement above the background
across the plume and multiplying this integral (referred to as line density in the following)
with a mean wind speed to obtain a flux. The flux is equivalent to the source strength under
the assumption of steady-state conditions.

We computed line densities 300 m downstream of the source for the true VCD field and for
fields computed with 1D-layer AMFs for different solar zenith and azimuth angles. The VCD
cross sections are shown in Fig. 3.11. The line densities were multiplied with a wind speed of
9.1m s}, which is the wind speed at the stack height of 262.5 m in the GRAL simulation.

Table 3.2 summarizes the computed line densities and fluxes for the different scenarios. In
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Figure 3.10 — Absolute difference between total VCD from synthetic SCD and 1D box AMF with
solar azimuth angle of (a) 0°, (b) 90°, (c) 180° and (d) 270° and the true total VCD.

all scenarios, emissions were significantly underestimated by 9-37 % (relative to the true
VCD) depending on the solar azimuth and zenith angle. Note that the emission estimation
for the true VCD is slightly higher than the emission input for the dispersion model due to
simplification of the mass balance approach, which does not account for the vertical variability
in wind speeds across the plume. The bias in the plume emission estimation using 1D-layer
AMFs generally increases with solar zenith angle. This bias also depends on the solar azimuth
angle. The largest bias occurs, when the SAA is 0° or 180°, i.e., the instrument is flying towards
and away from the sun.

3.6 Conclusions

This study demonstrates the importance of 3D radiative transfer effects for a range of trace
gas remote sensing applications such as ground-based MAX-DOAS and airborne imaging
spectroscopy. To study these effects, 1D-layer and 3D-box AMFs were implemented in the
Monte Carlo solver MYSTIC of the libRadtran RTM. The computation of AMFs is a central
component in most trace gas retrieval algorithms to convert observed SCDs into VCDs, but
so far these algorithms were limited to 1D RTMs. In case of a horizontally homogeneous
atmosphere and in plane-parallel geometry, the 3D-box and 1D-layer AMFs perfectly agree
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Table 3.2 - Estimated NO, emissions from the retrieved VCD fields obtained from 1D-layer
AMFs under different solar zenith angle (SZA) and solar azimuth angles (SAA).

Scenario True VCD  Solar zenith angle (with SAA=90°)
0° 20° 40° 60°
Line density [g m 2] 1.30 118 113 1.3 1.09
Flux [kg h_l] 42.65 38.61 37.01 37.08 35.62
Relative bias [%] - -9.48 -13.22 -13.06 -16.49
Solar azimuth angle (with SZA=40°)
0° 90° 180° 270°
Line density [g m ] 082 113  1.06 1.11
Flux [kg h_l] 26.83 37.08 34.61 36.47
Relative bias [%] -37.09 -13.06 -18.86 -14.49
(a) SZA=40 (b) SAA=90
80 — true VCD 504 — true VCD
SAA=0 SZA=0
70 SAA=90 704 SZA=20
SAA=180 SZA=40
60 4 SAA=270 60 4 SZA=60

NO; column densities [umol/m?]
NO; column densities [umol/m?]

Figure 3.11 — Plume VCD cross section at y=1.6 km (0.3 km downstream of the plume) for (a)
the sun at SZA=40° with different SAAs and (b) for the sun in the west with different SZAs

within the statistical noise of the Monte Carlo method. They also agree very well with 1D-layer
AMFs calculated with other RTMs presented in a previous model intercomparison study by
Wagner et al. (2007).

The importance of 3D effects was demonstrated for two examples. For a ground based
MAX-DOAS instrument, we showed that 3D-box AMFs are highest along the line of sight of
the instrument (representing photons that have mostly scattered only once), but that the
contribution from outside is not negligible and depends on sun position and aerosol optical
depth. The spatial distribution of the vertically integrated 3D-box AMFs depends on the sun
position, which can be important for interpreting MAX-DOAS observations, especially in
urban areas or, more generally, in the vicinity of pollution sources. The spatial variability
of the NO, distribution in the context of the MAX-DOAS instrument can affect the retrieval
differently at different times of the day.

As second example, trace gas retrievals were studied for an airborne imaging spectrometer
using simulations of a NO, plume emitted by a stack. We showed that when using 1D-layer
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AMFs, the NO, VCDs in the plume were significantly underestimated (up to 58 %), and that
the position of the plume was artificially shifted towards the aircraft. Furthermore, integrals
of the NO, enhancement in across-plume direction (line densities) were also biased, which
results in an underestimation of the NO, emissions from the stack when using a mass-balance
approach. Using 1D-layer AMFs induces systematic errors even if the NO, profile above the
ground pixels is known accurately, because a 1D RTM fails to properly represent the complex
light path, which is required if the trace gas field is not horizontally homogeneous.

Our study showed that even for simple examples, 3D effects are not negligible if the trace
gas field has a high spatial variability. This finding is particularly relevant for ground-based
and airborne remote sensing in cities, where considering 3D effects is likely indispensable to
reduce systematic errors. This will be addressed in a follow-up study where also the potential
impact of 3D radiative transfer effects on the horizontal smoothing of the retrieved trace gas
fields will be studied. 3D effects are also important for tomographic inversion (e.g., Frins
et al., 2006; Kazahaya et al., 2008; Casaballe et al., 2020) where the application of 3D-box
AMFs will minimise errors caused by the use of pure geometric assumptions. The high spatial
resolution of the next generation of satellite instruments might make it necessary to also
consider 3D effects for space-based trace gas remote sensing. Especially when considering
imaging spectrometers with very high spatial resolution to estimate emissions (e.g., Strandgren
et al., 2020), 3D radiative transfer effects should be considered and studied. However, since 3D
radiative transfer calculations are computationally expensive, efficient methods need to be
developed for operational applications that provide an appropriate balance between accuracy
and computational cost. To fully benefit of 3D-box AMFs, 3D radiative transfer calculations
require high-resolution 3D distributions of trace gases and aerosols to calculate the total
AME Such fields are generally difficult to obtain. In a follow-up study we plan to use 3D NO,
fields from a building-resolving urban air quality model (Berchet et al., 2017) with a detailed
representation of both near-surface and elevated (stack) emission sources to further analyze
the added value of 3D-box AMFs. On the other hand, measuring different azimuth angles
with a MAX-DOAS instrument could be used to constrain the 3D fields of trace gases (e.g.,
Dimitropoulou et al., 2019).
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Impact of 3D radiative transfer on

airborne NO, imaging remote sensing
over cities with buildings

This chapter was adapted from a publication’ in the Atmospheric Measurement Technique
peer-reviewed journal (Schwaerzel et al., 2021). I designed and implemented the urban canopy
module, designed and simulated the 3D scenarios, and wrote the article. Fabian Jakub and
Claudia Emde contributed to the design and implementation of the urban canopy module.
Gerrit Kuhlmann contributed to the design of the study scenarios. All coauthors contributed
by reviewing the manuscript.

lSchwaerzel, M., Brunner, D., Jakub, E, Emde, C., Buchmann, B., Berne, A., and Kuhlmann, G.(2021). Im-
pact of 3D radiative transfer on airborne NO, imaging remote sensing over cities with buildings. Atmospheric
Measurement Techniques, 14(10):6469-6482.
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Abstract: Airborne imaging remote sensing is increasingly used to map the spatial distribution
of nitrogen dioxide (NO>) in cities. Despite the small ground-pixel size of the sensors, the
measured NO; distributions are much smoother than one would expect from high-resolution
model simulations of NO, over cities. As suggested in Chap. 1 and Chap. 3, this could partly
be caused by 3D radiative transfer effects due to observation geometry, adjacency effects and
effects of buildings. Here, we present a case study of imaging a synthetic NO, distribution for
a district of Zurich using the 3D MYSTIC solver of the libRadtran radiative transfer library. We
computed NO» slant column densities (SCD) using the recently implemented 3D-box air mass
factors (3D-box AMF) and a new urban canopy module to account for the effects of buildings.
We found that for a single ground pixel (50 m x 50 m) more than 50% of the sensitivity is located
outside of the pixel, primarily in the direction of the main optical path between sun, ground
pixel, and instrument. Consequently, NO, SCDs are spatially smoothed, which results in an
increase over roads when they are parallel to the optical path and a decrease otherwise. When
buildings are included, NO, SCDs are reduced on average by 5% due to the reduced sensitivity
to NO; in the shadows of the buildings. The effects of buildings also introduce a complex
pattern of variability in SCDs that would show up in airborne observations as an additional
noise component (about 12pumolm~2) similar to the magnitude of typical measurement
uncertainties. The smearing of the SCDs cannot be corrected using 1D-layer AMFs that
assume horizontal homogeneity and thus remains in the final NO, map. 3D radiative transfer
effects by including buildings need to be considered to compute more accurate AMFs and to
reduce biases in NO» vertical columns obtained from high-resolution city-scale NO, remote
sensing.

4.1 Introduction

An attractive possibility to create high-resolution maps (<100 m) of the NO, distribution in
cities is to use an airborne imaging spectrometer. This was first demonstrated for measure-
ments from the Airborne Prism Experiment (APEX) of a Swiss-Belgium consortium (Popp et al.,
2012; Tack et al., 2017) and the Geostationary Trace gas and Aerosol Sensor Optimization (Geo-
TASO) spectrometer (Nowlan et al., 2016) developed in the United States. A comprehensive
comparison between four airborne NO, imaging spectrometers flown over the city of Berlin
was performed during the AROMAPEX campaign (Tack et al., 2019), which included APEX
(Schaepman et al., 2015), AirMAP (Airborne imaging DOAS instrument for Measurements
of Atmospheric Pollution) (Schénhardt et al., 2015), SWING (Small Whiskbroom Imager for
atmospheric compositioN monitorinG) (Merlaud et al., 2013) and SBI (Spectrolite Breadboard
Instrument) (de Goeij et al., 2017; Vlemmix et al., 2017).

NOy retrieval algorithms applied to airborne instruments have been derived from algorithms
developed for satellite instruments with much lower spatial resolution (> 5 km). These algo-
rithms rely on 1D radiative transfer simulations, which reach their limits at high resolution
and in the presence of spatially variable properties of the atmosphere and the surface, as they
assume horizontal homogeneity of all parameters within the optical path. As discussed in the
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previous chapters (Chap. 1 and Chap. 3), a strong indication for the importance of 3D radiative
transfer effects is that NO, maps obtained from airborne imaging spectrometers over cities
are spatially much smoother than one would expect from the instrument resolution and com-
pared to maps obtained from high-resolution city-scale dispersion models, which show, for
example, strong gradients in the NO, field along major roads (Kuhlmann et al., 2017). A likely
explanation is that the measurements are not only sensitive to NO, in the vertical column
above the observed ground pixels but also to the atmosphere surrounding the pixels, which
is known as the horizontal smoothing error or the adjacency effect (Cracknell and Varotsos,
2012; Lyapustin and Kaufman, 2001; Richter, 1990). The adjacency effect has been described
especially in the context of high-resolution land-surface remote sensing, but it has also been
discussed in the context of atmospheric measurements (e.g., Richter, 1990; Minomura et al.,
2001; de Graaf et al., 2016). Evidence for 3D radiation effects due to the presence of clouds in
the vicinity of an observed ground pixel has recently been reported for CO, observations from
the OCO-2 satellite (Massie et al., 2017). Such effects are expected to become increasingly
important with the increasing resolution of satellite observations (Schwaerzel et al., 2020). An
additional complexity over cities to be accounted for is the effects of buildings on the photon
paths due to multiple reflections and shielding of the main optical path.

The aim of this study is to quantify, for the first time, the impact of these 3D radiative transfer
(RT) effects in the presence of spatially variable surface properties and NO, concentrations
over cities on NOy retrievals from high-resolution airborne imaging spectrometers. The study
builds on the work by Schwaerzel et al. (2020) presented in Chap. 3, where we highlighted
the importance of 3D RT effects on trace gas remote sensing for ground-based and airborne
instruments. In this study, we also use the MYSTIC RT solver introduced in the previous
chapters (Chap. 2 and Chap. 3). The obtained 3D-box AMFs describe the sensitivity of an
instrument to a trace gas (here NO;) in each grid box (Schwaerzel et al., 2020). To account
for the effect of buildings, we additionally implemented a new urban canopy feature that
represents the full 3D building structure of a city with assigned optical properties of the
different surfaces. 3D radiative transfer calculations in the urban canopy are not new, but so
far focused only on applications not related to trace gas observations such as the computation
of radiation budgets and broadband landscape imaging (Gastellu-Etchegorry et al., 2015). The
present study is the first to use such a model to investigate 3D effects on trace gas retrievals
over a city. In order to isolate different effects on 3D-box AMFs and on the spatial smoothing
of the information retrieved from an airborne instrument, we use a comparatively simple
setup with 3D buildings representative of a district in the city of Zurich with uniform optical
properties of roofs, walls and streets. The model, however, is able to describe the optical
properties of each single surface separately.
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4.2 Methods

4.2,1 The MYSTIC radiative transfer solver

To compute the AMFs we use the MYSTIC RT solver. MYSTIC is operated as a RT solver of
the libRadtran package (Mayer and Kylling, 2005; Emde et al., 2016) and its 1D-layer AMF
and 3D-box AMF modules were extensively described in the previous chapters (Chap. 2 and
Chap. 3).

Urban canopy implementation

The urban canopy was implemented in libRadtran as a triangle mesh, where each triangle can
be assigned different optical and physical properties. Information on vertex positions and
optical properties are read from an input file that has to be generated from a 3D building data
set prior to the simulation. Using a ray tracing algorithm newly integrated into the model,
MYSTIC detects if and where a photon hits a triangle. The interaction of the photon with the
surface (absorption or reflection) is then simulated using preexisting MYSTIC functions.

To create a triangular mesh for each building, a Python script was written that converts
buildings stored in an ESRI shapefile into triangles. A building consists of one or several
flat roofs and several vertical walls. To create triangles for the roof, we connect the polygon
centroid to each polygon corner. Wall triangles are created by splitting each wall diagonally into
two triangles. Each triangle surface carries information about its albedo and skin temperature.
The skin temperatures are used for thermal simulations, a feature that is not used in this
publication. The triangular mesh is stored in a NetCDF file readable by MYSTIC. An example
file layout is shown in Appendix C. The file contains the variable vertices (shape: N, x 3,
type: double), which is a list of x, y and z coordinates. A mesh of N; triangles is built from
these vertices using the triangles variable (shape: N; x 3, type: int) by storing the indices
of the 3 vertices that create the triangles. The variable materials_of_triangles (shape:
N, type: int) is used to assign each triangle the index of a material type. The material types
are defined using the variables material_type (shape: N, type: string), material_albedo
(shape: N,;, type: double) and temperature_of_triangle (shape: N,;, type: double) to
assign a name, albedo and temperature to each material.

In MYSTIC, each photon is traced step-wise along its optical path from one interaction to the
other. To interact with the urban canopy, a ray tracing code searches for hits with one of the
triangles during each step. We use the Star-3D library (https://gitlab.com/meso-star/star-3d)
(Villefranque et al., 2019), which is a convenient wrapper for Intel® Embree (www.embree.org)
to facilitate efficient ray / triangle intersection tests using a bounding volume hierarchy (BVH).

In the case that a ray hits a surface, a Lambertian reflection happens and a new direction is
attributed to the photon, which will continue its path until its next interaction. Absorption
on surfaces is accounted for by reducing a photon weight by 1 — albedo. Currently, the
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Figure 4.1 — (a) Map of Zurich with the location of the study area in red. Map informations
were obtained from OpenStreetMap (© OpenStreetMap contributors 2021. Distributed under
the Open Data Commons Open Database License (ODbL) v1.0.) (b) Building heights and
major roads in the study area with the lower left pixel at x = 678918 m and y = 247040 m in the
Swiss LV03 coordinate system. The black square represents the location of the sub-domain
and the cyan square the location of a single pixel observation both used in Section 4.3.3.

urban canopy module only supports Lambertian reflections but an extension, e.g., to specular
reflections would be straightforward. For an even more realistic description of the surface
reflectance for real applications, BRDF functions would be a well suited method.

4.2.2 Study case in Zurich

To study radiative transfer effects on airborne measurements for a realistic scene, we selected
a 1km x 1 km region in Zurich, Switzerland (see Fig. 4.1a). The low-rise buildings (10-15m)
with simple geometries are rather typical for Swiss cities. The scene includes roads of different
widths and orientations and two open areas without buildings.

Buildings

We used 3D building data from a shape file obtained from the Swiss Federal Office of Topogra-
phy (swisstopo). Each building is defined as a polygon with x and y-coordinate for the edges
and the centroid (Swiss LV03 coordinates system) with a single height. As described above, the
data was converted to a triangular mesh and saved to a netCDF file. For simplicity, we either
applied albedos of 0.1 for walls (identical to the used ground albedo) and 0.2 for roofs or used
the same albedo of 0.1 for all surfaces (albedos chosen after Mussetti et al., 2020). Figure 4.1b
shows the buildings colored by their heights in the selected model domain.
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Figure 4.2 — (a) NO, ground concentration map. (b) NO, vertical profile at a background
location (blue line) and over a road at x = 5m, y = 55m (red line). (c) Field of vertically
integrated NO, column densities (VCD) with aircraft flight track overlaid as dashed black line.

Synthetic NO, field

We created a simple but quite realistic 3D NO, concentration field based on the traffic emis-
sion inventory of the city of Zurich (see Table 1 in Berchet et al., 2017). For this purpose, the
road emissions available as line sources were rasterized at 5m x 5 m spatial resolution and
normalized by the maximum value in the rasterized field. The normalized field was then
multiplied with a NO, concentration of 110 ugm~3, which is a typical high concentration
measured next to busy streets in Zurich (Bér, 2016). A background NO, concentration of
15 pgm_3 was added using a typical low value observed in Zurich (Bér, 2016) (see Appendix
C for details). The maximum concentration is thus 125 ugm™3 or 2.7 umol m~3. Finally, we
smoothed the concentration field with a Gaussian filter with a standard deviation of 5m to
mimic the effect of turbulent dispersion. The synthetic field of the NO, near surface concen-
trations is shown in Fig. 4.2a binned on a 50 m x 50 m grid, which is the typical resolution of
trace gas measurements from an airborne instrument like APEX.

The vertical distribution was modelled as a linear decrease from the surface value to the
background value of 0.65 umol m~3 at 100 m. Above 100 m, all profiles decrease exponentially
with altitude with an e-folding vertical length scale of 720 m, which was obtained by fitting a
function to a measured vertical profile (see Appendix C). Figure 4.2b shows a NO; background
profile (blue) and a NO, profile over the road (red). Figure 4.2c shows the total VCDs over the
selected region in Zurich calculated from the 3D NO, concentration field. For more details on
the generation of the 3D NO, field, please refer to Appendix C.

MYSTIC simulations

Our scenario corresponds to an airborne imaging spectrometer flying across the model domain
from south to north (y-direction) slightly to the east of the center (x=600 m) at an altitude of
6 km, which represents the flight altitude of an airborne spectrometer (dashed black line in
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Fig. 4.2¢). The viewing zenith angle was varied in discrete steps to cover the whole domain in
across-flight direction (i.e. in east-west direction). For simplicity, the sun was placed at an
azimuth angle (SAA) of either 90° (i.e. west) or 0° (i.e. south). The solar zenith angle (SZA) was
set to 60°, which corresponds to values in the morning or afternoon in summer over Zurich.
Simulations with a SZA of 30°, which correspond to typical summer noon measurements over
Zurich are shown in Appendix C.

The simulations were conducted for a standard atmosphere and for a wavelength of 490 nm,
which is the center of the NO, fitting window used for the APEX instrument (Kuhlmann et al.,
2016). NO, absorption features at shorter wavelengths typically used in satellite retrievals
are less suitable for APEX due to the high instrument noise at those wavelengths. Note that
3D effects would be stronger at shorter wavelengths due to enhanced Rayleigh scattering.
Aerosols were only included in the simulations as a case study to analyse the footprint of the
spectrometer (see Sect. 4.2.3). Table C.1 in Appendix C provides an overview of the MYSTIC
input parameters used in the simulations.

To resolve the spatial variability of surfaces and elevations within each 50 m x 50 m ground
pixel, we specified an instrument opening zenith angle corresponding to the 50 m pixel size in
x-direction and moved the aircraft in 10 discrete steps of 5m along the y-direction. The 10
different 3D-box AMF fields computed in this way were then averaged to a single field per pixel.
The 3D-box AMFs were then used together with the synthetic NO; field to compute total SCDs
that would be observed from an airborne instrument (see numerator in Eq. 2.5). Then, the
total AMFs were calculated dividing the total SCDs by the total VCDs. In the same way we also
computed SCDs ignoring buildings and SCDs based on 1D-layer AMFs (Eq. 2.4). Differences
between the three types of SCDs can be attributed to 3D and building effects. Since in real
applications VCDs would be computed from SCDs, we also use the SCD field calculated with
3D-box AMFs including buildings as the "true" SCD measured by the airborne spectrometer
and calculate the VCD field using total AMF calculated from 1D-layer AMFs and 3D-box AMFs
without considering buildings to show the errors caused by these simplifications.

4.2.3 Footprint of an airborne spectrometer

To study the sensitivity of a single measurement to the surrounding of the ground pixel,
we simulated the horizontal distribution of 3D-box AMFs close to the ground for a single
observation scenario. The simulations were conducted without aerosols and for a typical
urban aerosol scenario with an aerosol optical depth (AOD) of 0.1. For the scenario, the sensor
was placed at x = 675m and y = 75 m pointing at a ground pixel with the lower left corner
located at x = 650 m and y = 50 m. The corresponding VZA was 0.72° in the center of the pixel
and the VAA was 270° (instrument pointing eastwards) (for details see also table C.1 in the
Appendix C).

To obtain a map of the close-to-ground NO; sensitivity of a single ground pixel measured by
an airborne imaging spectrometer during a flight overpass, we simulated AMFs with a 5m x
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5m horizontal resolution and a 5 m vertical resolution in the lowest 45 m above ground for
10 equally-spaced instrument opening zenith angles corresponding to the 50 m pixel size
in x-direction and moved the aircraft in 10 discrete steps of 5 m along the y-direction. We
averaged the obtained 100 AMFs fields, integrated them vertically for the first 45 m and scaled
the result by the sum of all pixels to finally obtain a 2D map of the fraction of the sensitivity
within one 5m x 5m grid cell. In the following, this will be called the NO, footprint of an
airborne spectrometer.

4.3 Results

In this section we first show the instrument incoming radiance calculated with MYSTIC over
the selected study area. Second, we analyze the 3D-box AMFs for a single NO, observation
both in the vertical and in the horizontal and compare results with and without buildings.
Finally, we compare total AMFs for the complete image obtained from an airborne instrument
flying over the study domain as illustrated in Fig. 4.2c between the solution obtained with the
3D and the 1D RTM to illustrate the importance of 3D radiative transfer effects on the SCD
measurements.

4.3.1 Incoming radiance

An airborne imaging spectrometer measures radiance from back-scattered and reflected solar
irradiance. Figure 4.3 shows the instrument incoming radiance at 490 nm for the selected
region with the urban canopy. Note that for this example the instrument was placed in the
center of the domain at an altitude of 6 km observing the scene with a very wide opening angle
of about 10° to cover the full 1 km x 1 km domain. The sun is located in the west with a SZA of
60°. The surface reflectance was set to 0.10, while the reflectance of roofs and walls was set to
0.20 in this example.

Since building surfaces have higher reflectance in this example, the bright building roofs
clearly stand out. Some bright walls illuminated by the sun can be seen in the east of the
domain. Shadows are also clearly visible in the east of the buildings with taller buildings
producing longer shadows. This radiance field is closely related to the close-to-ground NO,
sensitivity. NO, over a bright surface can more easily be detected than NO; over a dark surface.
In case of a pixel covered by both bright and dark surfaces, the retrieved signal will be more
strongly affected by NO, above the bright parts.

4.3.2 3D-box air mass factors for a single observation
Vertical distribution along the main optical path

3D-box AMFs have a distinct 3D distribution for each ground pixel. Figure 4.4a shows an
example of the 3D-box AMFs projected onto a 2D (x-z) plane by integrating in y-direction for
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Figure 4.3 — Radiance seen by a downward viewing instrument placed in the center of the 1 km
x 1 km region at an altitude of 6 km. SZA and SAA are 60° and 90°, respectively.

an instrument pointing almost in nadir direction at the ground pixel centered at x=675 m and
y=75m (cyan square in Fig. 4.1b). Since the pixel is partly covered by buildings, 3D-box AMFs
close to the ground (0-10 m) are smaller than those above roof level. Note that in this and all
the following simulations all surfaces have a constant albedo of 0.1. Most photons follow the
geometric path from the sun to a reflection on the ground or the roof and to the instrument
as indicated by the high 3D-box AMFs along this path. Figure 4.4b shows the 1D-layer AMFs
obtained by integrating the 3D-box AMFs in x- and y-direction. The decrease close to the
ground due to the buildings is clearly visible. Figure 4.4c shows column AMFs along the x-axis,
i.e. 3D-box AMFs integrated in y- and z-direction. AMFs in the column directly below the
instrument are highest, because the collected photons cross at least one of the column boxes
when they are scattered into the direction of the instrument. The column AMFs decrease in
the x-direction with distance to the instrument due to atmospheric absorption and scattering.

Since 3D-box AMFs inform about the sensitivity to NO,, we can conclude that the measure-
ment is mainly sensitive to NO; along the geometrical optical path. It is not very sensitive to
adjacent pixels and also not to NO; at the surface because of the blocking of the photon path
by buildings. The total AMF for the observation presented in this example computed with
Eq. 2.5 is 1.98. The VCD above the ground pixel is 121 umol m~2 and the SCD computed as
VCD times total AMF is 239 umol m™2.
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Figure 4.4 — (a) Integrated 3D-box AMFs in y-direction for a ground pixel at x=650 m and
y=50m (lower left corner) for an instrument placed at x=600 m, y=75m and z=6000 m. The
sun is at SAA = 90° (west) with a SZA of 60°. (b) Vertical profile of horizontally integrated AMFs
(1D-layer AMFs) and (c) Horizontal profile of vertically integrated AMFs (column AMFs).

Horizontal footprint

To further illustrate the horizontal sensitivity of an airborne spectrometer to layers close to the
ground, Fig. 4.5 shows the near-surface footprint defined as the vertically integrated 3D-box
AMFs from 0-45 m above ground (see Sect. 4.2.3). The same scene was simulated as in the
previous paragraph but with a higher horizontal resolution of 5 m x 5 m to illustrate the spatial
pattern of the sensitivity in greater detail. The figure is normalized to show the fraction of the
sensitivity represented by each 5 m x 5 m pixel.

Figure 4.5a shows the footprint for a flat surface without buildings without including aerosols.
An important part of the sensitivity (51.4%) is located outside the ground pixel. The instrument
will thus not only 'see’ near-surface NO, above the ground pixel but also NO, outside. A major
part of the sensitivity is located in the direction of the sun along the main optical path. The
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Figure 4.5 — (a) Footprint without buildings. 51.4% of the signal is located outside the ground
pixel (i.e. outside the red frame). (b) Footprint with buildings. 52.6% of the instrument
sensitivity is located outside the ground pixel. Building contours in white.

main optical path is dominated by photons that are either reflected from the ground pixel
surface or scattered in the atmosphere above the ground pixel one single time upward into the
direction of the instrument. A much smaller fraction is located outside this main path and is
caused by photons experiencing at least one more scattering (or reflection) event before being
scattered (or reflected) into the main optical path.

Figure 4.5b presents the same situation but with buildings added to the simulation. Buildings
affect the sensitivity both within and outside the ground pixel. The footprint is reduced in the
shadows of buildings but may be enhanced over the sunlit sections of streets due to multiple
reflections, as seen near the upper right and lower left corners of the ground pixel. In this
example, the part of the sensitivity located outside the ground pixel is 52.6%, comparable to
the simulation without buildings.

Figure C.7 in the Appendix C shows the footprint for the aerosol scenario. The aerosol scatter-
ing increases the sensitivity contribution from outside the ground pixel to 55% for both the
scenario without and with buildings. The contribution from outside the main optical path
isincreased to 25% and 32% without and with buildings, respectively, compared to 18% and
24%, when not including aerosols.

The main effect of the 3D optical path of the photons is thus to smear out the sensitivity
of a measurement into the direction of the main optical path, which is determined by the
viewing and illumination geometry. The presence of buildings further modifies the sensitivity
by adding a complex pattern of enhancements and reductions due to the shielding effects of
buildings and multiple reflections in street canyons.

4.3.3 Impact of 3D radiative transfer on NO, imaging over a city

In the previous section we have shown how 3D radiative transfer effects and buildings smear
out and modify the sensitivity of a single observation. Here we demonstrate how a complete
image of NO, slant columns is affected by these effects. Note that for simplicity in the following
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AMFs without (b) and with (c) buildings. The respective SCDs are shown in the lower row
(d,e,f). Roads are drawn in white and building contours in black for the simulation with
buildings.

simulations, the ground and building reflectance was set to 0.1.

Effects of 3D radiative transfer and buildings on slant column densities

Figure 4.6 compares total AMFs computed from 1D-layer AMFs (Eq. 2.4) with total AMFs
computed from 3D-box AMFs (Eq. 2.5) without and with the urban canopy. The corresponding
SCDs are presented in the lower row of the figure, which are related to the total AMFs by a
division with VCDs shown in Fig. 4.2¢ (see Eq. 3.1 and Eq. 2.5). In the following we refer to the
SCDs calculated from 1D-layer AMFs as SCD; p and to the SCDs calculated from 3D-box AMFs
without and with the urban canopy as SCD3p and SCD3p_yc, respectively.

AMFs derived from 1D-layer AMFs (Fig. 4.6a) are almost horizontally homogeneous. They
vary only slightly with the instrument viewing zenith angle and the NO, distribution. The
contribution of the a priori NO; profile is only significant, when high values collocate with
high 1D-layer AMFs values, but as our a priori NO, profiles only differ in the lower 100 m,
the effect is smaller than the noise of the Monte Carlo simulations (oamr = 0.014 and oscp =
1.46 pmol m~2). The corresponding SCDs (Fig. 4.6d), computed as the sum of the product of
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Figure 4.7 — (a) Difference plot between SCDs calculates with 3D-box AMFs and the SCDs
calculated with 1D-layer AMFs. (b) Difference plot between SCDs calculated with 3D-box
AMFs including the urban canopy and SCDs calculated with 1D-layer AMFs. (c) Difference plot
between SCDs calculated with 3D-box AMFs with and without including the urban canopy.

the 1D-layer AMFs with the 1D NO, profile (see Eq. 2.4) in Fig. 4.2b show the same pattern as
the VCDs with sharply elevated values above roads and a homogeneous background aside.
The SCDs are higher than the VCDs because the AMFs are larger than 1.

AMFs calculated with 3D-box AMFs but without buildings (Fig. 4.6b) are lower over the roads
and slightly larger just aside the roads, because the 3D-optical path crosses neighbouring
columns with decreased or increased concentrations, respectively. This results in a spatial
smearing of SCDs (Fig. 4.6e) mainly in the direction of the main optical path from the sun
in the west, to the ground pixel and to the instrument in the east of the center. Far from
the roads, the SCDs are homogeneous and more or less identical to the 1D solution. The
difference SCD3p minus SCD; p is presented in Fig. 4.7. The smearing effect in the 3D solution
is visible as negative differences over the roads and positive differences aside especially on the
eastern side of the roads opposite to the sun. As a result, the individual roads show up much
less prominently in the SCD3p except for roads parallel to the optical path. The reason for
this pattern is illustrated in Fig. 4.8, where the main 3D optical path of the photons collected
when viewing directly at the road (red path 1 in Fig. 4.8) misses some of the enhanced NO,
concentrations in the elevated levels above the road. In contrast, these enhanced NO, values
are 'seen’ by photons collected when viewing to the east of the road (green path 2 in Fig. 4.8).
In the 1D solution, the SCDs are only affected by NO, in the vertical column directly above the
observed ground pixel.

The mean difference between SCD, p and SCD3p is around 1 pmol m~? (relative difference of
0.02 %), which suggests that the signal is smeared, but the total amount of measured NO; is
almost conserved. A small difference is to be expected because of statistical noise from the
Monte Carlo method (about 1.3 pmol m~2 for 50000 photons).

AMFs calculated with the 3D-box AMFs module including the urban canopy (Fig. 4.6¢) also
show lower values over roads compared to AMFs calculated with 1D-layer AMFs. In addition,
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Figure 4.8 — Sketch of two main optical paths for an airborne spectrometer pointing at (1) a
road in grey and (2) at a pixel aside the road.

they also show lower values over areas with buildings. As a consequence, the SCDs shown in
Fig. 4.6f are lower over regions with many buildings. On average, SCD3p_y¢ are 12% lower
than SCDs without buildings. The standard deviation of the difference between SCD3p_y¢
and SCD3p is 12.3 umolm ™2 for the whole domain. Not including the urban canopy would
therefore underestimate VCDs by 12% and would add a source of noise in the image of about
5% for this particular scenario with rather low buildings. In areas with background NO, and
no buildings (e.g., lower left region) SCD; p, SCD3p and SCD3p_yc closely agree (Fig. 4.7¢).

The results presented above were obtained for the special situation where viewing and illumi-
nation directions were along the same east-west direction. In this case, the smearing effects
are most prominent along this axis but relatively small in perpendicular direction. Here, we
also analyze the situation where the sun is in the south and thus viewing and illumination
directions are perpendicular to each other. As shown in Fig. 4.9, the results are generally
similar but building shadows and correspondingly reduced SCDs are now found to the north
instead of the east of the buildings. Furthermore, the SCDs tend to be lower because the
main optical path and the corresponding smearing is both N-S (sun to ground pixel) and
E-W-oriented (ground pixel to the instrument). The mean difference between SCD3p_y¢ and
SCDj3p is 12% and the standard deviation is 13%.

3D effects at higher spatial resolution

To investigate the reduced SCDs over buildings observed in the former paragraphs, we analyse
the spatial distribution of SCDs within the 50 m x 50 m pixel in more details. For this purpose,
we ran additional simulations at higher spatial resolution (5m x 5m) for a 100 m x 100 m sub-
domain located at x=600 m and y=0 m (lower-left corner of the sub-domain) of the original
domain. SCDs were calculated from 3D-box AMFs with and without buildings (Fig. 4.10a and
b).
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Figure 4.9 — SCDs for simulations with a SAA of 0° with 1D-layer AMFs (a), 3D-box AMFs
simulation without (b) and with (c) buildings. The roads are drawn in white and the building
contours in black for the simulation with buildings.

At this resolution, we can better resolve the spatial distribution of NO; and SCDs remain high
above roads. Since we can also resolve individual buildings and their shadows, the simulations
makes it possible to investigate how buildings reduce SCDs.

At 5 m resolution, we distinguish four types of ground pixels. (1) The ground pixel is on the
surface and the geometric path to the sun and the instrument is not obscured by buildings. In
this case, the 3D-box AMFs are only affected by buildings through multiple scattering either
increasing the AMF when buildings reflect photons towards the ground pixel or reducing the
AMF when buildings block photons from reaching the ground pixel. In our example, the effect
results in a small but hardly visible reduction of AMFs (see Fig. 4.10c).

(2) The reflecting point of the geometric path is located on top of a building. The case is similar
to the first case, but 3D-box AMFs are smaller, because photons cannot reach the ground.
Since we assume that a priori VCDs are fixed regardless of the presence of a building, SCDs are
reduced above buildings. However, the effect is very small because only about 3 % of the total
VCD is below a 10 m building.

(3) In the third case, the ground pixel is located on the sunlit side of a building, but the direct
path to the instrument is blocked by the buildings. Since the VZAs of the simulated instrument
are very small, we do not find these cases in our example with rather small buildings.

(4) In the final case, the ground pixel is located in the shadow of the buildings blocking the
direct path towards the sun. In this case, photons can only reach the instrument after multiple
scattering or simple atmospheric scattering directly into the direction of the instrument,
which drastically reduces the 3D-box AMFs near the surface. As a result, SCDs are significantly
lower in the shadows of buildings (Fig. 4.10b). For example, SCDs are about 35% lower when
increased ground NO; concentrations (e.g., road) are located in the shadow of a building.

We can therefore conclude that the reduction of SCDs over buildings (Fig. 4.7¢) is mainly
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Figure 4.11 - (a) True VCD field and VCDs computed from SCDs using 3D-box AMFs and
buildings assuming (b) 1D-layer AMFs and (c) 3D-box AMFs without buildings. The scenario
uses a SAA of 90°.

caused by the building shielding effect (case 4), while building height has a minor effect on
the SCDs (case 2) in our study case with rather small buildings.

The retrieval of vertical column densities

In imaging remote sensing, NO, VCDs are retrieved from SCDs using AMFs. Here SCD3p_y¢
are considered as the "true" SCDs measured by an airborne imaging spectrometer and VCDs
were calculated using either 1D-layer AMFs or 3D-box AMFs without buildings (Fig. 4.11). The
VCDs computed with 1D-layer AMFs fails to correct for the spatial smoothing induced by the
complex 3D optical path of the photons (Fig. 4.11b). In additions, the effects of buildings are
not corrected resulting in additional noise introduced by shielding effect of the buildings and
significantly lower VCDs with a field average of 90.1 pmol m~2 compared to the 108.4 umol m~2
of the true VCDs. When VCDs are computed using 3D-box AMFs without buildings, the spatial
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smearing is corrected but the noise component and lower VCDs (mean: 91.4 umol m~2) would
remain in the retrieved VCDs.

4.3.4 Application to real observations

The codes developed for this study can also be applied to real observations, for example, to
the campaigns conducted with APEX imaging spectrometer. A major challenge is to obtain the
required input data. 3D building data are available for many cities, but albedos for ground, roof
and walls are generally not available. In addition, to compute the total AMFs, realistic 3D NO»
fields from a building-resolving dispersion model are required, which requires high-resolution
emission inventories and additional model development, because most building-resolving
models are not optimized for providing realistic vertical distributions of trace gases or cannot
not be applied to a full city at high resolution (Berchet et al., 2017).

To minimize 3D effects when using 1D-layer AMFs, it would be recommendable to obtain the
airborne spectrometer measurement around local noon when the SZA is lowest and avoid
large viewing zenith angles. However, around noon turbulent atmospheric mixing will be
strong and the NO, distributions would be smoothed as well.

The computation of 3D-box AMFs with buildings is computationally quite expensive, but still
manageable for current airborne campaigns. For example, the computation of the 3D-box
AMF field for a single APEX pixel (e.g. on Fig. 4.6f) takes about 280 s on a single core of our
Linux machine (Intel(R) Xeon(R) W-2175 CPU @ 2.50GHz). Processing a full campaign con-
sisting of about 100’000 pixels takes about 23 days using all 14 cores on the system. However,
simulating AMFs for an APEX campaign would not require simulation for a 1 km x 1 km do-
main. Nonetheless, computing 3D-box AMFs is significantly more expensive than computing
1D-layer AMFs and reducing computation time, for example, by finding suitable parametriza-
tions using machine learning, would make it possible to calculate the 3D-box AMFs on smaller
hardware, for larger campaigns or to run simulations with more details and at higher spatial
resolution.

4.4 Conclusions

Airborne imaging spectrometers are increasingly used for high-resolution mapping of NO,
concentrations in cities. The NO» maps obtained in this way were usually found to be rather
smooth and seemingly inconsistent with the much more rapidly varying near-surface NO,
concentration fields seen, for example, in city-scale dispersion model simulations. The ob-
served difference may partly be explained by atmospheric mixing more strongly affecting total
columns than near-surface concentrations, but could also be caused by complex 3D radiative
transfer effects in cities. To study the latter point, we implemented an urban canopy module
into the 3D MYSTIC solver of the libRadtran radiative transfer model. We set up a case study
for a 1 km x 1 km domain in Zurich, for which 3D-box AMFs and NO, slant column densities
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were computed for a realistic field of NO, concentrations.

Our case study shows that the footprint of a single observation is only partly located over the
observed ground pixel and that there is a 'tail’ in the direction of the main optical path. In
the presented simulations with a SZA of 60° and a 50 m x 50 m resolution, about 50% of the
sensitivity is located outside the ground pixel for a nearly-nadir viewing instrument. Only a
small but not negligible amount of photons are from outside the main optical path, with 19%
for a simulation without aerosols and without buildings and 24% for a simulation without
aerosols and with buildings. The effect becomes more important when aerosols are included
with 25% and 32% of the sensitivity located outside the main optical path for scenarios without
and with buildings, respectively. The footprint fine structure is further modified with the
presence of buildings, but the general shape is conserved.

The 3D radiative transfer simulations show that 3D effects introduce significant spatial smear-
ing of high NO, concentrations as for example over roads, which 1D-layer AMFs do not
include. This results in increasing SCDs when roads are parallel to the main optical path
and decreasing SCDs otherwise. When buildings are included, NO, SCDs are generally lower
due to the shielding effect of buildings. The buildings also introduce a variability in the SCD
field with a standard deviation of 12.9 umolm_2 (5.5%) that would show up as additional
noise component of airborne imagers. The magnitude is however slightly smaller than the
current NO, SCD uncertainty (about 20 pmolm_2 for the APEX instrument), but could be
noticeable for instruments dedicated to NO, mapping that have lower SCD uncertainties. We
also applied 1D-layer and 3D-box AMFs without building to SCDs computed with 3D-box
AMFs with buildings showing that 3D radiative transfer simulations are required to correct the
smearing effect and that buildings are required to avoid an underestimation of the VCDs.

Generalizing our results to others cities is challenging, because many relevant parameters such
as building shapes, surface reflectances and a priori NO, distribution vary strongly between
different cities. In our case study, we used a surface reflectance of 0.1, which is a realistic
value for Zurich but not necessarily for other cities. In general, a higher surface reflectance
of the observed ground pixel implies less atmospheric scattering and a higher sensitivity of
the instrument to the main optical path and higher albedo of neighbouring pixels increases
the sensitivity to this neighbouring pixel. In this study, the simulations were conducted at
490 nm, which corresponds to the center of the fitting window used for NO; retrieval from the
APEX airborne spectrometer. At shorter wavelength, used by other instruments, scattering
increases, which decreases the instrument sensitivity to the main optical path. The footprint
simulated with a wavelength of 420 nm (without buildings) shows the increase in scattering
and the sensitivity to neighbouring pixels, as 56% of the sensitivity is located outside of the
ground pixel.

In conclusion, our case study demonstrates that 3D effects explain the smooth NO, field
observed by airborne imaging spectrometers, at least partly. Atmospheric mixing can still
result in additional smoothing that has not been studied here. Furthermore, buildings reduce
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SCDs due to light shielding effect of buildings and add an additional noise component that
is difficult to generalize due to the complexity and the heterogeneity of the buildings. The
smearing in sun direction can result in features in the maps that are difficult to interpret when
the sun position is not known. 3D radiative transfer effects therefore need to be considered
when studying NO; maps obtained from airborne imagers and might become relevant with
future NO, satellite instruments that measure NO, at spatial resolutions down to 2 km.

Acknowledgment - We want to acknowledge the Swiss Federal Office of Topography (swis-
stopo) for providing the 3D building data and the city of Zurich for providing the traffic
emission inventories.
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VCDs and near-surface concentrations
obtained with 3D-box AMFs

I implemented the described radiative transfer modules into the Empa APEX NO, retrieval
algorithm, designed the study with inputs from Gerrit Kuhlmann, and ran the simulations.
The APEX data and the GRAMM-GRAL simulations that will be described in this chapter, were
provided by Gerrit Kuhlmann.
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5.1 Introduction

In the previous chapters (Chapters 3 and 4), we highlighted the effects of 3D radiative transfer
on airborne spectroscopy trace gas retrievals. We demonstrated that the complex 3D photon
paths affect the instrument sensitivity, in particular in regions where atmospheric and ground
optical properties are horizontally inhomogeneous (e.g., cities). With synthetic but realistic
examples, we demonstrated that these effects have to be accounted for in high-resolution
trace gas remote sensing over cities to avoid additional noise and smearing of the retrieved
nitrogen dioxide (NO) maps. So far, these effects have not been demonstrated for real remote
sensing measurements. In this chapter, we apply the developed methods to real Airborne
Prism EXperiment (APEX) airborne spectrometer data collected during three measurement
campaigns in Zurich in 2010, 2013 and 2016. We demonstrate that the developed 3D radiative
transfer calculations (including complex surface properties) can be implemented in a trace gas
retrieval routine and applied to a real dataset. This implementation requires multiple input
data and geometrical transformation of the data. We intend to demonstrate that considering
3D radiative transfer improves the quality of the retrieved NO, maps compared to NO; re-
trieved with the traditional 1D-layer air mass factor (AMF) calculations. High-resolution NO»
column (i.e., VCD) maps can be useful to study the spatial variability of the air pollutant in
cities, but near surface concentrations are necessary to assess the exposure of the population
to the air pollutant. Therefore we also compute near-surface NO, concentrations from the
APEX data and evaluate the quality of the product, retrieved with the new radiative transfer
(RT) modules, by comparing it to in situ NO, measurements at air pollution monitoring sites.

This study is divided into three main parts: First, we present the implementation of 3D-box
AMFs in the Empa APEX NO,, retrieval algorithm. Second, we show a case study in a sub-region
of an APEX stripe from a campaign in 2013 in Zurich and third, we calculate the near-surface
NO; concentrations at air pollution monitoring sites in Zurich.

First, we implement 3D-box AMFs and urban canopy modules of the MYSTIC RT solver (see
Schwaerzel et al., 2020, 2021) in the Empa APEX NO» retrieval algorithm (Popp et al., 2012;
Kuhlmann et al., 2022). We present the data pre-processing steps required for a successful RT
simulation for an APEX airborne spectrometer dataset.

Second, we evaluate the effects of 3D-box AMFs on SCDs for the APEX spectrometer in Kreis
2 district in Zurich. This region was selected because the near surface NO, distribution is
expected to be particularly complex with the simultaneous presence of highways, a plume
from the Uetliberg highway tunnel exit, industrial facilities, residential areas, a heterogeneity
of low and heavy traffic roads, and some background areas (e.g., forest). We simulate SCDs
potentially measured by the airborne spectrometer combining 1D-layer AMFs or 3D-box
AMFs with a simulated 3D NO; distribution from the GRAMM-GRAL city-scale dispersion
model. We qualitatively compare the obtained SCD maps with the differential SCD (6SCD)
product from the stripe 1 of the 2013 APEX campaign over Zurich. §SCD is the APEX retrieved
quantity after undergoing the DOAS analysis and corresponds to a difference of the retrieved
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SCD to the SCD retrieved in a remote area (e.g., forest). We also retrieve the VCD field from
the APEX measurement over the same study domain using 1D-layer AMFs and 3D-box AMFs
including the buildings module for the total AMF calculation. Therewith we demonstrate that
3D-box AMFs can be used to map NO; columns from an airborne spectrometer. To compute
the total AME a 3D NO field from the building-resolving GRAMM-GRAL model, described
later, is also required. We also compare the VCDs obtained with the 1D-layer AMFs with VCDs
obtained with the 3D-box AMFs.

Finally, we compute the APEX VCDs at the location of air pollution monitoring stations with
the 1D-layer and 3D-box AMFs modules and a required 3D NO, distribution simulated with
the GRAMM-GRAL dispersion model run over a larger domain centered in Zurich. In addition,
we retrieve the near-surface NO, concentrations at the location of the monitoring stations
for 4 different APEX campaigns in Zurich. We then compare the obtained near-surface NO»
concentrations with ground concentrations measured at the air pollution monitoring stations
at the time of the flight.

5.2 Data and methods

Two APEX flights were conducted in Zurich on 26 June 2010 (one in the morning and one in
the afternoon), one flight on 30 August 2013 and one on 7 July 2016. During the APEX flights,
NO; was measured at several operational air pollution monitoring stations maintained by the
city of Zurich, the canton of Zurich, and by Empa, the Swiss Federal Laboratories for Materials
Science and Technology. Figure 5.1 shows a map with 14 APEX stripes and the 7 air pollution
monitoring stations. Table D.1 in the Appendix D presents an overview of the data availability
of the monitoring stations for the individual APEX stripes and Tab. D.3 the APEX stripe times in
details. In this section we will present the used data and describe the required data processing
steps.

5.2.1 Data and data pre-processing
MYSTIC input data

MYSTIC requires diverse input data for the AMF calculation (see a MYSTIC input file example
in Appendix A). These data were obtained from the APEX products as well as from a building
dataset of the Swiss Federal Office of Topography (swisstopo). Before simulating the AME part
of the input data requires processing to align the APEX measurement grid with the MYSTIC
simulation grid.

MYSTIC aerosol setting

For the following simulations, aerosol scattering is considered assuming an aerosol optical
depth (AOD) of 0.1 for a default aerosol profile from the libRadtran package (aerosol profiles
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Figure 5.1 — Map of Zurich with APEX flight stripes and locations of monitoring stations.
Map informations were obtained from OpenStreetMap (© OpenStreetMap contributors 2022.
Distributed under the Open Data Commons Open Database License (ODbL) v1.0.). The 2010,
2013 and 2016 flight stripes are shown in orange, red and brown, respectively. The extent of the
GRAMM-GRAL NO: field is shown as a dashed black square. The APEX stripes numbers and
the available ground measurement stations with colored numbers and circles, describing the
year of measurement. More details about the measurement stations are available in Tab. D.1
in Appendix D.1

set after Shettle (1989)). Based on Aqua/MODIS AOD observations for the campaign days, an
AOD of 0.1 is a reasonable setting for aerosols in the city of Zurich.

MYSTIC domain as a reference

For each observed APEX pixel, a MYSTIC domain is defined for the AMF calculation. For the
MYSTIC grid definition, we use a regular horizontal grid (9 x 9 grid cells) that is oriented in the
east-west (x) and north-south (y) directions with a defined origin (x=0 and y=0) in the lower left
corner of the domain. The resolution of the MYSTIC grid cells is defined based on the APEX
pixel size (see blue MYSTIC grid in Fig. 5.2a). In Chap. 4, we showed that the APEX footprint in
the lowest 45 m is mostly within 100 m horizontal distance from the ground pixel for a SZA
of 60°. Applied to the used APEX stripes, the chosen 9 x 9 grid cells of the MYSTIC domain
(i.e., 450 m wide domain for 9 APEX pixels of 50 m) are sufficient to capture the horizontal
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Figure 5.2 — (a) Sketch of the rotation angle with the APEX stripe (red), the MYSTIC grid (blue),
the rotation angle (orange), the APEX ground pixel (violet grid cell), and the rotation origin
point (violet dot). The rotation angle is given by the angle between the APEX across track
direction (orange) and the MYSTIC x-direction (orange). (b) Sketch of the rotated and shifted
APEX stripe (red) and the MYSTIC grid (blue)

variations in the NO» distribution in the lowest 140 m in the AMF calculation. This grid does
usually not match the orientation of the APEX stripe and we therefore need to rotate the APEX
spatial information to a grid aligned with the x- and y-directions (see schematic in Fig. 5.2).
The rotation angle is given by the angle between the APEX across-track direction and the
MYSTIC x-direction (orange rotation angle in Fig. 5.2a). For each APEX pixel, the APEX stripe
is rotated around a rotation center located 4.5 pixels lower and 4.5 left of the center of the
observed pixel regarding direction of the APEX stripe (violet rotation point in Fig. 5.2a).

The rotated APEX stripe is then shifted horizontally (i.e., translated) until the APEX origin
(225m south and 225 m east from the observed pixel center, i.e., 4.5 grid cells) matches the
MYSTIC origin (0 m, 0 m) (see final overlapping grids in Fig. 5.2b). This shift will be referred to
as the horizontal shift in the following.

Rotation and shift of the MYSTIC input parameters

The sensor position, the solar azimuth angle, and the instrument azimuth angle, obtained
from the APEX product, are rotated by the rotation angle and shifted by the horizontal shift
defined in the previous paragraph. The mc_panorama_view MYSTIC parameter is used to set
two instrument opening angles (¢p and ) for the photons entering the instrument optics. This
opening angle is defined to collect all photons reflected at diverse locations in the rectangular
APEX ground pixel. The MYSTIC vertical resolution is defined to match the vertical resolution
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of the GRAMM-GRAL model output, which will be described in the following.

Buildings data processing

Each building is defined as a polygon with x and y-coordinates of the edges and the centroid
(Swiss IV03 coordinates system) with a single building height. As described in Chapter 4, the
data was converted to a triangular mesh and saved to a netCDF file. The triangle vertices were
rotated with the defined rotation angle to match the MYSTIC domain definition and shifted
by the previously defined horizontal shift. The roof and the ground reflectance are set to the
value from the APEX reflectance product at 490 nm averaged over the ground pixel. 490 nm is
the center of the NO, fitting window used for the APEX instrument (Kuhlmann et al., 2016).
The reflectance of the walls is assumed to be 0.1, which we assume to be a realistic assumption
for Zurich on average.

GRAMM-GRAL simulations

The Graz Mesoscale Model - Graz Lagrangian Model (GRAMM-GRAL) modelling system is
being developed at the Graz University of Technology since 1999. The modelling system
combines a mesoscale meteorology model (GRAMM) and a micro-scale Lagrangian particle
dispersion model (GRAL). First, the GRAMM model calculates the flow fields accounting for
topography, vertical wind profiles and a turbulence class in the input parameters. Second,
the GRAL model uses the GRAMM mesoscale flow field to compute a high resolution flow
field considering buildings before tracking particles released into the model domain at the
location of sources proportional to the intensity of each source. The released particles are
counted in the defined counting grid. By scaling the particles amount with the emissions from
an emission inventory, the trace gas concentration is obtained for every grid cell (Oettl, 2016,
2017).

The GRAMM-GRAL simulations are run for the Zurich region and the surrounding regions
covered by the APEX stripes. The 3D building data in the city of Zurich was obtained from a
vectorial building inventory provided by the municipality of Zurich. Buildings outside the city
were obtained from a shape file provided by Swisstopo (see Chap. 4) (Berchet et al., 2017). The
GRAMM-GRAL modelling system accounts for buildings and topography for the computation
of the flow fields. In the GRAMM-GRAL simulations for the following studies, the topography
was ignored, as the GRAMM-GRAL output showed erroneous NOx fields when the topography
was used. The GRAMM-GRAL model writes out the mean NOx concentrations for 10 m thick
vertical layers up to 1 km. We then convert the GRAMM-GRAL NOx output field to a NO; field
using the NO/NO, empirical equation from Diiring et al. (2011). The GRAMM-GRAL 10 m x
10 m resolution NO field is then mapped on the APEX grid by averaging the GRAMM-GRAL
NO, concentrations of grid cells located in the APEX-pixels. Finally, we add a background
NO, profile from the US Standard Atmosphere (United States Committee on Extension to the
Standard Atmosphere, 1976) to the 3D NO, distribution.
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Figure 5.3 — Location of the Kreis 2 study area (red) mapped on the §SCD APEX product
from stripe BO1 from the 2013 campaign. The extent of the GRAL domain is plotted in blue.
Map informations were obtained from OpenStreetMap (© OpenStreetMap contributors 2022.
Distributed under the Open Data Commons Open Database License (ODbL) v1.0.)

5.2.2 Study case over Kreis 2 in Zurich

The 2 km x 2 km study domain is located in Kreis 2 in Zurich (lower left domain corner at lon
= 8.5070 and lat = 47.3345) (see red domain mapped in Fig. 5.3). APEX data is available for
this region on 30 August 2013 between 11:24 and 11:30 UTC for the APEX stripe 1. A highway
crosses the domain from North to South and in the center of the domain, a highway branch
goes to the West, before entering the Uetliberg tunnel (see detailed map in Fig. 5.5a). The
western side of the domain is dominated by forest.

GRAMM-GRAL simulations for Kreis 2 in Zurich

To compute total AMFs and simulate SCDs measured by an airborne spectrometer, a simulated
3D NO» concentration distribution is required. As introduced previously, we use the GRAMM-
GRAL dispersion model. Here the model was run over Zurich (see dashed line in Fig. 5.3).
The model was driven by a wind speed of 1.50 m/s, a direction of 7°, and a stability class 1
(i.e., Pasquill-Gifford (P-G) stability category A), which corresponds to extremely unstable
conditions. The stability class was defined based on wind speed and solar radiation following
the recommendations of the GRAL model (see GRAL recommendations at https://github.
com/GralDispersionModel/ GRALRecommendations, last access: 24 March 2022). The wind
situation was chosen according to wind measurements at the Zurich airport in Kloten (located
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about 12 km NNE of the study domain center) at the time of the APEX flight.

APEX 6SCDs and simulated SCDs in Kreis 2 in Zurich

First, we want to qualitatively compare the APEX 6 SCDs with SCDs calculated combining 3D-
box or 1D-layer AMFs with a NO, distribution obtained from the GRAMM-GRAL simulation.
The APEX §SCD is defined as:

8SCD =SCD-VCD, - AMF, =SCD-SCD;, (5.1)

where VCD,, AMF,, and SCD; are the VCD, AME and SCD at a background pixel located far
from NO, emissions. As a further analysis, we investigate the difference between the SCDs
calculated with the 3D-box AMFs and SCDs computed with 1D-layer AME

Total AMFs and APEX VCDs

To retrieve VCDs from the available APEX § SCD product, we use the following formula:

_ 86SCD+VCD, - AMF,
B AMF ’

vVCD (5.2)

where VCD, and AMF,; are the VCD and the AMF at the reference background pixel, respec-
tively. Here, we assume a VCD, =100 pmolm_2 and an AMF, = 1.2. The AMF (i.e., total AMF)
is obtained according to the Eq. 2.4 and Eq. 2.5 in Chap. 2.

For clarity in the following paragraphs, we will refer to total AMFs calculated with 3D-box
AMF and 1D-layer AMF modules as AMF3p and AMF p, respectively. Similarly, we will refer to
SCDs and VCDs calculated with 3D-box AMF and 1D-layer AMF modules as SCD3p, VCD3p,
SCD;p and VCD, p, respectively.

5.2.3 Near surface concentrations in Zurich

Ground NO, monitoring stations

In this study, we use NO, concentrations measured at air pollution monitoring sites main-
tained by the Zurich city environment authority, UGZ, the regional monitoring network for
eastern Switzerland, OSTLUFT, and the Swiss national air pollution monitoring network,
NABEL. The station air inlet is, according to standards, located at about 4 m above ground
level, and the measured NO, concentrations are averaged hourly in our case.
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Figure 5.4 — VCDs from the 3D NO, concentration distribution computed with the GRAMM-
GRAL model on 7 June 2013.

GRAMM-GRAL simulation over a large Zurich domain

The NO, distribution was simulated with the GRAMM-GRAL model described previously for
a 16 km x 18 km domain centered in Zurich (lower left corner at lon = 8.4303, lat = 47.2977).
The model was run without topography and for a wind situation measured at the weather
station at the Zurich Airport in Kloten, at the times of the APEX stripes (see an example of
GRAMM-GRAL VCDs for the 2013 APEX stripes in Fig. 5.4).

APEX VCDs and near surface concentrations

First, we simulated the total AMFs (AMF;p and AMF3p) according to Eq. 2.4 and Eq. 2.5
for pixels located at a ground air pollution monitoring stations. Second, we simulate the
APEX VCDs for the same pixels with Eq. 5.2. Finally, we calculate the near-surface NO,
concentrations (NSC), using the following equation:

f SCD

NSC=1 =2 (5.3)
Lo AMF
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where L is the height of the lowest model layer and f is the ratio of VCD in the lowest layer to
the total VCD above the observed ground pixel given as:

_ VCDy,init

= . (5.4)
! VCDipit

Near-surface NO, concentrations depend on the simulated NO, profile above the observed
pixel, which depends on the NOx emissions from the emission inventories, wind speed and
vertical atmospheric mixing, and NOx advection from surroundings areas.

5.3 Results

5.3.1 APEXstudy in Kreis 2 in Zurich
APEX 6SCDs and simulated SCDs

We present §SCDs retrieved from an APEX airborne spectrometer stripe on 30 August 2013 for
aregion (Kreis 2) in the city of Zurich and qualitatively compare them with SCDs simulated for
the airborne spectrometer using the newly developed radiative transfer modules. The SCDs
were simulated using the traditional 1D-layer AMFs and the 3D-box AMFs including buildings.

Figure 5.5a and b show the location of the study area and the §SCDs retrieved from the APEX
measurement, respectively. The 6SCDs are difficult to interpret as they strongly depend on
the ground reflectance, but the spatial pattern of the highway (Autobahn A3) (see location
in pink in Fig. 5.5a) is visible with increased values (see Fig. 5.5b). Other individual roads or
plumes are hardly observable, as they appear smeared.

To simulate the SCDs with the 3D-box AMF and 1D-layer AMF modules (respectively SCDsp
and SCD; p), a distribution of NO» is required and was simulated with the GRAMM-GRAL
model (see VCDs from the GRAMM-GRAL 3D NO, concentration distribution in Fig. 5.5d).
SCDsp and SCD; p (see respective Figs. 5.5¢ and e) were simulated based on the numerators
in Eq. 2.5 and Eq. 2.4 similarly to SCDs simulated in Chap. 4 (e.g., SCDs in Figs. 4.6d, e, and f).
Finally, we plot the relative difference between SCD; p and SCD3p in Fig. 5.5f.

SCD, p values are higher than SCD3p over emission plumes and roads (e.g., strong emission
at the highway junction at 47.345°N and 8.520°E). The high values from the GRAMM-GRAL
simulations are slightly smeared using 3D-box AMFs (see Fig. 5.5¢), which is consistent with
the findings from the previous chapters (Chap. 3 and 4). Furthermore, SCDs in regions with
buildings show higher values with the 1D-layer AMFs. 1D-layer AMFs do not include buildings,
but the simulated NO,, used for the total AMF calculation, includes buildings. In fact, the GRAL
model accounts for the presence of buildings in the high-resolution wind field simulations.
The 5m x5m NO, GRAMM-GRAL output field is averaged to the 50 m x 50 m APEX pixel. By
doing so, the amount of NO; contained in an APEX grid cell reflects the reality. Higher SCD;p
over buildings is consistent with the conclusions in Chap. 4, where we showed that including
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Figure 5.5 — (a) Map of study location: Kreis 2 in Zurich, (b) APEX §SCDs, SCDs calculated with
(c) 3D-box AMFs with buildings and (e) 1D-layer AMFs combined with NO» distributions from
GRAMM-GRAL simulations, (d) VCDs from the GRAMM-GRAL 3D NO, distribution and the
extent of the SCD3p domain as a black dashed square, and (f) difference between SCD;p and
SCDs3p. During this APEX stripe, the sun was in the S with a SZA = 38.5°. Map informations
were obtained from OpenStreetMap (© OpenStreetMap contributors 2022. Distributed under
the Open Data Commons Open Database License (ODbL) v1.0.)

buildings leads to a decrease in the instrument sensitivity to close-to-ground NO,. Notice
that the APEX reflectance product, which we used to represent the reflectance of roofs and
ground-level surfaces might already carry information about building shadows and could
potentially lead to an overcompensation of buildings effects when used together with the
3D-box AMFs module with buildings.

Finally, if the calculated SCDs are qualitatively compared to §SCDs from the APEX stripe (i.e.,
Figs. 5.5¢c or e compared to Fig. 5.5b), the spatially smeared pattern of high SCDs (e.g., over
roads) of the §SCDs seems to be better represented with SCDsp. A quantitative comparison
between the measured §SCDs and the calculated SCDs remains very challenging for several
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reasons. First, the uncertainty in the §SCDs is relatively large (around 20 umol/m?). In
addition, the GRAMM-GRAL simulations used as NO, distributions are not perfectly suited yet
to compute very realistic SCDs. For example, the topography was ignored in these simulations,
as the model showed some instability when including topography. The western side of the
domain is mountainous and slightly NE of the domain center, a hill is present. The GRAL
flow field does not account for wind channeling due to these topographic features and the
simulated NO, field used in the SCD simulations is therewith affected. Another potential bias
is introduced by the emission inventory, which is based on annually averaged emissions. NO;
emissions at noon-time of a weekday are expected to be higher than the annual averaged
emissions, as the traffic and the industrial activities are intense during day time.

Total AMFs and APEX VCDs

In Figs. 5.6b and d, we show the total AMFs for the selected domain calculated with 3D-box
AMFs including buildings and with the 1D-layer AMFs, respectively (i.e., AMF3p and AMF, p).
Figures 5.6a and c illustrate the APEX VCDs obtained from the 6SCDs and the AMF3p and
AMF, p, respectively (i.e., VCD3sp and VCD, p). Figure 5.6¢ illustrates the relative difference
between VCD;p and VCDs3p. Finally, we present the VCDs calculated from the GRAMM-GRAL
3D NO; distribution in Fig. 5.6f.

First, the AMF3;p and VCD3p domains are 200 m shorter in each direction. The input data was
cropped to the study domain and the MYSTIC 450 m-wide domain can only compute 3D-box
AMF where the input data are present. Therefore 3D-box AMF were not computed for pixels
close to the study domain boundaries.

The obtained VCDs are noisy (see Figs. 5.6a and c), which is manly induced by random
uncertainties in the APEX §SCD product (see APEX §SCD in Fig. 5.5b). The noise in the APEX
6SCD product can potentially come from the measurement, the calibration, or from the DOAS
retrieval.

Similarly to the previous studies, we notice that AMF; p are highest over high NO, concen-
tration (e.g., directly over the highway), whereas AMFsp seem to be smeared horizontally.
The AMF;p seems to decrease the sensitivity (smear the signal) of the instrument and hence
increase NO, VCDs over high concentrations (i.e., correct for the smeared SCDs)(see highway
junction at 47.345°N and 8.520°E in Fig. 5.6a). This has been extensively discussed in the
previous section and in Chaps. 3 and 4.

With this example, we demonstrate that we successfully implemented the 3D-box AMF RT
module into the Empa APEX NO, retrieval algorithm and that we are now able to retrieve
VCDsp from airborne spectrometer measurements. Regarding the number and the complexity
of the required input data, the VCD3p map shows reasonable features.
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Figure 5.6 — (a) APEX VCDs calculated with AMF;p, (b) AMF3p obtained with 3D-box AMFs
and GRAMM-GRAL 3D NO, distribution, (c) APEX VCD calculated with AMF; p, (d) AMF3p
obtained with 3D-box AMFs and GRAMM-GRAL 3D NO, distribution, (e) Relative difference
between VCD;p and VCD3p and (f) VCDs from the GRAMM-GRAL NO, distribution and the
extent of the VCD3p domain as a dashed black square. Map informations were obtained
from OpenStreetMap (© OpenStreetMap contributors 2022. Distributed under the Open Data
Commons Open Database License (ODbL) v1.0.)

5.3.2 Near surface concentrations in Zurich

The APEX near-surface NO» concentrations obtained with 3D-box AMFs at the location of
monitoring stations are presented in Fig. 5.7 for the APEX 2010 morning flight. Similar figures
for the APEX 2010 afternoon, the 2013, and the 2016 flights are presented in Appendix D.2.

A direct comparison between APEX near-surface NO, concentrations and NO, concentra-
tion measured at air pollution monitoring stations is very challenging. For example, for the
2010 morning campaign (Fig. 5.7), we observe a certain correlation (r = 0.74 for near-surface
NO; concentrations calculated with 3D-box AMFs and 8 compared points) between the two
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Figure 5.7 — Near surface concentrations from APEX (APEX 2010 morning campaign), retrieved
with the 3D-box AMFs (square) and ground measurement concentrations at the location
of ground air pollution monitoring stations (circle). Map informations were obtained from
OpenStreetMap (© OpenStreetMap contributors 2022. Distributed under the Open Data
Commons Open Database License (ODbL) v1.0.)

quantities, as they seem to be lower in remote areas and both show increased values close
to NO, sources. Near heavy traffic (e.g., the Opfikon station located NE of the map center),
the two quantities seem to differ significantly. Differences between the two quantities can be
explained by many factors that are challenging to disentangle. First, the uncertainty in the
APEX §SCD product is relatively large (around 20 umol/m?) and most certainly dominating
the total uncertainty in the VCD and near-surface NO; concentration products (see APEX
uncertainty section 3.3.2 in Kuhlmann et al., 2022). Second, the APEX near-surface NO, con-
centration product depends on the simulated NO, distribution (i.e., its relative distribution),
we obtained with the GRAMM-GRAL model. This distribution is strongly influenced by the
wind speed and direction, by the atmospheric mixing, and by the topography (ignored in these
simulations). Other sources of errors as the uncertainty in the emission inventories might
also influence the a priori 3D NO, distribution. Third, the AMF calculation depends on input
parameters obtained from the APEX product (e.g., the reflectance) that also contribute to
the total uncertainty. Additionally, the assumption for the buildings wall reflectances might
not be representative for the entire city. Those described uncertainties would need to be
assessed and studied in more details for a more in-depth comparison. Furthermore, the APEX
near-surface NO, concentrations represent an averaged NO, concentration for the ground
pixel, whereas the monitoring stations gives an hourly averaged NO» concentration at one
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Figure 5.8 — Scatter plot between APEX NO, near surface concentrations retrieved with 1D-
layer AMFs (triangles) and 3D-box AMFs (circles) and surface in-situ NO, concentrations for
(a) all stations and (b) excluding OPB. The small, medium, and large symbols size represents
the 2010, 2013, and 2016 campaign, respectively. The 1:1 line is plotted in black and the
fitted line to the (a) 28 and (b) 24 comparison points in red and green for 3D and 1D AMFs,
respectively.

specific location. The latter is sensitive to NO, advected by the wind during the averaging
hour. The concentration footprint of this point measurement would be located upwind. For
example, if the monitoring station is located close, but upwind to a strong source, it could miss
the high concentration as the footprint would be locate in the opposite direction, whereas the
strong source could be potentially captured by the APEX measurement.

The comparison between all APEX near-surface NO» concentrations and the ground NO,
concentrations measured by ground measurement stations during the different flights is
shown as a scatter plot in Fig. 5.8a. The APEX near-surface NO, concentrations are in moderate
agreement with in-situ measurements at ground air pollution monitoring stations as they
co-fluctuate with a correlation coefficients r = 0.66 for 3D and r = 0.67 for 1D (slope and offset
of the fitted lines are 0.18 and 13.64 for 3D and 0.19 and 13.09 for 1D, respectively). When
excluding the OPB measurement station (see Fig. 5.8b), a measurement that seems to be
considerably different to the APEX near-surface NO, concentration, the quantities are in
reasonably good agreement as they co-fluctuate with a correlation coefficients r = 0.74 for 3D
and r = 0.78 for 1D (the slope and offset of the fitted lines are 0.39 and 7.68 for 3D and 0.43
and 6.23 for 1D, respectively). For this monitoring station in Opfikon, the differences may
be attributed to multiple factors. First, the measurement station is located on the eastern
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side of the highway 51 and at the time of the measurement(s), the wind was from NNE. The
footprint of the hourly-averaged concentration measured at the monitoring station could
be partly located aside the high way, whereas the APEX pixel covers the highway. Second,
the assumption of horizontal homogeneity of optical properties in a box in the 3D-box AMF
calculation is likely broken, as we expect the surface reflectances and the 3D NO, distribution
to be highly inhomogeneous in a 50 m x 50 m pixel over a highway. Third, the APEX column
measurement potentially overlaps with the axis of the take-off runway 16 from the Zurich
Airport, where emissions from planes could affect the APEX measurement. Other sources
of uncertainties such as the NO, field from the GRAMM-GRAL model could also contribute
to explain the observed differences between the two quantities as discussed in the previous
paragraph.

Considering the complexity of such retrievals and the numerous uncertainties affecting the
total uncertainty we can conclude that it is possible to retrieve VCDs and near-surface NO,
concentrations from APEX measurements. In the considered examples, a strong impact of 3D
and buildings on the retrieved products (e.g., VCDs and near-surface NO, concentrations) was
not observed. The errors discussed above seem to be larger than the 3D RT effects and building
effects as the near-surface NO, concentrations calculated with 3D-box AMFs shows similar
correlation coefficient as the near-surface NO; concentrations calculated with 1D-layer AMFs.
To start disentangling the sources of errors, instruments dedicated to NO, remote sensing,
with lower uncertainty in the §SCD product and better a priori NO; distributions, are required.
A study with such an instrument, e.g., the Spectrolite Breadboard Instrument (SBI) (de Goeij
etal., 2017; Vlemmix et al., 2017) would be a relevant follow-up of the research presented in
this chapter.

5.4 Conclusions

In Chap. 3 and Chap. 4 we demonstrated that 3D radiative effects can affect airborne spec-
troscopy trace gas retrievals. With the help of numerous synthetic, but realistic examples,
we studied the effect of 3D-photon path and the presence of buildings on the instrument
sensitivity and, therefore, on the retrieved trace gas concentration. In this chapter, to support
the conclusions of these studies, we implemented the developed radiative transfer modules in
the Empa APEX NO;, retrieval algorithm.

In a first case study located in the Kreis 2 region in Zurich, we simulated SCDs, the APEX
instrument would measure, using the APEX flight data and qualitatively compared them to
the APEX 6SCD product. The two quantities correlate partially (r > 0.64) with low values in the
background and increased values over NO sources (i.e., roads). Since the SCD values strongly
depend on the surface reflectance, it is challenging to draw general conclusion from these
maps. The SCD3p and SCD; p show similar patterns but with pronounced differences close to
sources, which we discussed in the previous chapters as the horizontal smearing (see Chap. 3
and 4). We then computed the APEX VCDs for the same APEX stripe and demonstrated that
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the developed RT features can be applied to retrieve trace gases from airborne spectroscopy.

Finally we computed the APEX near-surface NO, concentrations and compared them to
NO; concentrations measured at ground air pollution monitoring stations operating at the
time of the APEX flights. We show that the APEX near-surface NO, concentrations are in
reasonably good agreement with in-situ measurements at ground air pollution monitoring
stations as the correlation coefficients of the compared points are relatively high with r =
0.74 for near-surface NO, concentrations calculated with 3D-box AMFs and r = 0.78 for near-
surface NO, concentrations calculated with 1D-layer AMFs, when excluding one station (OPB)
where substantial differences were observed. The comparison between the near-surface
NO, concentrations and in situ measurements is challenging and no improvement in near-
surface NO, concentrations calculated with 3D-box AMFs compared to near-surface NO,
concentrations calculated with 1D-layer AMFs was observed. The quality of the APEX §SCD
product strongly limits the retrieval quality. Additionally, uncertainty in the numerous required
input data can limit the performance of such a retrieval.

The APEX instrument was not primarily designed to retrieve trace concentrations and the
retrieved 0SCDs are relatively noisy. We would be interested in applying the developed radia-
tive transfer modules to airborne spectrometers designed for trace gas retrievals with better
quality in the retrieved trace gas columns. We expect the 3D radiative transfer and buildings
to become more relevant for those measurements as it was demonstrated for synthetic case
studies in previous studies by Schwaerzel et al. (2020, 2021). In the future, the quality of the re-
quired RT input data can be improved, as e.g., the simulated NO, field from the GRAMM-GRAL
model. The model could be run with topography, which would locally improve the assumed
NO; distribution. In the study, we used a single constant aerosol setting for the AMF calcula-
tion, which could be improved, with e.g., aerosol profile measurements during the airborne
spectrometer flights or with aerosol simulations with the GRAMM-GRAL model. However,
the latter point would imply a complex conversion from the reported PM10 concentration to
aerosol optical properties. Additionally, most of the APEX campaigns were conducted in the
late morning or in the afternoon, times when the atmospheric turbulent mixing from convec-
tion has already began and when the spatial variability in NO is expected to be smoothed out.
We would recommend early morning flight with the consideration that 3D RT effects might be
particularly relevant (high solar zenith angle). A very interesting follow-up study would be to
compare the VCD3p maps to NO, VCDs obtained with other mapping techniques.
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Conclusions

Airborne imaging spectrometers are increasingly used for high-resolution mapping of NO,
concentrations in cities. The NO, maps obtained in this way are usually rather smooth and
seemingly inconsistent with the much more strongly varying near-surface NO, concentration
fields observed in city-scale dispersion model simulations, for example. The differences
may partly be explained by atmospheric mixing more strongly affecting total columns than
the near-surface concentrations, but could also be caused by complex 3D radiative transfer
effects in cities. Traditional trace gas retrievals (i.e., their RT calculations) assume horizontal
homogeneity of ground and atmospheric absorbing and scattering properties, which might
not be valid over cities, where trace gas distribution and ground optical properties are highly
inhomogeneous. The impact of these 3D RT effects on the retrieved trace gas concentrations
needs to be studied. In this PhD thesis, I studied the importance of 3D radiative transfer effects
for a range of trace gas remote sensing applications such as ground-based MAX-DOAS and
airborne imaging spectroscopy.

To study these effects, 1D-layer AMFs and 3D-box AMFs modules were implemented in
MYSTIC, a Monte Carlo solver of the libRadtran RTM. The computation of AMFs is a central
component in most trace gas retrieval algorithms to convert observed SCDs into VCDs, but so
far these algorithms were limited to 1D RT simulations. The MYSTIC 1D-layer and 3D-box
AMFs modules agree very well with 1D-layer AMFs calculated with other RTMs presented in a
previous model intercomparison study by Wagner et al. (2007). Furthermore, I implemented
an urban canopy module (i.e., complex surfaces such as buildings) into MYSTIC. Finally, I
implemented the developed 3D RT modules in the Empa APEX NO, retrieval algorithm.

In a first application with a ground based MAX-DOAS instrument, I showed that 3D-box AMFs
are highest along the line of sight of the instrument (representing photons that have mostly
scattered only once), but that the contribution from outside is not negligible and depends on
sun position, the instrument measurement geometry and aerosol optical depth. The spatial
distribution of the vertically integrated 3D-box AMFs in the boundary layer (i.e., the close to
ground sensitivity of the instrument) depends on the sun position, which is important for
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interpreting MAX-DOAS observations, especially in urban areas or, more generally, in the
vicinity of pollution sources. As a result, the spatial variability of the NO, distribution in the
context of the MAX-DOAS instrument can affect the retrieval differently at different times of
the day.

As a second application, airborne spectrometer trace gas retrievals were studied using simu-
lations of a NO; plume emitted by a stack (e.g., from a refinery). I showed that when using
1D-layer AMFs, the NO, VCDs in the plume are significantly underestimated and that the
position of the plume is artificially shifted towards the aircraft. Furthermore, integrals of the
NO; enhancement in across-plume direction (line densities) are also biased, which results in
an underestimation of the NO; emissions from the stack when using a mass-balance approach.
Using 1D-layer AMFs induces systematic errors even if the NO, profile above the ground pixels
is known accurately, because a 1D RTM fails to properly represent the complex light path,
which is required if the trace gas field is not horizontally homogeneous.

As a third application, I set up a case study for an airborne spectrometer flying over a 1 km
x 1km domain in Zurich, for which 3D-box AMFs and NO» slant column densities were
computed for a realistic field of NO, concentrations. In this case study I showed that the
footprint of a single observation is only partly located over the observed ground pixel and that
if the sun is not located in the zenith, a sensitivity 'tail’ in the direction of the main optical
path is observed. Furthermore, an important part of the sensitivity is located outside the
ground pixel for a nearly-nadir viewing instrument. A smaller part of the sensitivity is located
outside the main optical path because of atmospheric scattering, but this part increases with
aerosols and buildings. The spatial structure of the sensitivity is modified by the presence of
buildings, but the sensitivity is still well represented by the main optical path, at least for small
buildings. The 3D radiative transfer simulations show that 3D effects introduce significant
spatial smearing of high NO, concentrations (e.g., over roads). When buildings are included,
NO, SCDs are generally lower due to the light shielding effect of buildings. The buildings also
introduce an additional noise component to measure NO; from airborne imagers. However,
the magnitude is slightly smaller than the current §SCD uncertainty (about 20 umol m~2 for
the APEX instrument), but could be noticeable for instruments dedicated to NO, mapping
that have lower SCD uncertainties.

Finally, I applied the developed RT models to real APEX measurements. I showed NO, VCD
maps retrieved from an APEX measurement campaign over Zurich. I demonstrate that despite
the complexity and the number of required input data, 3D-box AMFs including buildings
can be used to retrieve APEX airborne spectroscopy NO, VCDs. Finally, I retrieved APEX
near-surface NO, concentrations for 4 different measurement campaigns over Zurich at the
locations of 7 ground air pollution monitoring stations. I compared the APEX near-surface NO»
concentrations with NO, concentrations measured at the air pollution monitoring stations
at the time of the flights. The two quantities showed positive correlation coefficients (e.g.,
r = 0.66 for near-surface NO, concentrations calculated with 3D-box AMFs), but the APEX
near-surface NO, concentrations seem to be positively biased, which needs to be further
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investigated. The APEX instrument was not primarily designed to retrieve trace concentration
and the retrieved 6 SCDs are relatively noisy. Due to the many sources of uncertainty, I was
unable to demonstrate that 3D RT was significantly beneficial for the estimation of near-
surface NO,. I would appreciate to apply the developed RT modules to airborne spectrometers
designed for trace gas retrievals with better quality in the retrieved trace gas columns (e.g.,
the SBI instrument) and to retrieval VCDs and near-surface NO, concentrations using better
suited a priori NO, distributions. I expect the effects of 3D radiative transfer and buildings
to become more relevant for those measurements as it was demonstrated for the synthetic
studies.

In conclusion, our synthetic case studies demonstrate the importance of 3D radiative trans-
fer effect and the effect of buildings on trace gas remote sensing from ground and airborne
spectrometers. 3D light path induces a horizontal smearing of the retrieved NO,, which can
not be corrected with retrievals using the traditional 1D-layer AMFs. The studies also showed
that building shading effects induce underestimation and add a noise component in NO,
columns retrieved from airborne spectrometers. I showed that the developed RT modules can
be applied to real airborne spectroscopy data, but that the effects described in the synthetic
studies were not observed, because of the high uncertainty in the APEX §SCD product and
other required input data. Therefore, instruments dedicated to trace gas retrievals with lower
noise in the data are required. Generally more studies disentangling the impact of the different
parameters affecting the NO, retrieval are necessary (i.e., assessing the total uncertainty in the
VCDs and near-surface NO, concentrations). Since 3D radiative transfer calculations are com-
putationally expensive, efficient methods need to be developed for operational applications
that provide an appropriate balance between accuracy and computational cost.

The implementation of the 3D box-AMF module in the MYSTIC solver of the libRadtran
radiative transfer model is essential for retrieving and analyzing NO, remote sensing data
over cities. These changes in the libRadtran RTM (i.e., its MYSTIC RT solver) will improve
the quality of the ground-based and airborne spectroscopy retrieval product by reducing
systematic errors and by allowing a better spatial allocation of the measurements. These
implementations will be of general interest for the remote sensing community working in-
creasingly with high-resolution observations over cities and other complex environments (e.g.,
Tack et al., 2017). In addition, 3D RT has recently been used to study the impact of clouds
on trace gas concentration retrievals (Emde et al., 2022; Yu et al., 2021; Kylling et al., 2021).
Furthermore, an improvement in airborne spectroscopy retrievals can provide better maps
and validate other mapping techniques such as urban-scale pollutant dispersion models.
Applying 3D RT with buildings to NO; retrievals for MAX-DOAS instruments could potentially
allow this measurement technique to measure NO, in urban canyons. 3D effects are also
important for tomographic inversion (e.g., Frins et al., 2006; Kazahaya et al., 2008; Casaballe
et al., 2020) where the application of 3D-box AMFs will minimise errors caused by the use of
pure geometric assumptions. The developed modules could be applied to trace gas retrievals
from satellites, high-altitude platforms or instruments placed on drones.
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Chapter 6. Conclusions

The 3D radiative transfer effects can affect the retrievals of other trace gases such as SO, or
BrO more significantly, as these trace gases are retrieved at lower wavelength, where more
atmospheric scattering is expected. The instrument footprint is expected to be larger at those
wavelengths and the instruments are expected to be more sensitive to regions aside the main
optical path. Likewise, retrievals over polluted cities with high aerosol loads that increase
atmospheric scattering can benefit from 3D radiative transfer.

On the long term, improved trace gas retrievals described in the work could be applied to future
trace gas measurement from instruments with increased spatial resolution to obtain high-
resolution NO, maps. More generally, maps obtained in this way can support authorities to
validate emission inventories or support urban planning. They can help identifying pollution
hot spots and contribute to design efficient measures to reduce the exposure of the population
to air pollution and improve human health.
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7d Outlook

These following general and technical points and suggestions have arisen during the comple-
tion of this project. Ideally, a follow-up study should consider the suggested points to further
improve the developed concepts.

High resolution imaging remote sensing can be a valuable addition to air pollution and
emission monitoring for city and state authorities. On one hand to monitor air pollution and
assess the population exposure and on the other hand to verify the reported emissions in the
emission inventories. But, air pollution maps from airborne measurement campaigns might
not be an ideal solution, as they only present a snap-shot in time. Ideally, long-term continuous
trace gas monitoring could be considered by local authorities, with the development of e.g.,
High-Altitude Pseudo-Satellite, for which 3D RT would be a critical component.

3D radiative transfer calculations in the urban canopy could also be applied to MAX-DOAS
measurements to include measurement near the surface and include the relevant close-to-
ground concentrations. A better knowledge of the instrument spatial sensitivity could also
improve the understanding of the spatial distribution of the measured NO, for this type of
measurements.

The implementation of the urban canopy into the MYSTIC solver of the libRadtran radiative
transfer model might be improved as follows. For now, the reflection of a photon on the
triangular grid is implemented as a Lambertian reflection, which might not be accurate in
modern city-centers, with glass or metallic surface, where the reflection might be better
simulated with a specular reflection. Ideally, reflection should be treated with a bidirectional
reflectance distribution function (BRDF) to best represent real surfaces. BRDF is implemented
in MYSTIC for some RT quantities, but the required input data would be extremely complicated
to obtain for a remote sensing application in cities.

In this work the topography withing the MYSTIC domain was not considered in individual
AMF calculations. The natural topography in cities such as Zurich in Switzerland might modify
the sensitivity distribution of the instrument. This latter point was not addressed, but would be
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Chapter 7. Outlook

technically straight forward to implement in the developed urban canopy module. Therefore,
it is highly recommended to conduct an AMF sensitivity study for complex natural topography.

Furthermore, the generation of the triangular mesh, from the building shapes could be im-
proved, to better account for courtyards and complex building shapes. A specific sensitivity
study would help evaluating the need in improving the function creating the triangular mesh.
The reflectance of building walls was assumed to be 0.1 in this study, which might not be
realistic for the whole city of Zurich or other cities. For this latter point, a sensitivity study on
the reflectance properties of buildings and their impact on AMF calculation is needed.

One critical obstacle in the AMF calculation for trace gas retrieval is the assumed a priori
distribution of the studied trace gas. In this thesis, I use the GRAMM-GRAL city-scale disper-
sion model without topography (but with buildings) to overcome this obstacle. In the future,
the model will be run with the full topography, which will hopefully improve the retrieval. I
would also be eager to compare the used distribution with real measurements of NO,. An
APEX campaign over Munich, where ground measurement and profile measurement were
simultaneously conducted, was recently summarized in Kuhlmann et al. (2022). This study
showed vertical distribution of NO, obtained from MAX-DOAS instrument and suggested that
a comparison with GRAMM-GRAL NO, distributions would be highly interesting. Further-
more, the scientific community could highly benefit from NO, vertical profiles measurements
conducted with an in situ instrument, e.g., placed on a drone for typical high polluted and
background regions in a city. More information about the vertical distribution of NO, would
also improve the near surface concentration product retrieved from airborne spectrometers.
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MYSTIC input file example

uvspec_path PATH_TO_UVSPEC_EXE
data_files_path PATH_TO_INPUT_DATA_LIBRADTRAN
atmosphere_file PATH_TO_ATMOSPHERE_COMPOSITION
source solar PATH_TO_SOLAR_SOURCE

work_dir PATH_TO_WORK_DIR

wc_file 3D PATH_TO_CLOUD_GRID
mc_triangular_surface_file PATH_TO_TRIANGLE_NC_FILE
mc_sensorposition 1041.500000 483.500000 5749.000000
mc_boxairmass 3D

wavelength 460.0

albedo 0.050815

rte_solver mystic

sza 25.276394

phiO -61.956053

mc_vroom off

quiet

aerosol_default

aerosol_modify tau set 0.1

mc_backward

atm_z_grid 0.0000 0.5870 0.5970 0.6070 ...
mc_panorama_view 72.5185 73.0265 9.0577 9.5717
mc_panorama distr_photons_over_pixel
mc_photons 100000
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Appendix to chapter 3

B.1 Additional figures
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Figure B.1 — Scatter plot of MYSTIC layer AMFs computed with spherical (green dots) and
plane parallel geometries (blue dots) against the model mean from Wagner et al. (2007) for 67
scenarios with 17 layers (1139 points). The solid green line is the regression fit to all points of
both spherical and plane parallel geometries.
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Figure B.2 — Upper row: AMF profiles for MYSTIC 1D spherical geometry (blue), 1D plane par-
allel geometry (red) and 3D plane parallel geometry (green) for two selected elevation angles
of 3° and 90°, a SZA of 20°, with and without aerosol for radiation at 577 nm. Corresponding
profiles computed with the SCIATRAN RTM are shown for comparison. Lower row: Profile of
relative differences of MYSTIC results in spherical (blue) and plane parallel geometry (red)
from the mean AMF profile of Wagner et al. (2007). The relative differences of the individual

RMTs used in Wagner et al. (2007) are also shown for comparison.
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Figure B.3 — Upper row: AMF profiles for MYSTIC 1D spherical geometry (blue), 1D plane par-
allel geometry (red) and 3D plane parallel geometry (green) for two selected elevation angles
of 3° and 90°, a SZA of 20°, with and without aerosol for radiation at 360 nm. Corresponding
profiles computed with the SCIATRAN RTM are shown for comparison. Lower row: Profile of
relative differences of MYSTIC results in spherical (blue) and plane parallel geometry (red)
from the mean AMF profile of Wagner et al. (2007). The relative differences of the individual
RMTs used in Wagner et al. (2007) are also shown for comparison.
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Figure B.4 — Left: AMF profiles for 440 nm for MYSTIC 1D - plane parallel geometry (red),
MYSTIC 1D - spherical geometry (blue) SCIATRAN - plane parallel geometry (pink) and
SCIATRAN - spherical geometry (orange) for an instrument viewing angle of 90° (zenith view),
a solar zenith angle of 70° and without aerosol. Right: AMF relative difference profile for a
relative difference of MYSTIC spherical (blue) and plane parallel (red) to SCIATRAN spherical
and plane parallel, respectively.

83



Appendix B. Appendix to chapter 3

20 - ~o T 20 B TIWET T
] SCl-s —— RTM
SCl-ppl —— MYS-s
— 159  —— MYS1D-s 151 —— MYS-ppl

£ —— MYS1D-ppl —= +/-5%
£ 10 A 10 A i T
(=)} .
k= I
u .
54 5 I
!
0 : 0 !

0 2 -0.2 0.0 0.2

AMF AMF

Figure B.5 — Left: AMF profiles for 440 nm for MYSTIC 1D - plane parallel geometry (red),
MYSTIC 1D - spherical geometry (blue) SCIATRAN - plane parallel geometry (pink) and
SCIATRAN - spherical geometry (orange) for an instrument viewing angle of 90° (zenith view),
a solar zenith angle of 70° and without aerosol. Right: AMF relative difference profile for a
relative difference of the individual models to the models mean from the models from Wagner
etal. (2007).
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Figure B.6 — NO, background profile interpolated from the US standard atmosphere (United
States Committee on Extension to the Standard Atmosphere, 1976).
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Figure B.7 — MYSTIC vertical resolution for layers between 0 and 3 km. Between 3 and 21 km
the vertical resolution is 1 km
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Figure B.8 — Horizontally integrated box AMFs for the airborne measurement scenario
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C.1 Additional information

Example of a MYSTIC NetCDF input file for the urban canopy

netcdf triangle_example {
dimensions:
Nvert = 6 ;
Ndim = 3 ;
Ntriangles = 5 ;
Ncorner = 3 ;
N_materials = 4 ;

variables:
double vertices(Nvert, Ndim) ;
vertices:_FillValue = NalN ;
int64 triangles(Ntriangles, Ncorner) ;
int64 material_of_triangle(Ntriangles) ;
double material_albedo(N_materials) ;
material_albedo:_FillValue = NalN ;
string material_type(N_materials) ;
double temperature_of_triangle(Ntriangles) ;
temperature_of_triangle:_FillValue =
data:

vertices =
5.56999999994878, -6.07999999998719, 8.2,
5.56999999994878, -6.07999999998719, O,
-3.09999999997672, 4.48000000001048, 8.2,
-3.09999999997672, 4.48000000001048, O,

NaN ;

’
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6.40000000002328, 12.320000000007, 8.2,
6.40000000002328, 12.320000000007, O;

triangles =
0, 2, 5,
> 2, 1,
1, 2, 3,
2, 4, 5,
2, 4, 3

-
-

material_of_triangle = 0, 1, 1, 0, 1;

material_albedo = 0.1, 0.1;

material_type = "roof", "wall";

temperature_of_triangle = 273.15, 273.15, 273.15, 273.15, 273.15;

The MYSTIC NetCDF input file for the urban canopy contains a temperature for each triangle,
which is not used in the radiative transfer calculations for this study, but needs to be set for
avoiding an error message from the MYSTIC model.
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MYSTIC inputs
Table C.1 - MYSTIC inputs for AMFs simulations.

Parameter Value
Number of photons 50000 or 500000
Wavelength [nm] 490
Solar zenith angle [°] 60 or 30
Solar azimuth angle [°] 0,90
Viewing zenith angle [°] 0.24 -5.47
Viewing azimuth angle [°] 90, 270
Surface albedo 0.10r0.2
Aircraft position x [m] 600
Aircraft position y [m] 2.5-997.5
Aircraft position z [m] 6000
Simulation domain [boxes] 20x20x41
Horizontal resolution [m] 50r 50
Vertical resolution (0 - 45m) [m] 5
Vertical resolution (50 - 1000m) [m] 100

Vertical resolution (1000 - 1500m) [m] 250
Vertical resolution (2000 - 21000m) [m] 1000
Aerosol absorption and scattering off

3D NO, concentration field

To obtain a realistic synthetic 3D NO, concentration field, we proceeded as following:

We summed emissions from cars, busses, trucks and motorbikes from the 2015 road
emission inventories from the city of Zurich.

We rasterized the emission field to a 5m x 5 m resolution grid and divided each grid cell
by the maximum grid cell value.

We multiplied the obtained 2D field with a concentration of 110 ug m™~3 and added a
background of 15 ug m ™3, which are respectively typical high and background values
found at measurement stations close to the road and on a background site (e.g. https://
www.stadt-zuerich.ch/gud/de/index/umwelt_energie/luftqualitaet/messdaten/verlauf
-24-stunden.html, last access: 26 July 2021). Finally, we smoothed the concentration field
with a Gaussian filter with a standard deviation of 5 m to mimic the effect of turbulent
dispersion.

From the obtained ground concentration map we created 3D concentrations apply-
ing the following function to every ground pixel. Between iy =0m and h; = 100m a
linear concentration decrease with altitude was applied with the level corresponding
concentrations ¢y = ground concentration (grid cell concentration) and c; = 1/5 of the
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ground concentration over a background pixel. From h; upwards, an exponential decay
function (A exp(t z) + y0) with A = 1.6, t = -1.39 and y0 = 0.09 parameters was applied.
These parameters were defined by fitting a function to a measured NO» profile from the
MuNIC campaign in 2016 (Kuhlmann et al., 2022).

* Finally the VCD calculated using the created 3D NO, concentration field was compared
with NO, VCDs from the MuNIC measurement campaign in 2016 (Kuhlmann et al.,
2022).

C.2 Additional figures

SCDs for a solar zenith angle of 30°

y [km]
SCD [umol/m?

0.5 0.75 . 0.0 0.25 05 O 1.0
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(a) SCD1p (b) SCD3p () SCD3p-yc

Figure C.1 - SCDs for a simulation with SZA of 30° with (a) 1D-layer AMFs simulation, 3D-box
AMFs (b) without and (c) with buildings. The roads are drawn in white and the building
contours in black for the simulation with buildings.
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SCDs difference plot for a solar zenith angle of 30°
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Figure C.2 - Difference plots for SCDs calculated with a solar zenith angle of 30°. (a) Difference
plot between SCDs calculates with 3D-box AMFs and the SCDs calculated with 1D-layer AMFs.
(b) Difference plot between SCDs calculated with 3D-box AMFs including buildings and SCDs
calculated with 1D-layer AMFs. (c) Difference plot between SCDs calculated with 3D-box
AMFs with and without buildings.

Increased roof albedo for the high resolution scenario

Here we show the impact of an increased albedo on the building roofs. We changed the albedo
of the roofs from 0.1 to 0.2.
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Figure C.3 — SCDs for a SAA of 90° for 3D-box AMFs simulation (a) without and (b) with
buildings and (c) the difference between both. The roof albedo was changed to 0.2. The roads
are drawn with dots and the building contours in black

We observe the increase in AMFs and therefore SCDs above the buildings because more
photons are scattered on the roof with a higher albedo, compared to the lower ground albedo.

SCDs for a solar azimuth angle of 270°

We also computed SCDs with the 3D-box AMFs module for a SAA=270° (see Figure C.4).
Similarly to observations made in the main text, SCD are smeared mostly in the direction of
the main optical path (E-W-direction).
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Figure C.4 - SCD without buildings and a SAA of 270°

SCDs for simulations at 420 nm

We also computed SCDs with the 1D-layer and 3D-box AMFs module at a wavelength of
420nm. The mean value of the field is decreased by approximately 12% for the 1D and 3D
simulations with and without buildings compared to simulations at 490 nm.
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Figure C.5 — SCD from (a) 1D-layer AMFs and 3D-box (b) without and (c) with buildings at
420 nm

Retrieving VCDs from SCDs

Figure C.6 shows VCDs retrieved from the assumed "true" SCD3p using (a) 1D-layer AMFs and
(b) 3D-box AMFs. Here 1D-layer AMFs used to retrieve VCDs fails to correct for the spatially
smeared SCD field.
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Figure C.6 — VCDs retrieved with (a) 1D-layer AMFs and (b) 3D-box AMFs without buildings.
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Footprints

Footprints with aerosols
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Figure C.7 - (a) Footprint without buildings and with aerosols. 55.2% of the signal is located
outside the ground pixel (i.e. outside the red frame). (b) Footprint with buildings and aerosols.
55.2% of the instrument sensitivity is located outside the ground pixel. Building contours are
drawn in white.

Footprints for a solar zenith angle of 20° and 40°
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Figure C.8 — Effect of SZA on APEX footprint. Simulation with SZA = (a) 20° and (b) 40°.
Respectively 27.4% and 45.2% of the sensitivity is located outside the ground pixel (red square).
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C.3 Computational time

Simulations with buildings
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Figure C.9 - Computational time for simulations with buildings depending on (a) amount of
used CPUs and (b) amount of photons used for a single simulation.
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Simulations without buildings
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Figure C.10 — Computational time for simulations without buildings depending on (a) amount
of CPUs used and (b) photon amount used for a single simulation.
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Table D.1 - List of measurement stations and their data availability during the APEX stripes
and * for data availability problems

Station
name / (ID)

2010

1B 2B 3B 4B 5B 6B

2013
1B 2B 3B 4B

2016
1B 2B 3B 4B

Zuerich
Heubeeribueel
(HEU)

Zuerich
Kaserne, NABEL
(KAS)

Zuerich
Schimmelstr.
(SCH)

Zuerich
Stampfenbachstr.
(STA)

Wettswil
Filderen
(FIL)

Duebendorf
NABEL
(DUB)

Opfikon
Balsberg
(OPB)

*X

*X

X X

Table D.2 — Ground stations coordinates

Station lon lat

HEU 8.5659 47.3815
KAS 8.5304 47.378
SCH 8.5236 47.371
STA 8.5398 47.387
FIL 8.4619 47.341
DUB 8.6134 47.403
OPB 8.5701 47.439
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Table D.3 — APEX stripe times

Stripe

Date

Time UTC

Begin

End

ZH-2010-1B
ZH-2010-2B
ZH-2010-3B
ZH-2010-4B
ZH-2010-5B
ZH-2010-6B

2010-06-26
2010-06-26
2010-06-26
2010-06-26
2010-06-26
2010-06-26

07:56:00
08:05:00
08:13:00
15:27:00
15:35:00
15:43:00

08:00:00
08:09:00
08:17:00
15:32:00
15:49:00
15:48:00

ZH-2013-1B
ZH-2013-2B
ZH-2013-3B
ZH-2013-4B

2013-08-30
2013-08-30
2013-08-30
2013-08-30

11:24:00
11:36:00
11:49:00
11:59:00

11:30:00
11:42:00
11:54:00
12:05:00

ZH-2016-1B
ZH-2016-2B
ZH-2016-3B
ZH-2016-4B

2016-07-07
2016-07-07
2016-07-07
2016-07-07

10:35:00
10:45:00
10:55:00
11:06:00

10:39:00
10:50:00
11:00:00
11:11:00

47.48

47.46

47.44 -

47.42

47.40

lat

47.38 47

47.36

47.34 4

47.32 A
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Figure D.1 — Near surface concentrations from APEX (APEX 2010 afternoon campaign), re-
trieved with the 3D-box AMFs (squares) and ground measurement concentrations at 4 m at
the location of ground air pollution monitoring stations (circles). Map informations were
obtained from OpenStreetMap (© OpenStreetMap contributors 2022. Distributed under the
Open Data Commons Open Database License (ODbL) v1.0.)
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Figure D.2 — Near surface concentrations from APEX (APEX 2013 campaign), retrieved with
the 3D-box AMFs (squares) and ground measurement concentrations at 4 m at the location
of ground air pollution monitoring stations (circles). Map informations were obtained from
OpenStreetMap (© OpenStreetMap contributors 2022. Distributed under the Open Data

Commons Open Database License (ODbL) v1.0.)
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Figure D.3 — Near surface concentrations from APEX (APEX 2016 campaign), retrieved with
the 3D-box AMFs (squares) and ground measurement concentrations at 4 m at the location
of ground air pollution monitoring stations (circles). Map informations were obtained from
OpenStreetMap (© OpenStreetMap contributors 2022. Distributed under the Open Data
Commons Open Database License (ODbL) v1.0.)
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Figure D.4 — Scatter plot between surface in-situ NO; concentrations and APEX 2010 NO» near
surface concentrations retrieved with 1D-layer AMFs (triangles) and 3D-box AMFs (circles).
The symbols from the afternoon strip are marked with a black contour. The 1:1 line is plotted
in black and the fitted line in red and green for 3D and 1D AMFs, respectively.
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Figure D.5 — Scatter plot between surface in-situ NO, concentrations and APEX NO; near
surface concentrations retrieved with 1D-layer AMFs (triangles) and 3D-box AMFs (circles) for
the 2013 APEX campaign. The 1:1 line is plotted in black and the fitted line in red and green
for 3D and 1D AMFs, respectively.
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Figure D.6 — Scatter plot between surface in-situ NO, concentrations and APEX NO; near
surface concentrations retrieved with 1D-layer AMFs (triangles) and 3D-box AMFs (circles) for
the APEX 2016 campaign. The 1:1 line is plotted in black and the fitted line in red and green
for 3D and 1D AMFs, respectively.
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