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Overview

The ground-based Differential Optical Absorption Spectroscopy (DOAS) tech-
nique is used to derive trace gases information from remote-sensing measure-

ments of Visible (VIS) and Ultra-Violet (UV) diffuse solar spectra.

The Consiglio Nazionale delle Ricerche - Istituto di Scienze dell’ Atmosfera
e del Clima (CNR-ISAC), where I performed my PhD work, has several
DOAS instruments: SkySpec-2D which is a new standard one, and several
old custom-built systems. During my PhD, I worked on two of the men-
tioned custom-built instruments: the TROPOspheric Gas Analyser System
(TROPOGAS), installed on the roof of the CNR-ISAC in Bologna since 2018,
and the Gas Analyser Spectrometer Correlating Optical Differences / New
Generation 4 (GASCOD/NG4), installed at the Environmental Climate Ob-
servatory (ECO) of the CNR-ISAC in Lecce since 2016. Moreover, I also
worked on the new instrument SkySpec-2D, installed at the Giorgio Fea ob-
servatory in San Pietro Capofiume (SPC) since 1 October 2021.

In the first part of the PhD, I analyzed the zenith-sky spectra acquired
by GASCOD/NG4 at ECO site in order to retrieve NOy and O3 Vertical
Column Densities (VCDs). From this analysis, I found out that although
the retrieved O3 VCDs do not contain any significant tropospheric signal,
the NOy VCDs are affected by the anthropogenic emissions. Indeed, I found
that the NOy VCDs are systematically lower during sundays, when the traffic
around the ECO observatory is generally lower, and that they decrease with
the wind speed measured at an altitude of 20 m, suggesting the presence of
NOs local production. However, a further analysis highlighted the presence
of a significant positive peak in the NOy VCDs during North-East (NE) wind
conditions, the direction where the city of Lecce is located with respect to
the ECO site. This result suggests that also the transport of NOs from Lecce
significantly affects the NOy VCDs over the ECO observatory.

The retrieved NOy and O3 VCDs were then used to study their seasonal
variabilities. The results showed that the NOy monthly mean VCDs range
between 3.5x10' during winter, and 7x10'® molecules/cm? during summer,
and that the O3 monthly mean VCDs reach their maximum value of about

9



10 OVERVIEW

1x10' molecules/cm? during spring and start to decrease, until reaching their
minimum of about 7.5x10'® molecules/cm?, during autumn.

I assessed the quality of the retrieved data comparing them with satellite
products measured by the TROPOspheric Monitoring Instrument (TROPOMI)
and Ozone Monitoring Instrument (OMI). The results showed a good agree-
ment, with satellite data underestimating the NOy and O3 VCDs of about
30% and 3%, respectively, in agreement with the results found in literature.
This exercise showed the potential of the ECO observatory both for air qual-
ity studies and satellite validation.

In the second part of the PhD, I worked within the frame of the Instru-
ment Data Evaluation and Analysis Service (IDEAS) Quality Assurance for
Earth Observation (QA4EQO) project, funded by the European Space Agency
(ESA), with the purpose to create the first Italian Multi AXis-DOAS (MAX-
DOAS) measurement site, compliant to the Fiducial Reference Measurements
for DOAS (FRM4DOAS) standards, in the Po Valley.

At this scope, I tried to exploit TROPOGAS. First of all, I performed
a detailed characterization of the instrument to understand if it could meet
all the FRM4DOAS standard requirements. Moreover, I changed its mea-
surement and processing strategy according to the standard guidelines. Un-
fortunately, since the characterization highlighted that TROPOGAS has a
Field Of View (FOV) of about 3.6°, which is wider than the required one,
I chose to exploit the new instrument SkySpec-2D, fully compliant to the
FRM4DOAS requirements.

As a first step, I assessed the SkySpec-2D’s performances through two
measurement campaigns. The first one took place on the roof of the CNR-
ISAC in Bologna, during August 2021, in sinergy with TROPOGAS. The sec-
ond one was held at the Boundary layer Air Quality-analysis Using Network
of INstruments (BAQUNIN) facility, located on the roof of the La Sapienza
University (Rome), during September 2021, when SkySpec-2D measured in
sinergy with the well-calibrated Pandora#117 instrument.

Assessed the SkySpec-2D’s good performances, my colleagues and I in-
stalled it in its permanent position at the Giorgio Fea observatory in SPC,
where it is continuously measuring atmospheric spectra since the 1 October
2021. To process these spectra, I developed an automatic processing sys-
tem that calibrates them, converts them into Network Common Data Form
(NetCDF) files compliant to the FRM4DOAS requirements, and retrieves the
NO, and O3 VCDs from its zenith-sky spectra. Today, these NetCDF files
are routinely delivered to the FRM4DOAS network where we are waiting for
being officially included.

Its MAX-DOAS scans (at elevation angles different from zenith) have
been exploited during my period abroad at the Institute of Environmental
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Physics (IUP) of the University of Bremen, where one of the best DOAS re-
search group is present. There, I used their retrieval algorithm called Bremen
Optimal estimation REtrieval for Aerosols and trace gaseS (BOREAS) to re-
trieve NO, vertical profiles in the Po Valley from 1 October 2021 to 13 June
2022. These results have been compared with both satellite and in-situ data,
providing high correlations. However, I found that the MAX-DOAS vertical
profiles, due to their coarse vertical resolution, underestimate the NOs con-
centrations at the ground compared to in-situ data. Moreover, I also found
that the tropospheric NOy VCDs measured by TROPOMI over the Po Valley
are underestimated with respect to the ones derived from the MAX-DOAS
profiles, due to the a-priori assumptions in the TROPOMI retrieval.
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Chapter 1

Introduction

The Earth’s atmosphere is the gas layer that sorrounds our planet, with its
lower part heavily affecting our lives. Since the atmosphere is not a steady
state system, monitoring its chemical composition and physical parameters
is essential. In particular, since several studies [1, 2] demonstrated the cor-
relation between the observed global warming and the rise of the so called
green-house gases concentration due to anthropogenic activity, monitoring
the atmospheric composition plays a crucial role.

The monitoring of the atmospheric chemical composition and its tempo-
ral evolution has several implications for both human life and health. For
example, thanks to the collected data, the scientists understood that the
temperature increase, observed over the globe, is highly correlated with the
concentrations of some green-house gases, like carbon dioxide (COs) [4, 5],
that are increasing as a consequence of the anthropogenic emissions. In par-
ticular, it was discovered that, although both the natural and anthropogenic
green-house gases are present only in concentrations lower than 1% of the
total (indeed, about 99% of the atmosphere is composed by molecular ni-
trogen (N3) and molecular oxygen (O;)), they can heavily affect the global
radiation budget. This scientific knowledge immediately leads to practical
applications such as political mitigation strategies. The assessment of their
effectiveness would only be possible continuously monitoring the atmospheric
composition and its state.

Another clear, practical example is represented by the discovery of the
ozone hole [6], observed for the first time over the Antarctic region in the
1980s. In this case, data led to the discovery of the phenomenon. They also
allowed the understanding of the chemical and physical processes involved
and how to act to mitigate and solve the problem. In particular, the research
directly led to the Montreal protocol in 1987 for regulating the ChloroFluo-
roCarbons (CFCs) emissions [7], responsible for the ozone hole. Nowadays,

13



14 CHAPTER 1. INTRODUCTION

the observations suggest that the ozone hole is reducing in size during the
last decades [8].

Today it is also known that, although the presence of stratospheric O3
is positive for protecting life on Earth from the high energetic Ultra-Violet
(UV) radiation, its tropospheric presence, mainly due to human activity, is
responsible for health diseases [9], increasing the risk of respiratory symptoms
[10, 11]. Moreover, upper tropospheric O3z acts as a green-house gas by
absorbing long-wave terrestrial radiation [12, 13, 14].

Integrating measurements and models allowed us to understand better the
chemical processes occurring under certain conditions. For example, now it is
known that the tropospheric O3 is not directly injected into the atmosphere
by human activity, but is a secondary product of the interaction of NO,,
produced directly by combustions, with solar radiation [15].

Nitrogen oxides (NO,), defined as group made of nitric oxide (NO) and
NO,, are released into the atmosphere from both natural and anthropogenic
sources. Major NO, sources include fossil fuel combustion, which is par-
ticularly important in urban environments [16]; biomass burning; lightning;
and oxidation of ammonia [17, 18]. Although combustion processes directly
emit only small quantities of NO,, they release nitrogen monoxide (NO),
which rapidly (few minutes) forms NO, when reacting with ozone molecules.
Nitrogen dioxide participates, among others, in catalytic cycles leading to
tropospheric ozone (O3) formation. It also acts as a catalyst for the strato-
spheric O3 destruction [19] and contributes to the formation of secondary
aerosols [20].

Together with the mentioned NO, and Og, several other trace gases emit-
ted by human activity negatively impact the planet. Therefore, monitoring
the atmospheric chemical composition is crucial to assess the air quality,
mainly in highly polluted regions, and to understand its link with human
health. Po Valley, for example, is one of the most polluted regions in Eu-
rope due to the high industrialization and its particular weather conditions,
related to the geography, that prevent air mixing mainly during winter.

1.1 Atmospheric structure

The Earth’s atmosphere is composed by a lot of different gases with the
molecular nitrogen (Ng, 78.1%) and molecular oxygen (Og, 20.9%) being the
most abundant ones. The remaining 1%, approximately, is composed by
minor costituents such as, water vapor (H,O), carbon dioxide (COs), ozone
(O3), methane (CHy), carbon monoxide (CO), and other trace species. Below
the approximate altitude of 100 km, Ny and O, together with the noble
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gases, are well mixed due to their long lifetime. Besides the gases, aerosols,
composed by liquid droplets and solid particles, are present in the atmosphere
too. In particular, the liquid droplets and ice crystals that form the clouds
are consequence of the water vapor condensation, while other kinds of aerosol
(for example desert dust or sea salt) are injected into the atmosphere by both
natural and anthropogenic activities. Although the presence of such particles
is minor and their distributions are highly variable in space and time, they
play an important role in the physics of clouds and precipitation and in the
global radiation budget, interacting through the scattering and absorption
processes with the radiation.

The atmospheric temperature is characterized by spatial inhomogeneities
both in the horizontal and in the vertical directions. However, the vertical
inhomogeneities are dominant and the different vertical temperature gradi-
ents are used to define the atmospheric layers: troposphere, stratosphere,
mesosphere and thermosphere. The transition zones between different layers
are defined as the altitudes where the vertical temperature gradient (‘2—2),
also called lapse rate, changes sign and are called: tropopause, stratopause,
mesopause and thermopause. This information is summarized in Figure 1.1.
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Figure 1.1: A typical midlatitude vertical temperature profile, as represented
by the U.S. Standard Atmosphere (from [3]).
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The troposphere is the lower part of the atmosphere. It extends from the
ground to the tropopause. The altitude of the tropopause (on average about
10 km) varies with the season and latitude. In general, high (low) latitudes
are characterized by a lower (higher) tropopause. As shown in Figure 1.1,
the tropospheric lapse rate is negative (the temperature decreases with height
by about -6.5°C/km) as a consequence of the tropospheric heating processes.
Indeed, since the atmosphere is almost transparent to the Visible (VIS) Sun
radiation, it reaches undisturbed the surface of the Earth where it is partly
absorbed. This phenomenon contributes to increase the temperature of the
Earth surface. The Earth surface on turn emits Infra-Red (IR) photons that
are absorbed by the lower layers of the atmosphere increasing their temper-
ature. The tropospheric negative lapse rate leads to atmospheric instability
and convective motions that, linked to the abundant amount of water vapor
present in the troposphere (most of water vapor in the atmosphere is located
there), is responsible for the weather phenomena, as precipitations.

The stratosphere is the part of the atmosphere located between the tropopause
and the stratopause, from about 10 to 50 km. The stratosphere is character-
ized by a positive lapse rate that prevents vertical motions and produces very
stable and stratified conditions. This positive vertical temperature gradient
is related to the ozone and molecular oxygen absorption of the UV solar
radiation, fundamental for the development of life on the Earth. Indeed,
the largest part of the atmospheric ozone (about 90%) is contained in the
stratosphere, with a peak at about 25 km.

The mesosphere, within about 50 and 80 km, is the coldest atmospheric
layer, characterized by a negative lapse rate of about -2°C/km. The air den-
sity is low, with oxygen, carbon dioxide and nitrogen present with proportion
similar to the troposphere.

The outermost layer, the thermosphere, is characterized by a positive
lapse rate due to the solar activity. The incoming UV radiation is able
to create atoms and ions from the photo-dissociation of molecular oxygen
and nitrogen. Due to the very low densities and vertical stable conditions,
the molecular diffusion becomes dominant separating the different species
according to their atomic or molecular weights.

1.2 Observation methods and platforms

The methods used to sound the atmosphere can be divided into two main
categories: the in-situ and the remote-sensing techniques. Methods requiring
the instrument to be directly in the region to sound, belong to the in-situ cat-
egory. On the other hand, instruments that allow us to derive information on
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an atmospheric region far from the instrument belong to the remote-sensing
category. Both measurement approaches have some positive and negative as-
pects and for this reason it is important to exploit them in sinergy. Indeed,
remote-sensing techniques can sound a larger atmospheric region, provid-
ing a global coverage in the particular case of satellite missions, without
perturbing the region under investigation, as happens with the in-situ mea-
surements. However, the in-situ data generally present a higher accuracy
and higher spatial and temporal resolutions, which are particularly useful for
detailed studies. The combination between in-situ instruments and mobile
platforms such as balloons and airplanes, can be exploited to derive informa-
tion on a larger region. One example is radiosoundings, where the vertical
profiles of physical and chemical parameters are measured with an in-situ
approach. The mentioned example highlights that considering only the in-
strument itself does not allow for a complete description of the measurement
features because the hosting platform also has a significant impact. For this
reason, the different platforms and their main features are described here.

e Ground-based instruments are characterized by several technical advan-
tages. Indeed, they are accurate, stable and easy to maintain, being
particularly suitable for studies that involve time series. However, they
generally provide a poor spatial coverage. They are usually sensitive to
the phenomena occurring close to the instrument, when the measure-
ment is acquired in-situ, and representative of a more extensive area
when dealing with remote-sensing instruments.

e Balloon platforms can be equipped with both in-situ and remote-sensing
instruments to profile the atmospheric parameters up to the strato-
sphere (about 40 km). Even though this kind of information resolves
the atmospheric vertical structure, the horizontal spatial coverage is
poor, as the ground-based instruments.

e Aircrafts can be equipped with different kinds of instruments, both
remote-sensing and in-situ. Unlike the balloons, the aircrafts cannot
fly higher than 20 km but they can perform controlled flights, where
interesting events occur. Indeed, due to the better spatial coverage with
high spatial resolution, aircraft measurements are particularly suitable
for analyzing specific events and validating satellite data.

e Satellites, equipped with remote-sensing instruments, have the advan-
tage of providing almost global coverage, with differences related to
their orbits which can be polar, geo-stationary and equatorial. Po-
lar satellites orbit in low (600-800 km altitude) sun-synchronous orbits
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that overpass both the poles (their trajectories do not pass precisely
over the poles but close to them), provinding a good spatial cover-
age. However, these measurements are characterized by low temporal
resolution. Indeed, the revisit time on a certain location is of the or-
der of 28 days. The geo-stationary orbit is located on the equatorial
plane at an altitude of 36,000 km. These geometrical features allow
these satellites to orbit around the Earth with the same angular speed
as the Earth’s rotation. For this reason, geo-stationary satellites are
fixed with respect to the Earth, allowing the monitoring of the same
region with a high temporal resolution. However, this kind of orbit
only provides a partial coverage of the planet, within a fixed longitude
range and within the latitudes between 60° North and South. Equa-
torial satellites lie on planes which differ for a few degrees from the
equatorial plane, at an altitude of about 300 km. These satellites allow
covering all the equatorial regions with a better spatial coverage than
the geo-stationary ones and with a better temporal resolution than the
polar ones.

1.3 Principles of remote-sensing measurements

Remote-sensing instruments directly measure the radiations, often in the
form of atmospheric absorption or emission spectra. These spectra are pro-
cessed a-posteriori to infer information about atmospheric regions crossed by
the acquired radiation, exploiting the knowledge of the physical processes in-
volved in the interaction between matter and radiation. The remote-sensing
instruments can be divided into two different categories: active and passive
systems. Active systems, like RAdio Detection And Ranging (RADAR),
LIgth Detection And Ranging (LIDAR), Global Positioning System (GPS),
are equipped with both a transmitter and a receiver and measure the sig-
nal emitted by the transmitter, after interacting with the remote region to
sound. Passive systems are equipped with only a receiver and measure the
radiation emitted by different natural sources like the Sun, the Earth and the
atmosphere itself. They exploit the fact that every object at a temperature
higher than 0 K emits radiation. In particular, the radiation emitted by a
theoretical black body is described by the Planck’s law:

2hc? 1
BA(AvT) = b he (1'1>

€>‘KBT _ 1

where By (A, T) is the spectral radiance distribution, & is the Planck con-
stant, ¢ is the speed of light in the vacuum, X is the wavelength, Kpg is the
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Boltzmann constant and 7' is the temperature of the emitter black body. The
Sun and the Earth can be approximated as black bodies with temperatures of
about 5,800 K and 280 K, respectively. Figure 1.2 shows their corresponding
emission curves.
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Figure 1.2: Black body emission spectra of the Sun and the Earth as a
function of the wavelength. The visible band within the Sun emission is
highlighted. Tmage from [21].

As Figure 1.2 shows, since the Sun and the Earth have very different
temperatures, their black body emission spectra show important differences.
The peak of the solar spectrum is in the VIS, around 0.5 ym, while the Earth
emission is much weaker and peaks in the IR, around 10 pm.

When the solar radiation is measured, atmospheric scattering and absorp-
tion phenomena are exploited to retrieve information on aerosol and trace
gases which interact with the photons. Figure 1.3 shows an example of solar
absorption spectrum. It is evident that the solar spectrum, crossing the at-
mosphere, undergoes an attenuation due to the scattering, mainly at short
wavelengths, and to absorption by atmospheric gases, mainly water vapor
and carbon dioxide in the IR and ozone in the UV.

On the other hand, when IR Earth emission spectra are measured, in-
formation on the trace gases that can emit and absorb IR radiation are
retrieved.

The choice of the spectral region depends on the final retrieval target. The
more sensitive a specific spectral band is to the final target, the easier and
more accurate the retrieval will be. However, other critical aspects affecting
remote measurements must be considered. In general, since the absorption
measurements usually exploit a bright source such as the Sun, the acquired
spectra are characterized by a high Signal to Noise Ratio (SNR) compared
to IR measurements, where the signal is much lower (see Figure 1.2). On the
other hand, unlike IR spectra that are easily measurable in both daytime and



20 CHAPTER 1. INTRODUCTION

nighttime, being the result of the Earth emission, VIS measurements can be
acquired only during daytime.

Spectrum of Solar Radiation (Earth)
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Figure 1.3: Black body solar spectrum (black line), solar spectrum measured
at the top of the atmosphere without atmospheric absorption (yellow) and so-
lar spectrum measured at the sea level (red). The main atmospheric gases re-
sponsible for the solar radiation absorption are indicated in blue. Image from
https://commons.wikimedia.org/wiki/File:Solar_spectrum_en.svg.

Another critical aspect to consider when designing remote-sensing mea-
surements is the instrument Line Of Sight (LOS). It is important because
it strongly affects the sensitivity of the measurement to specific atmospheric
parameters and because its knowledge is needed to understand correctly the
physical processes affecting the measurement. Several examples of different
adopted LOS exist for both satellite and ground-based devices. For example
satellites can adopt limb emission strategies, useful to measure spectra sen-
sitive to the different vertical atmopsheric layers, or nadir geometries that
depend also on the properties of the Earth’s surface and that can provide in-
formation with high horizontal spatial resolution but low vertical resolution.

Among the satellite missions we can list: the Atmospheric Chemistry
Experiment - Fourier Transform Spectrometer (ACE-FTS) onboard SCISAT,
which measures limb solar occultation spectra; the Michelson Interferometer
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for Passive Atmospheric Sounding (MIPAS) onboard the ENVIronmental
SATellite (ENVISAT), which measured the IR limb emission spectra; and
the TROPospheric Ozone Monitoring Instrument (TROPOMI) onboard the
Sentinel-5 Precursor (S-5P), which measures nadir spectra in the VIS, UV
and part of the IR.

Ground-based remote-sensing instruments can acquire spectra at zenith
and off-axis directions. Some of them can also measure directly the Sun, fol-
lowing its position. Each LOS is sensitive to different atmospheric portions;
for example, off-axis measurements, acquired at low elevation angles with
respect to the horizon, are mainly sensitive to the lower troposphere.

Among the ground-based remote-sensing devices, we can list the so called
Differential Optical Absorption Spectroscopy (DOAS) passive instruments,
that are used to retrieve trace gases concentrations from measured VIS and
UV diffuse solar spectra, exploiting the DOAS technique [22]. This technique
is well-known and widely used because allows to quickly derive trace gases
information from measured spectra, as will be explained in Chapter 2. This
retrieval strategy is quite different and easier compared to many others that
usually require complex and time-consuming retrieval algorithms.

1.4 Importance of ground-based DOAS

The ground-based DOAS data are important and useful for two main reasons.
They allow to perform scientific studies related to the atmospheric chemical
composition and they provide important information for the validation of
satellite products.

For the scientific studies, these measurements are able to provide long
time series of trace gases Vertical Column Densities (VCDs), from zenith-
sky spectra, and lower tropospheric vertical profiles, from Multi-AXis-DOAS
(MAX-DOAS) scans, with a temporal resolution of a few minutes, hardly
obtainable from satellite and in-situ measurements. Such information is use-
ful to perform air quality studies over a certain region, to study in detail
the temporal evolution of physical and chemical processes that occur within
timescales of minutes or higher, and to improve the simulation capabilities
of the Chemical Transport Models (CTMs) [23].

Although the ground-based DOAS measurements belong to the remote-
sensing methods, as the satellite instruments, their different platforms and
measurement geometries lead to different retrieved information. Indeed,
satellite data are routinely processed to retrieve trace species’ VCDs, even
though with a lower spatial resolution and with a high revisit time over the
same place. Moreover, satellite data are not sensitive to the lower atmo-
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spheric layers and, hence, cannot be exploited to retrieve vertical profiles in
the lower troposphere. For this reason, the two methods cannot be considered
as alternatives but should be exploited in sinergy to study the atmospheric
composition better.

The same principle is true when ground-based DOAS and in-situ data
are compared. Indeed, the information retrieved from ground-based DOAS
spectra cannot be derived from in-situ instruments, except when installed in
balloon platforms. However, also in that case, the in-situ information will
never be able to provide a temporal continuity, as ground-based DOAS does.

Ground-based DOAS data are also important for satellite validation be-
cause the final products retrieved from the two measurement strategies are
similar. Indeed, satellite products are usually total VCDs, also derived from
zenith DOAS spectra, and tropospheric VCDs that can be easily computed
from the vertical profiles retrieved from the MAX-DOAS scans. As writ-
ten before, balloon-borne instruments can perform similar measurements but
with a poor temporal sampling.

Since satellite data are widely used, due to their almost complete global
coverage and their availability over remote regions, the satellite validation
is an important activity that allows to assess satellite data quality and the
existence of possible biases.

Another important aspect of the ground-based DOAS instruments is that
they are usually easy to move, making them particularly suitable to study
specific local emissions like: volcanos, cities or plums produced by power-
plants.

Their main negative aspect is represented by the lack of measurements
during the night, when natural VIS and UV radiation is absent. However,
this is partially true because also the solar light reflected by the moon can
be exploited [24].

1.5 DOAS: state of the art

The classical DOAS technique [22] allows to infer atmospheric trace gases
information from the measurement of atmospheric spectra in the VIS and UV
spectral ranges. The first DOAS measurements date back to the 1920s, when
the absorption of the UV radiation was exploited to perform atmospheric
ozone (Oz) measurements [25]. In the last 100 years, new measurement
strategies and analysis techniques have been developed, allowing to retrieve
information on trace species, such as: stratospheric columnar contents [26],
total VCDs [27] and vertical profiles in the lower part of the troposphere
[28]. In particular, today, the main atmospheric species retrieved with this
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technique are: nitrogen dioxide (NOg), ozone (Oj), formaldehyde (HCHO),
glyoxal (CHOCHO) and sulphur dioxide (SOs).

The DOAS technique can be applied to atmospheric spectra acquired from
different platforms, such as: satellite [29], airplane [30], ground [31], ship [32]
and car [33], and from different measurement set-up exploiting both passive
(sun) and active (lamps) light sources. However, since this thesis is related
to the ground-based diffuse solar measurements, from here on the focus will
be on this specific DOAS set-up.

Since the application of non-appropriate data processing guidelines can
affect the measured spectra systematically, leading to important errors in the
retrieved final results, in 2016 the European Space Agency (ESA) started the
Fiducial Reference Measurements for DOAS (FRM4DOAS) activity. The
project, in addition to the creation of a consistent network useful for the val-
idation of satellite data, has the purpose to increase the data quality over a
standard threshold, in order to avoid biased results. Therefore, a list of stan-
dard guidelines was drawn with the purpose to harmonize the ground-based
DOAS measurements according to instrumental features and both measure-
ment and processing standard practices. The main FRM4DOAS guidelines
are reported in Table 1.1 and further information can be found in the follow-
ing web page (https://frm4doas.aeronomie.be).

Table 1.1: Main FRM4DOAS guidelines for ground-based DOAS air quality

observations.
INSTRUMENTAL GUIDELINES
Spectral resolution (nm) < 0.8 (UV) / 1.5 (VIS)
FOV (°) <15
OPERATION GUIDELINES
MAX-DOAS scans when SZA < 85°
Elevation angles during MAX-DOAS at least 1°, 2°, 3°, 5°, 10°, 30°
Zenith spectra when SZA < 94°
Dark signal at least daily measurements
Slit function at least once per year
Horizon scans at least once per week
DATA PROCESSING GUIDELINES
Apply to spectra: spectral calibration
dark signal correction
non-linearity correction
Average spectra until SNR > 3000 (VIS) / 4000 (UV)

Before this PhD, the Consiglio Nazionale delle Ricerche - Istituto di
Scienze dell” Atmosfera e del Clima (CNR-ISAC) owned several custom-built
ground-based DOAS instruments for research purposes. However, none of
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them was included into the validation network because did not meet the
FRM4DOAS standard requirements. This situation was generally present
in Italy where, differently from other European countries, no FRM4DOAS-
compliant ground-based measurements were acquired. For this reason, one
of the main purposes of this PhD work was to create, within the frame of an
ESA project, the first Italian FRM4DOAS-compliant MAX-DOAS measure-
ment site in the Po Valley.

The strategic importance of this reference station in the Po Valley has
become further evident in the last period due to a remarkable decline in
NO; concentrations in Northern Italy as a consequence of the lockdown pe-
riod. Indeed, that moment has represented a unique opportunity to better
understand the air pollution in this region.

This PhD thesis is organized as follows. The DOAS technique is explained
in detail in Chapter 2. All the DOAS instruments used for this thesis are
described in Chapter 3. Chapter 4 is focused on the characterization of the
Environmental Climate Observatory (ECO) observatory in Lecce, exploiting
the Gas Analyser Spectrometer Correlating Optical Differences / New Gen-
eration 4 (GASCOD/NG4) measurements. The work performed to create
the first Italian FRM4DOAS-compliant MAX-DOAS site in the Po Valley is
discussed in Chapter 5. In Chapter 6, the results regarding the NOy vertical
profiles retrieved in the Po Valley are shown. The conclusions are drawn in
Chapter 7.



Chapter 2

DOAS technique

The DOAS technique is a remote-sensing strategy used to derive trace gases
information in the atmosphere exploiting the absorption of VIS and UV ra-
diation. In this chapter, the technique will be described in detailed, focusing
on the physical assumptions, the mathematical approximations used, and the
atmospheric information that can be derived. More details on these topics
can be found in reference [22].

2.1 DOAS principle

The DOAS technique is based on the classical absorption spectroscopy. Some
molecules (e.g. NOy and Oj), contained in a gaseous medium, can absorb
VIS and UV radiation that crosses the medium, in different regions of the
electromagnetic spectrum depending on their energy levels.

Figure 2.1 schematically shows the physical phenomenon of the gas ab-
sorption. In absence of scattering processes, the absorption is mathematically
described by the Lambert-Beer’s law that can be written as:

I(\) = Ip(\)e oWk (2.1)

where Iy(\) is the incident intensity at the wavelength A of a light beam
emitted by a radiation source and I(\) is the radiation intensity of the beam
after crossing the absorbing medium of thickness L, where the absorber is
present at a uniform concentration c. o(\) is the absorption cross-section at
the wavelength A. This quantity, as a function of the wavelength, is linked
to the molecular energy transitions and is a typical characteristic of each
species. The quantity y(A) = o(\)eL is called optical thickness.

However, in general, the absorber concentration ¢ is not uniform in space.

25
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Figure 2.1: Attenuation of a light beam due to the molecular absorption.

In this case, the quantity c is replaced by ¢ that represents the mean concen-
tration along the path L.

Using equation 2.1, the average trace gas concentration can be derived
as:

(T X
c(AL o)L
where x(\) is the optical thickness of the layer crossed by the light, due

to the absorber having cross-section o(\).

In general, equation 2.2 can be used for absorption spectroscopic applica-
tions in the laboratory, where the quantity Io(A), emitted by an active light
source, can be easily measured. However, in most of the atmospheric appli-
cations that exploit the solar radiation, it is difficult to measure the input
signal Io(A) without the atmospheric contribution.

The optical thickness x(\) represents the attenuation of the light beam
due to absorption. However, in atmospheric conditions, the attenuation of
a light beam is a consequence of both absorption and scattering processes.
This can be considered introducing in the Lambert-Beer equation 2.1 addi-
tional terms. Moreover, the instrument is not perfect and has a response
function A(\) that modifies the measurement. Hence, according to these
considerations, the new equation becomes:

(2.2)

Cc =

I\ = A(/\)IO()\)e_L( Zj(aj(/\)C'j)+eR(/\)+eM(>\)) (2.3)

where A(\) includes all the instrumental effects and the total optical
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thickness is composed by three different contributions: ¢;(\)¢;, er(A) and
em(N). 0j(N)¢; is the absorption due to a specific gas j, while eg(\) and
enm (M) represent the attenuation due to Rayleigh (by molecules) and Mie (by
particles) scattering processes, respectively.

In order to precisely estimate the concentration of a trace gas in atmo-
sphere, it is therefore necessary to know all the scattering factors affecting the
light intensity. However, while the molecular absorption is made of narrow
spectral features, the scattering and instrumental effects have a broad-band
structure. Therefore, the attenuation of equation 2.3 can be divided in a
broad-band and narrow-band contributions. Since the molecular absorp-
tion presents both narrow- and broad-band spectral features, the absorption
cross-sections o;(\) can be written as:

o;(A) = cjo(A) + 0;(/\) (2.4)

where 0;0(\) and o;()) represent the broad- and narrow-band absorption
cross-sections.

In this way, equation 2.3 can be written separating the broad- and narrow-
band spectral structures affecting the optical thickness y:

1) = L(V)e HEE00) ga)eH(ZieoNa) reaMram) (g5

The first exponential term in equation 2.5 represents the highly varying
absorption, also called differential absorption, while the second exponential
multiplied by A(\) accounts for all the slowly varying terms such as: broad-
band absorption, Rayleigh and Mie scattering and instrumental effects depen-
dent on the optical system. This equation is the basis of the DOAS technique
that exploits the differential absorption to derive trace gases concentrations.

Since we need to separate broad- and narrow-band contributions, the
DOAS method requires to measure a spectral range of a certain width. In-
deed, the concepts of narrow- and broad-band absorptions are meaningless
for monochromatic radiation and depend on the width of the considered
spectral window.

The use of differential absorption over an extended spectral range leads
to several advantages:

e since the instrumental effects usually present broad spectral charac-
teristics without influencing the differential absorption, no continuous
calibration of the optical properties is required.

e The use of an extended spectral range ensures the unique identification
of a trace gas absorption.
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e This technique enables to detecte weak absorptions related to low op-
tical thicknesses.

In general, the DOAS technique can be applied to several and different
measurement setups, each with specific advantages and disadvantages. The
setups can be divided into two big different categories: the active and passive
DOAS, according to the light source used, artificial or natural, respectively.

e In the active DOAS [31, 34], the average concentration of a trace species
crossed by the light emitted by an artificial emitter to the spectrometer
(receiver) is estimated. This method is similar to classical absorption
spectroscopy, usually applied in the laboratory. However, the concen-
tration of the gases that absorb VIS and UV radiation, is usually low
in the atmosphere, leading to problems in their detectability. In this
case, the only way to make the absorption signal detectable is to in-
crease the path crossed by the light, increasing the distance between
emitter and receiver or building a special system that allows multiple
reflections before that the signal reaches the spectrometer.

e In the passive DOAS, the light sources are the sun, the moon and rarely
the stars. The principle is the same; the Lambert-Beer equation 2.1
allows to estimate the gas absorption in the path crossed by the pho-
tons from the natural source of light to the spectrometer. However, the
passive DOAS applied to solar measurements introduces the possibility
to measure the scattered light, making the application of equation 2.1
less intuitive. Indeed, unlike the direct solar measurements, the atmo-
spheric path crossed by the diffused light is not well defined but is a
combination of different paths.

Since this thesis involves the DOAS diffuse solar measurements, the next
sections 2.2, 2.4 and 2.5 will focus mainly on this specific application of the
DOAS measurements.

2.2 Mathematical description

Equation 2.5 describes the monochromatic radiation that reaches the tele-
scope of the instrument. However, in the mathematical treatment, it should
be considered that the instrument has a finite spectral resolution, leading
to a change in the spectrum shape. This effect can be included through a
convolution of I(\) with the instrument response function H(\):
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I'(\) =1\« H = - IO = XN)YH(N)dX (2.6)

In theory, the integration limits should be —oo and +o0. However, since
the instrument function H(A) can be usually approximated by a Gaussian
function, the integration can be performed between £A\, being A\ the
distance from the central frequency where H()\) is almost null. Applying
equation 2.6 to equation 2.5 and combining Iy(A) and all the broad-band
terms as Iy(A — \', L), we have:

+AN .
I"(\ L) = / I\ — X, L)e™ fo il pDes ) pr\Yg)' (2.7)
—AX

where p;(l) represents the concentration of the j gas along the path
L crossed by the photons and o' (A — X', p,T) is the differential absorption
cross-section of the j gas that depends on the wavelength, atmospheric
pressure and temperature. Equation 2.7 can be heavily simplified under the
assumptions that 0; is independent from the pressure and temperature, [{)()\)
is slowly variable with the wavelength (Ij(A—\', L) ~ I;(\, L) in the spectral
range between A — A\ and A + A)\) and that the atmospheric molecules are
responsible for weak absorptions in the VIS and UV spectral ranges. Under
these assumptions and without reporting the whole mathematical procedure,
equation 2.7 becomes:

e~ O (N YN (2.8)

]*( )\7 L) B - AX
ln([é(A,L)) ~ Zj:chln[/_A/\

where ¢; is the concentration of the j' gas averaged along the path crossed
by the light.

As seen from the final equation 2.8, the Lambert-Beer law can be lin-
earised under the assumptions of weak absorbers, which is usually satisfied
in the atmosphere in the VIS and UV, and of smooth light source. However,
when the DOAS technique is applied to direct or diffuse solar measurements,
highly variable spectral structures (Fraunhofer lines, see Figure 2.2) are
present in the solar spectrum and the approximation Ioy(A — X', L) ~ I,(\, L)
introduces not-negligible errors. An analogous procedure, without the men-
tioned approximation, leads to a more general result:

AN

X ’ / o=\ "oy
m<—[/ L) DI LX) O (2.9)
Iy (M L) — A (= X, LYH (N )dX
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Figure 2.2: Fraunhofer lines in a solar spectrum marked by their designators.
Image from [35].

where I;*()\, L) is the input spectrum I, convolved with the instrument
function H(A). In the DOAS method, the equation 2.9 is usually used, with
the right term approximated as in equation 2.8 and a correction called I,
correction [36, 37] is then applied a posteriori to the differential absorption
cross-sections 0;-. The final form of the equation is:

ln(%) ~ Z@Lln[/

j —AX

AN , , , ,
e~ O=N) (VY d ] (2.10)

Due to its linearity, Equation 2.10 allows to fit the concentrations of the
J gases integrated along the path (¢;L), knowing their differential absorption
cross-sections o (), the instrumental function H (), usually approximated
as a Gaussian curve, and two spectra [*(\, L) and I§(\, L) convolved with
the same instrument functions H (). For this reason, a spectrum measured
by the same instrument is usually used as a reference spectrum (I5(A, L)).
It is usually acquired at the zenith around noon when the sun is high, and
the optical path due to the differential absorption is minimum. Indeed, the
more the Sun is high, the less the atmospheric path crossed by the photons
in a zenith measurement configuration is, as shown in Figure 2.3. However,
the absorption contribution in the reference spectrum is not negligible and
should be estimated.

The concentrations of the j absorbing gases integrated along the path
crossed by the photons (¢;L) are called Slant Column Densities (SCDs) and
are defined as:
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Figure 2.3: Observation geometry of zenith-sky measurements performed
by a ground-based DOAS instrument. Image from http://www.iup.
uni-bremen.de/doas/maxdoas_instrument.htm.

SCD = /000 c(s)ds (2.11)

where ¢(s) is the gas concentration and the integration is performed along
the photon’s slant path.

2.3 QDOAS software

QDOAS (https://uv-vis.aeronomie.be/software/QDOAS/), developed by
the DOAS UV-VIS team at the Royal Belgian Institute for Space Aeronomy
(BIRA-TASB), is the software used in this thesis to retrieve the trace gases’
SCDs from the measured VIS and UV diffuse solar spectra. According to
equation 2.10, the DOAS retrieval is a linear problem. However, since the
analysis is strongly dependent on the spectral calibration and possible mis-
alignments between I*(\, L) and Ij(A, L), QDOAS also gives the possibil-
ity to fit, together with the SCDs, some parameters that account for small
wavelength shifts between the two spectra. Moreover, a offset between the
two spectra is also fitted, in order to account for the stray-light and dark
current effects. The stray-light is light present in the optical system not in-
tended in the design and coming from a different source or the same source
but following different paths. While the dark current is a signal generated
inside the detector even when a real light source is not present. As a conse-
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quence, the linearity of the equation is broken and the SCDs are fitted using
a Marquardt-Levenberg algorithm [38] to the following equation:

zn(I*M _ A(Afg;)(;) offset(A)) n ;(Kj(A)scDj) + PN =0 (212

An example of a fit performed to estimate the NOy SCD is reported in
Figure 2.4.
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Figure 2.4: The black line represents the differential optical depth (only the
differential absorption cross-section is considered) due to the NO5 absoprtion,
as a function of the wavelength in the x-axis (nm). The red line is the sum
of the black line and the residual of the fit. The fitted NO5 SCD is 3.85x10'6

molec/cm?.

The new terms used in the QDOAS equation 2.12 are:

e A()) contains the shift and stretch parameters fitted by QDOAS to
align I*(\) and I§(A) spectrally. A()\) is expressed as:

AN) = a4+ b\ — X)) +c(A— N)? (2.13)

where a, b and c are the fitted parameters, A is the wavelength and A
is the central wavelength of the considered spectral range.
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e of fset(A) is the term used to account for all the instrumental sources
of offset that can affect the measured spectra, such as the stray-light
and dark current. In the QDOAS, the offset is expressed as:

of fset(N) = (a + b(A — Xg) + (A — N)H) T (2.14)

where a, b and ¢ are the fitted parameters, Ay is the central wavelength
and [ is the average intensity of the spectrum.

e P(\) accounts for all the broad-band spectral structures (broad-band
absorption, Rayleigh and Mie scattering) and is parametrized as a poly-
nomial of degree up to 5 (customizable by the user).

e [; are the terms containing the differential absorption cross-sections of
the 7 absorbing gases convolved with the instrumental function H(\).
However, one of the K; required by QDOAS does not contain the ab-
sorption cross-section of an actual gas but a synthetic cross-section used
to account for the Ring effect. This effect is caused by the inelastic scat-
tering, affecting part of the photons, that undergo a wavelength change
of a few nanometers [39]. QDOAS accounts for this effect through the
additional Ring cross-section computed according to the approach de-
scribed in [40, 41].
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Figure 2.5: Shift (left) and instrumental function width (right), as a func-
tion of the wavelength (nm), fitted by QDOAS during the calibration of the
Iy spectrum with respect to the high resolution solar reference atlas. The
discrete dots are the values computed during the calibration procedure. The
red curves, which fit the dots, are the functions used to represent the shift
and instrumental function for the QDOAS analysis.
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As previously mentioned, QDOAS is able to spectrally align I*(\) to the
reference spectrum Ijj(\). However, before that, ensuring that Ij(\) is spec-
trally well calibrated is essential. For this purpose, QDOAS calibrates the
reference spectrum Ijj(\) according to the high resolution solar reference atlas
described in [42]. The calibration is performed through an iterative process
that stops when a good match between the two solar spectra is found. The
calibration is also useful to estimate the spectral resolution of the measured
spectra. Indeed, during the iterative steps, the high resolution solar refer-
ence atlas is continuously convolved with Gaussian functions (representing
the instrumental function) having different widths. At the end of the process,
the best estimates of shift and stretch, evaluated according to equation 2.13
and of the Gaussian width related to the spectral resolution, are computed
(see Figure 2.5). The calibration procedure is very important in order to
avoid misalignments between the two measured spectra and the absorption
cross-sections, and also to properly estimate the instrumental function H(\),
used to convolve the exponential terms containing the differential absorption
cross-sections (see equation 2.10).

2.4 Zenith-scattered light SCDs

Figure 2.6: Example of undefined atmospheric paths in DOAS measurements
of diffuse solar light. Image from [22].
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The definition of SCD (equation 2.11) is an easy concept if the path of the
radiation in the atmosphere is well defined, as in the case of direct solar
measurements. However, the concept becomes less intuitive when the mea-
surement involves diffuse solar light because the actual path of the radiation
collected by the instrument is always a combination of several paths, as shown
in Figure 2.6, due to the different scattering patterns.

In this case, a more general definition of the SCD is more appropriate:

X'(A)

SCD = ) (2.15)
where ' is the differential optical thickness and o  the differential ab-
sorption cross-section. In order to precisely understand what a zenith-sky
measurement represents, when acquired in clear-sky conditions, the molec-
ular absorption and the Rayleigh scattering phenomena must be taken into
account. Neglecting multiple scattering processes, the radiation measured
by a ground-based instrument can be described as the solar light, attenuated
along its slant path from the top of the atmosphere to the vertical above the
instrument, which is scattered towards the ground in the instrument direc-
tion and which is attenuated in its vertical path before reaching the detector.
However, the scattering of the slant solar beam into the vertical direction can
happen at different heights. The most probable altitude where the scatter-
ing occurs depends on the Solar Zenith Angle (SZA) and is a compromise
between the Rayleigh scattering probability, which increases in the lower at-
mosphere where the density is higher, and the solar beam intensity which
increases with altitude. According to these considerations and taking into
account only one of all the possible paths, the radiation Ig(\, z) reaching the

instrument due to only Rayleigh scattering processes can be expressed as:

Is(A, 2) = 0R(N)p(2) To(A)e™ N I #AE D e—or ) [T o0 (9,16

where oy is the Rayleigh scattering cross-section, p(z) is the air density, z
is the altitude where the scattering occurs, A(Z’, ) is the geometrical factor
that accounts for the slant path and 6 is the SZA. The first and second
exponential terms represent the Rayleigh scattering in the slant and vertical
paths, respectively. Including the absorption processes, the radiation due to
only one possible path is:

Ig‘(/\’ 2) = Is(\, 2)67‘7“‘()‘) JZ2 C(NA@E 0)dz g—oa(N) [g C(2)d2! (2.17)

Taking into account that the total radiation reaching the detector, due
to both scattering and absorption and only to scattering processes, is the
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integral over all the possible paths of I (), 2) and Is(), 2), respectively, the
SCD for an undefined path is:

SCD =

L, (fpams g ZW) (2.18)

a(A) fpaths Is(\ 2)dz
The SCD expressed in equation 2.18 is the quantity that can be retrieved

from zenith-sky measurements. This equation can also be written making
explicit all the SCDs S’ relative to the different paths:

SCD =

1 Is(\, 2)e W5 4z

a(A) fpaths Is(\, 2)dz
From equation 2.19, we can notice that, if the terms S’ do not change
(direct solar measurements case, where the path is unique and well defined),
the exponential term in the numerator can be moved in front of the integral
and the equation becomes the Lambert-Beer law of equation 2.1. On the
other hand, if diffuse solar measurements are considered, the equation can
be simplified for a weak absorber (e* ~ 1+ z, for —e < x < €). Therefore,
the numerator of the logarithm in the equation 2.19 can be written as:

/ Is(\, 2)e "Mz & / Is(\, 2)(1 — o(N)S")dz =
paths

paths

- /paths Is(\, 2) — o(N) /paths Is(\, 2)S" = </paths Is(A,z>)<1 —o(\)9) =
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Equations 2.20 and 2.21 show that equation 2.18 can be written as the
Lambert-Beer law, with the SCD S which is the intensity-weighted average
of all the slant columns relative to the different paths.

In general the SCDs, retrieved with the DOAS technique from zenith-
sky measurements, need to be converted into the VCDs representing the
gas concentrations integrated along the vertical direction. This can be done
using the Air Mass Factors (AMFs) that mathematically link the SCDs to
the VCDs and that are defined as:

S =

(2.21)
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SCDs
VCDs

For a direct solar measurement, since the radiation path is well defined,
the AMF plays the role of a geometrical factor between the slant and the
vertical column. More complexities arise dealing with diffuse solar mea-
surements, where the AMFs contain all the physical processes summarized
in equation 2.21 and need to be properly simulated by a radiative transfer
code. Indeed, although zenith-sky measurements and processing methods
are straightforward to implement, the errors on the simulated AMFs can be
very high, leading to high errors in the final VCDs. In particular, the AMFs
depend on the input profiles, mainly the trace gas of interest, the aerosol
content, the SZA and the surface albedo.

In this thesis, the AMFs for the conversion of the SCDs to VCDs from
zenith-sky measurements are simulated with the SCIATRAN Radiative Trans-
fer Model (RTM) [43], which can account for all the significant radiative
transfer processes. As input for the simulations, standard trace gases, ver-
tical temperature and pressure profiles available in the SCIATRAN code,
which account for monthly and latitudinal variations are used. Moreover,
no presence of aerosol and a constant surface albedo of 0.3 are used for the
simulations. For each scenario, the AMFs are simulated for a discrete set
of SZA values. Then they are interpolated to the SZA value relative to the
SCD to be converted. However, it must be taken into account that the real
AMFs can strongly differ from the simulated ones, introducing an important
source of error [44, 45]. In particular, the way the profile of the target trace
gas, used as input for the simulations, impacts on the computed AMFs will
be shown in Section 4.1.4.

AMFs =

(2.22)

2.5 MAX-DOAS technique

The results of this thesis are obtained also exploiting the MAX-DOAS tech-
nique, which allows to retrieve the tropospheric vertical profiles of trace gases
and extinction coefficient due to aerosol. In this case, the diffuse solar spectra
are measured at different elevation angles (see Figure 2.7) to obtain informa-
tion from different atmospheric layers.

This measurement strategy can be implemented for different azimuth di-
rections to derive spatial inhomogeneities of trace gases concentrations. Since
all the measurements in a scan are used to retrieve one vertical profile, par-
ticular attention must be paid to the measurement time, which should not
be too long.
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There are several and different strategies for the retrieval of vertical pro-
files from MAX-DOAS measurements. Here, I describe one of them, focusing
on the method adopted by the retrieval algorithm used in this thesis.

Figure 2.7: Measurement geometry during MAX-DOAS scans. Image from
[46].

The first part of the analysis of the MAX-DOAS measurements involves
the retrieval of the SCDs with the QDOAS software, as explained in section
2.3. In particular, all the not-zenith spectra acquired in a scan must be
analyzed using as a reference spectrum the zenith spectrum relative to the
same scan. During this step, in addition to the SCDs of the target gas, it is
essential to retrieve also the SCDs of Oy, an oxygen dimer, which presents
absorption lines in the VIS and UV. Indeed, O, is a well-mixed species,
approximately constant in space and time, and its SCDs can be used to infer
scattering properties of the atmosphere due to aerosol.

Unlike the estimate of the VCDs discussed in section 2.4, the retrieval of
vertical profiles needs a retrieval algorithm which uses the estimated O, and
target species SCDs as input. The complete retrieval is performed with the
following steps:

e Retrieval of aerosol extinction profile.

In this step, the O4 SCDs are used as input, to retrieve the aerosol
extinction profile. The retrieval starts with an a-priori extinction profile
and converges iteratively to the solution. The process stops when the
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estimated aerosol extinction profile leads to O, SCDs, simulated by a
forward model, equal, within a certain threshold, to the measured ones.

o BOX-AMFs simulation.

The aerosol extinction profile, retrieved in the previous step, is used
as input for the SCTATRAN RTM to simulate the BOX-AMFs. The
BOX-AMFs are defined as the AMFs (see equation 2.22), with the only
difference that the AMFs are representative of the whole atmospheric
column, because link the total SCDs to the total VCDs, while the BOX-
AMFs are resolved in altitude and each of them links the VCD within a
certain atmospheric layer to the SCD in the same layer. As the AMFs,
they depend on scattering processes, due to the aerosol, the surface
albedo (mainly the BOX-AMFs relative to the lower layers), the SZA
and the wavelength. For these simulations, the same input parameters
used for the AMFs, described in section 2.4, are adopted. The only
difference is that, in this case, the aerosol content, derived from the
previous step exploiting the O4 SCDs, is considered.

o Retrieval of target species vertical profile.

At this step, the vertical profile of the target gas is retrieved. As in
the first step, the process is iterative and starts with an a-priori profile.
The retrieval uses the trace gas SCDs, estimated by QDOAS, as input.
The process stops when the estimated vertical profile, combined with
the BOX-AMFs simulated in the previous step, leads to SCDs equal,
within a certain threshold, to the measured ones.



40

CHAPTER 2. DOAS TECHNIQUE



Chapter 3

MAX-DOAS instruments

A DOAS instrument is a spectrometer that measures atmospheric spectra
in the VIS and UV spectral ranges. This kind of measurement can be per-
formed in different ways (active or passive measurements, direct or diffuse
solar measurements) and with instruments mounted in different platforms.
In particular, the MAX-DOAS instruments are equipped with a moving tele-
scope, linked via optical fiber to the spectrometer, in order to allow mea-
surements at different elevation and azimuth angles. This chapter focuses
on the three ground-based MAX-DOAS instruments used during this thesis:
the TROPOspheric Gas Analyser Spectrometer (TROPOGAS), the GAS-
COD/NG4 and the SkySpec-2D. In particular, I exploited their measure-
ments to create the first Italian FRM4DOAS-compliant MAX-DOAS site, to
study the pollution around Lecce and to validate satellite data. While the
SkySpec-2D is an instrument developed by Airyx GmbH (https://airyx.
de/wp-content/uploads/2021/03/SkySpec-all_2021-03-09.pdf), TRO-
POGAS and GASCOD/NG4 are two research-grade custom-built systems
developed in the 90s at CNR-ISAC.

3.1 SkySpec-2D

SkySpec-2D is a MAX-DOAS instrument developed by Airyx GmbH (https:
//airyx.de/wp-content/uploads/2022/05/SkySpec-2D_v250.pdf), fully
compliant to the FRM4DOAS guidelines (see Table 1.1), which allows to
measure VIS and UV fast and reliable atmospheric spectra. Its design allows
to measure both direct and diffuse solar light at all the desired elevation
angles and viewing directions.
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3.1.1 Instrument description

The SkySpec-2D is made of three different components: the telescope, a box
containing two spectrometers, and a pc needed to run the instrument.

Telescope

The telescope, shown in Figure 3.1, is the part of the instrument used to
collect the incoming radiation and is the only part which can be placed
outdoor.

Figure 3.1: SkySpec-2D telescope.

It is made of a white box, where most of the electronics is contained, and
a quartz cylindrical tube where the light is collected. The whole telescope
can rotate thanks to a stepper motor which allows to cover azimuth angles
from 0° to 180°. Another stepper motor, that allows to change the measure-
ment elevation angle, rotating a prism from 0° to 180°, is present inside the
quartz tube. When operated together, the rotating systems enable to acquire
spectra, within a Field Of View (FOV) of about 0.3°, at every zenith and az-
imuth angle. In order to ensure a good quality of the pointing direction and
to allow measurements also in not stable environments (for example ships),
the rotating prism is also equipped with an elevation sensor that immediatly
corrects its position, with an accuracy of 0.1°.
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Figure 3.2: Components of the SkySpec-2D telescope.

In Figure 3.2, most of the telescope components are shown. The incoming
radiation is reflected by the rotating prism to the lens and is propagated to the
box, placed indoor, that contains the two spectrometers, through an optical
fiber. The quartz tube is heated to prevent condensation on the optical
components, which could affect the measurements quality. Information on
the weather conditions is recorded by two cameras (not indicated in Figure
3.2), mounted on the top of the telescope, and a temperature and humidity
sensor. Silica gel is placed inside the telescope to avoid high humidity in the
electronic components. Moreover, a Mercury (Hg) lamp is integrated into
the telescope to perform wavelength calibration measurements.

Spectrometer

As alredy mentioned, the telescope is linked to the spectrometer box (see
Figure 3.3), placed indoor, through an optical fiber. The box contains two
spectrometers that are able to produce simultaneously, for a single measure-
ment, two different spectra, one in the VIS (400-550 nm) and one in the UV
(300-400 nm) spectral ranges, acquired with a spectral resolution of about 0.6
nm. Each spectrometer is equipped with a Charge-Coupled Device (CCD)
sensor composed by 2048 pixels, where all the values that compose the spec-
trum are measured. Both the spectrometers are kept at a fixed temperature
of 20° C, with deviations lower than 0.05° C, and are able to record spectra
with an instrumental stray-light lower than 0.05% and a noise in the mea-
sured spectrum counts, estimated for a sum of 1000 spectra around noon,
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of the order of 10~*. Since the spectrometers are sensitive to humidity, the
only connection with the external air is through a tube filled with humidity
absorbing silica gel to prevent the income of water vapor. This connection
is necessary to compensate for changes in ambient pressure. To be sure that
the air inside the box is dry and does not cause condensation on the spec-
trometers, a package of silica gel is also present within the spectrometer unit
box.

Figure 3.3: SkySpec-2D spectrometer box.

Laptop

A laptop, connected to the spectrometer box via an Universal Serial Bus
(USB) cable, is used both to save the measurements and to drive the acquisi-
tion through the Measurement Software-DOAS (MS-DOAS). The MS-DOAS
software, provided by Airyx GmbH, generates several windows that allow to
interactively drive the SkySpec-2D (acquire measurements, change elevation
and azimuth measurement angles and so on...) and to check if problems
occur during the automatic acquisitions. Indeed, MS-DOAS gives also the
possibility to create scripts, exploiting a list of existing commands, that allow
to perform automatic MAX-DOAS measurements.

The MS-DOAS gives the possibility to save spectra computed as the sum
of several single spectra, in order to increase the SNR. The number of co-
added spectra represents the number of single spectra that are summed up in
order to obtain the final saved spectrum. Both the total exposure time, which
is the total time of the acquisition, and the single exposure time, which is
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the time required to acquire a single spectrum, can be set by the user. From
now on, we will always refer to the total exposure time as ”total integration
time” and to the measurement time of a single spectrum as ”exposure time”.
It is possible and useful to make the MS-DOAS software automatically set
the exposure time in order to prevent the saturation of the CCD sensor.

3.1.2 Acquired spectra

Each spectrum is saved into a binary file together with further useful infor-
mation: the viewing elevation angle, the viewing azimuth angle, the number
of co-added spectra, the exposure time and the total integration time. The
viewing elevation and azimuth angles provide information on the telescope
pointing direction. The number of co-added spectra, the exposure time and
total integration time are not independent and provide information on the
SNR of the spectrum.

The saved spectrum is measured in counts for each pixel of the CCD
sensor. For this reason, it will need to be calibrated both in wavelength and
in counts a-posteriori.

3.1.3 Spectra processing

The measured spectra, saved in binary files, are then processed by a python
tool, developed during this thesis. It reads the binary files, calibrates the
spectra and writes them into Network Common Data Form (NetCDF) files,
two for each day (one for VIS and one for UV). The calibration proce-
dure exploits the calibration spectra that are measured every night, when
atmospheric spectra cannot be acquired. The final NetCDF files are cre-
ated according to the FRM4DOAS standard guidelines (https://frm4doas.
aeronomie.be/ProjectDir/L1_format_20220407_v3.14d.pdf). The python
tool processes one day of measurements at a time and repeats all the following
procedures for each day.

e Spectral calibration

The spectra are calibrated in wavelength using Hg spectra, that are
acquired automatically during the night. The Hg lamp is useful to
perform spectral calibrations because produces flat spectra with high
emission peaks at well-known wavelengths, as shown in Figures 3.4 and
3.5 in the UV and VIS, respectively. Since not even the Hg spectra are
calibrated, they are shown in Counts with respect to the 2048 pixels of
the CCD sensor.
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Figure 3.4: Hg lamp spectrum in the UV acquired with a total integration
time of 60 s, exposure time of 0.35 s and 167 co-added spectra during the
night on 10 February 2022.
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Figure 3.5: Hg lamp spectrum in the VIS acquired with a total integration
time of 60 s, exposure time of 0.28 s and 214 co-added spectra during the
night on 10 February 2022.

The spectral calibration consists of creating a mathematical relation
which links each pixel of the CCD sensor to a wavelength value; in
particular, the relation is not linear and we approximate it with, at
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least, a 2-degree polynomial. In order to do that, we need to measure
at least three emission peaks, located at known wavelengths, that are
used to fit the polynomial coefficients. In the case of UV spectra, the
spectral calibration is performed using a 3-degree polynomial relation
because four high emission peaks are present (see Figure 3.4) at the
wavelengths of 312.6, 313.1, 365.0, 404.7 nm.
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Figure 3.6: Hg lamp spectrum in the VIS (a) and its zoom (b) acquired with
a total integration time of 60 s, exposure time of 10 s and 6 co-added spectra
during the night on 10 February 2022.

A different story is the calibration of the VIS spectra, since, as shown in
Figure 3.5, only two high Hg emission peaks are present. In reality, one
less intense emission peak, that can be detected increasing the exposure
time, is present in the VIS. Figure 3.6a shows the Hg emission spectrum
in the VIS acquired with an exposure time of 10 s. The two high peaks
are saturated and a third low peak starts to be detectable around the
pixel 1060, more visible in the zoom in Figure 3.6b. Therefore, the three
peaks needed to calibrate the spectra in the VIS must be obtained from
two different Hg lamp measurements, acquired with different exposure
times. These three peaks occur at the known wavelengths of 435.8,
491.6, 546.0 nm.

Counts calibration

All the other calibration measurements, performed during the night, are
used to correct the counts of the spectra. Indeed, although the DOAS
method does not require the spectra to be radiometrically calibrated,
some instrumental effects must be corrected. In particular, the offset
and dark current must be removed from the measured spectra and the
effect of the sensors’ non-linearity must be corrected. The sum of offset
and dark current is present in every measured spectrum and represents
the number of counts generated by the detector when the sensor is not
illuminated.
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Figure 3.7: Offset spectrum in the VIS acquired with a total integration time

of 60 s, exposure time of 0.01 s and 6000 co-added spectra during the night
on 10 February 2022.
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Figure 3.8: Dark current measurement in the VIS acquired with a total
integration time of 60 s, exposure time of 10 s and 6 co-added spectra during
the night on 10 February 2022. Since this is the measurement, it still contains
the offset contribution.

The offset is a signal independent on the exposure time and is present
in all the single spectra that are summed up to create the final saved
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spectrum. The dark current, present in all the single spectra, is not
constant but it linearly increases with the exposure time. The offset
and dark current are measured during the night preventing light from
reaching the sensor. In particular, the offset is measured with a very
low exposure time to make the dark current contribution negligible. On
the other hand, since the dark current depends on the exposure time,
that is always different, it cannot be directly measured. Therefore, a
dark spectrum is measured with a high exposure time and the offset,
previously estimated, is removed. Since the dark current increases lin-
early with the exposure time, the measured value is scaled, according
to the exposure time of the considered atmospheric spectrum and then
removed. Examples of offset and dark current spectra in the VIS are
provided in Figures 3.7 and 3.8.

The offset and dark current are removed from the measured Hg spectra
too. The sensor non-linearity does not need to be routinely measured
because it is a sensor’s feature, represented by a 5-degree polynomial.
The two sets of polynomial’s coefficients, one for VIS and the other for
UV sensors, are provided by the Airyx company. During the calibra-
tion procedure, it must be considered that the number of the co-added
spectra in the measured calibration spectra is not equal to the number
of co-added spectra relative to the atmopsheric spectrum considered.
For this reason, we apply all the corrections to every single spectrum
after properly scaling the calibration spectra. At the beginning, the
constant offset is subtracted; then, the spectra values are corrected for
the non-linearity (which depends on the spectrum values). In the end,
the dark current signal, properly scaled for the exposure time of the
atmospheric spectrum and corrected for the non-linearity, is subtracted
from the atmospheric spectrum.

NetCDEF file creation

All the calibrated spectra and relative information acquired in a day are
saved into two NetCDF files (one for the VIS and the other for the UV
channels). The name of these NetCDF files follows the FRM4DOAS
naming convention and contains the affiliation, the location of the sta-
tion, a unique identification number provided by the FRM4DOAS com-
munity, the information of the VIS channel (1, 2 is for UV), the day
and UTC time for the start and the end of atmospheric measurements,
and the version. An example of NetCDF file, containing VIS spectra
acquired in San Pietro Capofiume (SPC) on 30 June 2022, is "ESA —
FRMADOAS—L1-CNR.ISAC—SAN.PIETRO.CAPOFIUME—
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1695 — 1 — 202206307°030848 72 — 202206307'192541Z — fv001.nc”.

3.2 TROPOGAS

In this section, the TROPOGAS description and characterization are pro-
vided. TROPOGAS is a research-grade custom-built instrument developed
at the CNR-ISAC and installed on the roof of the CNR-ISAC, in Bologna,
since 2018. During this thesis, I exploited its spectra for a measurement cam-
paign, described in Section 5.2.2, with the purpose to assess the SkySpec-2D’s
performances.

I avoid to describe in detail the TROPOGAS spectra processing because
the adopted approach is very similar to the one already explained in Section

3.1.3.

3.2.1 Instrument description

TROPOGAS measures zenith and off-axis atmospheric scattered spectra
with a spectral resolution of about 0.4 nm in the UV and 0.5 nm in the
VIS on the roof of the CNR-ISAC, in Bologna, since 2018. Differently from
SkySpec-2D, it can measure one spectrum at a time in a customizable spec-
tral range contained from 300 and 600 nm. As SkySpec-2D, TROPOGAS
is made of three different components: the telescope, the spectrometer and
the computer. In the core of the spectrometer (Figure 3.9b), the radiation
is measured by a cooled (at -20°C to reduce the thermal noise and dark cur-
rent) CCD sensor. The CCD sensor is a matrix of 7 x 1024 pixels. Each
spectrum is simultaneously recorded in the seven arrays (bins) made of 1024
pixels, each of them representing a wavelength. The TROPOGAS spectrom-
eter is coupled with an Alt-Azimuth platform (Figure 3.9a), developed and
implemented at CNR-ISAC in collaboration with the Evora University, with
an optical fiber, and it is used for off-axis and zenith-sky measurements of
diffuse solar radiation. The Alt-Azimuth platform is a small telescope with a
mirror lens and both azimuth and zenith movements. The computer (Figure
3.9b) drives the instrument for the spectra acquisition. Every acquired spec-
trum is the average of a fixed number of 36 spectra, each of them acquired
with the same exposure time, from 0 to 3 s, automatically estimated to pre-
vent, the saturation of the CCD sensor. Its design will not be explained in
detailed because is similar to the SkySpec-2D’s one. Anyway, more details
on the system can be found in [47].
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(a)

Figure 3.9: Telescope (a) and spectrometer and computer (b) of the TRO-
POGAS, installed on the roof of the CNR-ISAC in Bologna.

3.2.2 Characterization

In the frame of an ESA project, TROPOGAS was initially supposed to be-
come the first ground-based MAX-DOAS instrument, in Italy, compliant to
the FRM4DOAS requirements. For this reason, I performed a full char-
acterization of TROPOGAS to assess if it could meet all the FRM4DOAS
guidelines. While the acquisition and processing guidelines are easily met up-
dating its measurement and analysis strategy, other instrumental features,
such as the SNR and the FOV dimension, needed to be assessed. Indeed,
since TROPOGAS is a custom-built instrument, many technical features
were not reported.

SNR assessment

For the SNR assessment, I decided to use a quartz-iodine lamp, mounted
inside TROPOGAS, which has the feature to emit very smooth spectra. I
measured 50 quartz-iodine spectra with the same exposure time, so that the
differences among them were only due to the noise. However, I realized that,
for reasons not clear yet, not null systematic differences sometimes exist.
For this reason, I decided to compute a running average over 15 points of
the wavelength grid and subtract it to each spectrum in order to obtain 50
spectra having zero mean. At first, I computed the mean noise of the whole
spectrum with respect to the number of averaged spectra. For this goal,
I averaged a fixed number of zero-mean spectra from two different spectra
datasets. Then, I computed the difference between them, in order to remove
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the residual systematic oscillations, due to the high spectral variability. I
estimated the mean noise, related to a certain number of averaged spectra,
as the standard deviation of this difference.
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Figure 3.10: Estimated noise in the spectral band centered at 435.8 nm with
respect to the number of the averaged spectra, for all the 7 bins of the CCD
Sensor.

Figure 3.10 shows the estimated mean noise of a spectrum with respect
to the number of the averaged spectra and for all the 7 bins that compose
the CCD sensor. It is clear that the noise decreases with the square root of
the number of averaged measurements, as it should be.

At the end, I also computed the noise, of a not-averaged spectrum, as a
function of the spectrum values, measured in counts. For each spectral point
(each wavelength), I estimated the noise as the standard deviation of all the
same points of the 50 zero-mean spectra. Figures 3.11 and 3.12 show the noise
and SNR, respectively, as a function of the spectrum counts. According to
the results, although the noise increases with the counts, it rises slower than
the counts themselves, leading to an increase of the SNR with the counts.
This means that the convenient exposure time to measure a spectrum is the
one that leads to high counts without reaching the saturation of the CCD
sensor, which corresponds to 65,535 counts. Considering that the minimum
SNR in the visible, required by FRM4DOAS, is 3,000, and assuming to be
able to measure the spectra with counts higher than 30,000, the minimum
SNR in a single spectrum is about 500, as shown in Figure 3.12. Since the
SNR increases with the square root of the averaged spectra, I decided to
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update the measurement strategy averaging 36 single spectra for each saved

final spectrum. In this way, the SNR of every saved spectrum will be about
3,000.
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Figure 3.11: Estimated noise in the spectral band centered at 435.8 and 385
nm with respect to spectrum values (counts).
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Figure 3.12: Estimated SNR in the spectral band centered at 435.8 and 385
nm with respect to spectrum values (counts).
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FOV assessment
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Figure 3.13: Horizon scan used to estimate the TROPOGAS FOV. The blue
dots represent the signals, in arbitrary unit, measured at 440 nm for different
elevation angles. The blue line is the error function (ERF) used to fit the
data. The red line is a Gaussian and represents the derivative of the ERF
function (blue line). Its FWHM is used to estimate the FOV, reported in
the title.

The FOV has been estimated performing some horizon scans. In particular,
I measured the signals at 440 nm for different elevation angles close to the
horizon. I chose a clear day so that a strong contrast between land and sky
was present.

The blue dots in Figure 3.13 represent the signals, in arbitrary unit,
measured at 440 nm for different elevation angles. It is evident that the
signal is low for low elevation angles, when only land is detected by the
instrumental FOV. Increasing the elevation angle, part of the FOV starts to
cross the sky and the signal increases until the elevation angle is big enough
and all the signal reaching the FOV comes from the sky. The blue dots are
fitted by the function S (blue line):

S = A[ERF((z — x0)/B) + 1] + C (3.1)

where EFRF' is the error function, the integral function of a Gaussian
curve, and A,B,C and x are fitted parameters. The Gaussian curve, deriva-
tive of equation 3.1 is plotted in red. Its Full Width at Half Maximum
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(FWHM) is the FOV estimate and is computed as:

FWHM = 2/In(2)B (3.2)

The estimated TROPOGAS FOV is 3.6°. Since the FOV required by
FRM4DOAS standard is 1.5°, TROPOGAS does not meet this requirement.
This is one of the reasons why my colleagues and I chose to exploit SkySpec-
2D to create the first MAX-DOAS site, compliant to the FRM4DOAS stan-
dards, in Italy. This work will be illustrated in Chapter 5.

3.3 GASCOD/NG4

Figure 3.14: Telescope (a) and spectrometer and computer (b) of the GAS-
COD/NG4, installed at the ECO observatory at the CNR-ISAC in Lecce.

The GASCOD/NG4 instrument (Figure 3.14) is part of the GASCOD family
[48]. This series of instruments was initially developed at CNR-ISAC in the
early 90s and improved over the years in collaboration with the University
of Evora (Portugal) [26]. Its functioning and design are similar to TRO-
POGAS, described in Section 3.2. Indeed, also GASCOD/NG4 can measure
one spectrum at a time in a customizable spectral range between 300 and
800 nm and with a mean spectral resolution of 0.5 nm. A detailed descrip-
tion of the mechanical and electronic components together with the adopted
optical layout and the explanation of the measurement principles adopted in
the most recent versions of these instruments is available in [26, 49].

In the frame of the Infrastruttura di Alta tecnologia per il Monitoraggio
Integrato Climatico-Ambientale (ILAMICA) project (http://www.i-amica.
it), since 2016 the meteo-climatic ECO observatory in Lecce (Italy) was
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equipped with the GASCOD/NG4 for the measurement of zenith and off-
axis diffuse solar spectra. The ECO observatory (40.34°N 18.12°E; 36 m
a.s.l.) is located about 4 km (W-SW) from the urban area (about 95,000 in-
habitants), about 10 km from the South Adriatic sea and can be classified as
an ”urban background” site [50, 51]. The site is located about 30 and 80 km
from the two most important industrial centers of the Apulia Region (Brin-
disi and Taranto, respectively). The ECO observatory is a regional station
of the Global Atmospheric Watch (GAW) network [52]. The spectrometer
was located on a shelter on the roof of the CNR-ISAC building, 12 m above
the street, inside the university campus. At the ECO observatory, detailed
ancillary meteorological data (wind characteristics, temperature, relative hu-
midity and pressure) and in-situ NO2 and O3 concentrations are measured
by an automatic weather station (Vaisala WXT520), located 20 m above the
ground, and a gas analyzer described in [52], respectively.



Chapter 4

Analysis of NO> and O3 total
columns over Lecce

This chapter is based on the following paper: Pettinari P., Donateo A., Pa-
pandrea E.; Bortoli D., Pappaccogli G. and Castelli E.: Analysis of NOy and
O3 Total Columns from DOAS Zenith-Sky Measurements in South Italy, Re-
mote Sensing, 2022, 14, 5541.

This study was performed thanks to all the coauthors. Daniele Bortoli devel-
oped the GASCOD/NG/ system, the instrument used to measure the zenith-
sky spectra for the retrieval of the NOy and O3 VCDs. He also wrote the
instrument description. Antonio Donateo and Gianluca Pappaccogli provided
the DOAS spectra and all the ancillary data (meteorological and in situ NOy
and Os concentrations) used in this study. Moreover, they described the ECO
measurement site at the CNR-ISAC of Lecce (Italy), where the measurements
took place. Elisa Castelli, Enzo Papandrea and I performed most of the anal-
ysis and writing work. In particular, I set up the DOAS analysis to retrieve
NOy and O3 SCDs and VCDs and performed the investigation presented in
the results. Elisa Castelli filtered out the data heavily affected by aerosol and
clouds, wrote the section describing the filtering method and helped during the
investigation. FEnzo Papandrea provided the overpasses data of TROPOMI
and Ozone Monitoring Instrument (OMI) satellites over ECO observatory,
he wrote the section describing the criteria used for the comparison with satel-
lite data and he helped during the investigation. All the coauthors revised the
paper before its publication and contributed to its final form.
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Two of the most important trace gases for atmospheric chemistry and
physics are nitrogen dioxide (NOy) and ozone (O3). Since they are impor-
tant pollutants in urban areas, investigations on them have been carried
out worldwide, focusing on their temporal development and interrelations
with chemical mechanisms. In this chapter, the NO, and O3 total VCDs
retrieved from zenith-sky spectra acquired by the MAX-DOAS instrument
GASCOD/NG4 (described in Section 3.3), located at the ECO observatory
of the CNR-ISAC, near Lecce, are presented. The analysis of the total VCDs,
in synergy with in-situ data, allowed to assess with a high level of detail the
potential of this observatory, which is part of the GAW program.

4.1 Retrieval strategy

The first step consisted in fitting the SCDs from the measured zenith spectra
with the QDOAS software, described in section 2.3. Then, the total VCDs
were calculated by dividing the SCDs, corrected for the absorption present
in the reference spectrum, by the corresponding AMFs simulated by the
SCIATRAN RTM, as described in section 2.4. After the filtering process,
the results of our analysis provided a total of 81,310 NO, and O3 total VCDs
retrieved in 592 days between March 2017 and November 2019. On average,
137 total VCDs have been retrieved each day.

4.1.1 SCDs fit

Zenith-sky spectra, acquired by the GASCOD/NG4, were analyzed by the
QDOAS software in order to retrieve the Oz, NOy and tetraoxygen (Oy4)
SCDs. The automatic acquisition system of GASCOD/NG4 acquires the
spectra in different spectral windows and continuously during the day. The
system saves the data into binary files containing, for each spectrum, the in-
formation regarding the measured spectral range, day and time of acquisition
and SZA. Those files are pre-processed to spectrally calibrate the measure-
ments and to make them compliant with the QDOAS input file format. The
analysis reported in this work was performed in the spectral interval 470-510
nm, exploiting the spectra acquired in the spectral window centered at 486
nm (see Figure 4.1). In this spectral region, absorption features of NOg, O
and Oy are present. O4 SCDs are essential because they can be used to detect
aerosol and clouds that can alter the NOy and O3 SCDs.
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Figure 4.1: Zenith spectrum acquired at 11:27 UTC of 27 November 2018 by
GASCOD/NG4 in the spectral window centered at 486 nm in counts. It was
not radiometrically calibrated, since the DOAS analysis does not require it.

Spectral Resolution at 486 nm
i

0.80

e Period1

0.75 - Period 2

0.70 .

o

o

o
L
.

0.60 1

| W e

0.50 A

o
wn
a

Spectral Resolution (nm)

0.45 A

0.40 T T
2017 2018 2019 2020

Time (year)

Figure 4.2: Instrument’s spectral resolution in the spectral window centered
at 486 nm and for all the measurement period. Each color identifies a period
characterized by a time-constant spectral resolution.

The QDOAS settings used for the analysis follow as much as possible
the FRM4DOAS community requirements. At first, all the spectra were an-
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alyzed with a fixed reference spectrum. However, I realized that, due to
several maintenance interventions voted to improve the instrument perfor-
mance (high SNR), the dispersion parameters, applied to the spectral images
reaching the CCD sensor, slightly changed, resulting in the modification of
the GASCOD/NG4 spectral resolution (see Figure 4.2).

The spectral resolution was evaluated by QDOAS during the automatic
calibration procedure. The differential method at the basis of the DOAS
technique requires the spectral resolutions of reference and analyzed spectra
to be as similar as possible.

Hence, I decided to divide the analysis into two different periods (see

the colours in Figure 4.2), each of them with a fixed reference spectrum, as
reported in Table 4.1.

Table 4.1: Reference spectra in the two different periods used for QDOAS
analysis. The method to estimate the NOy and O3 contributions contained
in the reference spectra will be explained in section 4.1.3

Period beginning-28/10/2018 29/10/2018-end
Day ref. 06,/07/2017 11/07/2019
SZA ref. 17.62° 18.13°
NO, Ref. (molec/cm?) 4.3x10° 6.1x101°
O; Ref. (molec/cm?) 7.1x10'® 1.3x10"

QDOAS gives also the possibility of performing the analysis with respect
to daily reference spectra, automatically selected around noon time. How-
ever, I decided to use only two fixed reference spectra for two main reasons:

e The use of daily reference spectra would have introduced daily biases
in the retrieved total VCDs, due to the uncertainty in the knowledge
of the true contributions of the reference spectra. According to the
adopted methodology, I expected biases only between the two analysis
periods.

e The two fixed reference spectra, acquired in summer at noon, are af-
fected by a minimum gas absorption due to the almost vertical position
of the sun.
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Table 4.2: Main QDOAS settings used for NO; and O3 SCDs analysis.
Wavelength Range 470-510 nm
Polynomial Order 3
Offset Constant
Cross sections
NO,(220 K) from [53]. Iy correction (10'7) applied
NO,(294 K) from [53]. Orthogonalized to NO; (220 K) with Iy correction (10'7)
03(223 K) from [54]. I correction (10%°) applied
03(293 K) from [54]. Orthogonalized to O3z (223 K) with I, correction (10%°)
04(293 K) from [55]
H>,0(298 K) from [55]
Ring Generated according to [40, 41], using the solar atlas in [42]

NO2 SCD (8.96 x 10'® molecules/cm?)

Differential Optical Path

-0.01

—— Optical Path + residuals
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Figure 4.3: Examples of differential optical paths due to NO; (a), O3 (b)
and Oy (c) absorption, fitted by QDOAS for a spectrum acquired on 6 July
2017 at 19:11 UTC when the SZA was 89.3°. SCDs values are reported in

the plots’ titles.

All the other analysis settings are reported in Table 4.2. A constant offset
between the analyzed and reference spectra and an order-3 polynomial were
fitted simultaneously with NO,, O3, O4 and H5O absorption cross-sections.
The ring effect is considered as an additional cross-section, as described in
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section 2.3. Since NOs and Ojs cross-sections depend on temperature, the
absorption signature for each of the gases was fitted by two cross-sections at
different temperatures. Moreover, NOy and O3 theoretical cross-sections were
corrected applying the Iy correction mentioned in section 2.2, as suggested
in [37] .

An example of the differential optical paths, due to the NOy, O3 and
O, absorption, fitted by QDOAS, is reported in Figure 4.3. In this case,
the NOy, O3 and Oy spectral signatures are well defined compared to the fit
residuals because the path crossed by the radiation in the analyzed spectrum
(measured at a high solar zenith angle) is much longer than the one relative
to the reference spectrum (measured with a low solar zenith angle; see Table
4.1).

Before calculating the total VCDs, the SCDs retrieved by QDOAS were
filtered twice: first, SCDs were filtered out based on the QDOAS flag that
certified whether the fit was successful and on the x? of the fit. Then, a
second filter was applied to exclude data heavily contaminated by clouds.
The remaining SCDs were then processed to compute the total VCDs.

4.1.2 Clouds and aerosol data filtering

Since SCDs are path-integrated quantities, variations in the light path due
to scattering by particles produce biased SCDs and, thus, VCDs. However,
as demonstrated by [46], O4 SCDs can be used to infer information on par-
ticles” optical depths and vertical distribution. The O4 concentration in the
atmosphere is well-known (its absorption is proportional to the square of the
partial pressure of molecular oxygen) and constant. O, SCDs variations de-
pend on the light path, and its behavior as a function of SZA is thus known.
Variations in this behavior from the expected one are proxies of particle pres-
ence. In this study, we used O4 SCDs to filter clouds/aerosol-contaminated
measurements. The Oy SCDs’ behavior with respect to SZA can be modeled
using a RTM, e.g., SCIATRAN. However, in several cases, as reported in [56],
the simulated O4 SCDs can differ (as a bias and not in the behavior) from the
measured ones. For this reason, to filter the data, we decided to use only the
measured O, SCDs. The data were used to build histograms, binning the O,
SCDs in 2°-wide SZA bins. For each SZA bin, data falling outside 90% of the
maximum frequency were filtered out. It should be mentioned that, using
this filtering procedure, particle-contaminated spectra may still be present.
Indeed, this method aims at filtering only spectra heavily contaminated by
particles to remove strong oscillations from the final dataset. The O3 and
NO5 SCDs identified as particle-contaminated were removed from the subse-
quent analysis. In the end, a total of 16.6% of the measurements were filtered
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out.

4.1.3 Reference contributions

Langley plot

3.0

2.54

SCDs ( x 10® molecules/cm?)

Figure 4.4: Langley plot used to estimate the contribution of the reference
spectrum acquired at 11 July 2019 to the NO; SCDs. The blue dots are all

the NOy SCDs relative to March 2019. Black stars are the low SCDs, fitted
by the black line, which were used to estimate the intercept.

Since the absorber amounts in the two reference spectra used for the QDOAS
analysis cannot be considered negligible as they would be with spectra mea-
sured outside the atmosphere, the SCDs estimated by QDOAS must be cor-
rected by adding the reference contributions that can be estimated using the
Langley plot method [57]. According to it, the SCDs, retrieved for a certain
period, were plotted against the simulated AMFs. In the hypothetical case
that the true absorber total VCDs remain constant in time, the intercept
of the line, which fits the SCDs, represents the reference contribution, and
the slope represents the constant total VCD value related to the observed
SCDs. However, the assumption of a constant vertical content is not easy to
satisfy, especially close to an urban area, such as the ECO measurement site.
For this reason, we assumed that, in a Langley plot, the lowest SCDs over a
certain period refer to the same minimum vertical content, when the contri-
bution comes mainly from the stratosphere. This means that the minimum
SCDs can be linearly fitted in order to estimate the intercept, as reported in
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Figure 4.4. The NO; and Oj estimated SCDs in the two selected reference
spectra are reported in Table 4.1.

4.1.4 Systematic errors affecting the total VCDs’ di-
urnal variability

Dependence of NO2 AMFs on tropospheric content Dependence of O3 AMFs on tropospheric content

—— NO2<3km x10 —— 03<3km x10
~—— NO2<3km x100 ~—— 03<3km x100
40 —— NO2<3km x0.1 40 —— 03<3km x0.1
NO2<3km x0.01 03<3km x0.01

(%)
N
S

(%
N
S

AMFs Difference (%)
|

20 40 60 80 20 40 60 80

(a) SzA () (b) SZA ()

Figure 4.5: Percentage differences between AMF's computed using perturbed
input profiles and standard profiles, for NOy (a) and O3 (b). The AMFs
simulated with standard profiles were the ones used to convert the SCDs
into total VCDs.

The estimate of the diurnal variability of trace gases total VCDs derived from
zenith-sky DOAS measurements is a hard task because the systematic errors,
mainly in the estimated reference contributions and in the simulated AMFs,
have a not-negligible impact. The errors in the NOy and Ogs reference con-
tributions were estimated as 2x10'® and 2x10'® molecules/cm?, respectively.
These values were computed as the spread coming from reference estimates
performed considering different periods. This error has a higher impact on
the retrieved total VCDs relative to low AMFs (around noon) than the ones
with high AMF's (sunrise or sunset). This artifact contributes to create a not-
real diurnal variability in the total VCDs. For this reason, the assessment of
the reference contributions, discussed in Section 4.1.3, is a sensitive part of
the analysis. The errors in the simulated AMFs lead to a similar problem.
Actually, the input parameter which most affects the simulated AMF's is the
vertical profile of the target gas used in the RTM. This effect can be seen in
Figure 4.5a for NO, and Figure 4.5b for O3, where the percentage differences
between AMFs simulated with modified input profiles and standard profiles
(the input for simulating the used AMFs) are plotted against the SZA. The
changes in the input profiles were obtained by increasing (multiplying to 10
or 100) or decreasing (dividing by 10 or 100) the tropospheric contents below
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3 km. The plots show that the AMFs did not change significantly when NO,
and Oz tropospheric contents were decreased. This means that the tropo-
spheric content in the used profiles is low, and the relative AMFs are mainly
representative of the stratosphere. On the other hand, an increase in the tro-
pospheric content led to important differences in the AMFs. In particular,
the AMFs changed differently for low and high SZAs, contributing to create
a not-real diurnal variation in the total VCDs. Since this effect can heavily
affect the diurnal behavior of NOy and Oz total VCDs, I tried to make some
considerations for the diurnal variabilities without focusing on the absolute
values.

4.2 Results

4.2.1 Diurnal variability
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Figure 4.6: NO; (a) and O3 (b) total VCDs during the days 2018/07/14 (red)
and 2018/07/22 (blue). The error bars represent the total VCDs random
errors derived from the SCDs fitted by QDOAS.

Although, as mentioned in Section 4.1.4, the NOy and Oj diurnal trends
are affected by important systematic errors, Figure 4.6a clearly shows that
significant day-to-day differences in the NO, total VCDs exist. In particular,
it is evident how the NO,y total VCDs were higher and less constant on
14 July 2018 (Saturday) with respect to 22 July 2018 (Sunday), when the
traffic was generally lower. This result highlights the clear presence of the
tropospheric contribution to the retrieved NOy total VCDs. On the other
hand, the O3 total VCDs retrieved in the same two days were not affected by
any significant difference (see Figure 4.6b), suggesting that the O3 total VCDs
are less sensitive to the tropospheric variability. These first considerations
will be further demonstrated in Sections 4.2.2 and 4.2.3.
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Differences between afternoon and morning NO2 VCDs Differences between afternoon and morning O3 VCDs
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Figure 4.7: Histogram of the differences computed as NO;y (a) and Oz (b)
total VCDs in the afternoon minus the total VCDs in the morning. For each
day, the total VCDs representative of morning and afternoon were computed
as the mean total VCDs in the SZA range between 60° and 90°.

In Figure 4.7a, we can see that, for most days, the NOy total VCDs in
the afternoon are higher than the ones in the morning; the median and mean
differences are 6.2x10' and 5.1x10'* molecules/cm?, respectively. These dif-
ferences were computed as the mean NO, total VCDs in the SZA range
between 60° and 90° in the afternoon minus the same quantity in the morn-
ing. The same fixed SZA range, used to compute the mean total VCDs in
the morning and afternoon, avoids the results being affected by the system-
atic effects, due to the AMFs, as discussed in Section 4.1.4. This diurnal
increase is in agreement with the stratospheric chemical processes that in-
volve NOs, where, during daytime, NoOj5 is photolyzed into NOy and NOs.
A slight and linear diurnal increase in NOy total VCDs is indeed found in
not-polluted areas, such as over Table Mountain, California, from direct so-
lar spectra [57], and in Zugspitze, Germany, from solar Fourier Transform
Infra-Red (FTIR) measurements [58]. Thus, this analysis suggests that the
diurnal variability of the NOy total VCDs over the ECO observatory is the
result of both contributions related to the stratospheric chemistry and to the
tropospheric pollution due to the anthropogenic activity. The same analy-
sis, performed for the O3 total VCDs (Figure 4.7b), shows that, differently
from the NOg, the O3 columns decrease during most days. The median and
mean differences between afternoon and morning are -5x10'7 and -7.5x10'7
molecules/cm?, respectively.

4.2.2 Total VCDs vs day of the week

Since the results shown in Figure 4.6a suggest the presence of an important
tropospheric signal in the NO, total VCDs, data were analyzed while taking
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into account the day of the week, in order to see if significant differences due
to the different anthropogenic activity (mainly traffic) between weekends and
working days exist. For this purpose, I computed the daily mean total VCDs
in the time range between 8:00 and 16:00 local time. These average data
were then used for the computation of a 7-day moving mean, in order to
filter out the day-to-day variability. For each day, I calculated the difference
between the daily mean total VCD and the 7-day running average, derived
around the considered day. This operation was performed for each day for
which data are present for all 7 days around it (£3). These differences were
used to compute the mean anomaly for all the seven days of the week. The
NOj and Oj3 total VCDs mean anomalies are plotted against the days of the
week in Figure 4.8a.
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Figure 4.8: Mean anomalies of NOy and Oj total VCDs (a) and in-situ
concentrations (b) in each day of the week. The error bars represent the
standard deviations of the mean. The dashed lines represent the conditions
with a null anomaly.

O3 total VCDs anomalies are higher during working days, decreasing
during the weekends. However, these anomalies are not highly significant
because they have similar magnitudes compared to the large error bars. On
the other hand, NOy total VCDs present a significant negative anomaly of
about -6x10'* molecules/cm? for Sunday, confirming the presence of anthro-
pogenic signal. In order to better understand and to make the obtained
results more significant, the same procedure was applied to the NOy and O3
concentrations measured in-situ by the gas analyzer installed at ECO ob-
servatory. The NOy results in Figure 4.8b are in agreement with the weekly
variability observed for the NOy total VCDs, indicating important NO, /NO,
production due to traffic, as also reported for other cities [59, 60]. On the
other hand, the O3 in-situ measurements reveal a slight increasing trend over
the week, in contrast with the O3 total VCDs weekly trend. However, the
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high error bars, compared to the Oz in-situ anomalies, highlight again the
low significance of the results.

4.2.3 NO; total VCDs vs wind at 20 m

In this subsection, the results regarding the correlation between the retrieved
NO; total VCDs and the wind speed and direction measured at an altitude
of 20 m at the ECO observatory are shown.

NO2 VCDs anomalies vs wind speed NO2 VCDs anomalies vs wind direction
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Figure 4.9: NO, total VCDs anomalies with respect to the wind speed (a)
and wind direction (b) measured at 20 m. In figure (b), the wind directions
are indicated clockwise with 0° representing the North. Lecce is located in
the northeast direction, where the peak is found.
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Figure 4.10: NOy in situ concentrations anomalies with respect to the wind
speed (a) and wind direction (b) measured at 20 m.

Figure 4.9a shows the NO, total VCDs anomalies, computed as described
in Section 4.2.2, with respect to the diurnal mean wind velocities estimated
in the same time range. Even though data are scattered and the correlation
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is low, the negative slope of the fitting line (-0.18 molecules s m™'cm™?)
confirms that the retrieved NOy total VCDs contain a tropospheric signal,
consequence of the anthropogenic emissions, and states that one of the main
causes of polluted days at ECO observatory is the local production. On the
other hand, no plot with O3 total VCDs is reported in this section because
no correlation was found with the wind speed at 20 m altitude. This result
confirms again the lack of O3 tropospheric signal.

Figure 4.9b shows the NOy total VCDs mean anomalies with respect to
the wind direction. It highlights that, together with NO, local production, a
transport contribution from the city of Lecce exists as well. Indeed, the peak
around 50° (about NE) corresponds to the direction where the city is located
with respect to the ECO observatory. As in Section 4.2.2; the same analysis
was also performed with NO, in-situ data. Figure 4.10a shows that the NO,
in situ concentrations anomalies decreased with the wind speed, with a slope
of -0.51 ppbv s m~!. This result is in agreement with the one obtained for
the NOy total VCDs, even though the slopes are quite different. It must be
taken into account, indeed, that these two quantities are hardly comparable.

The analysis of NO, in-situ concentration anomalies in relation to the
wind direction (Figure 4.10b) shows completely different results compared to
the ones obtained for the NO, total VCDs in Figure 4.9b. The peak found
for the total VCDs and located around 50°, in the direction of Lecce, is not
present in the in-situ concentrations. However, two new peaks, around 100°
and 290°, appeared. This discrepancy probably occurs because since NOo
total VCDs are sensitive to the transport in the whole boundary layer, they
are affected by a long-range transport and the signal coming from the city
of Lecce is detectable. On the other hand, since in-situ concentrations are
representative of a smaller spatial radius, the two peaks in Figure 4.10b are
probably consequence of the presence of streets around the ECO observatory.
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4.2.4 Seasonal variability
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Figure 4.11: Monthly variability of NOy (a) and O3 total VCDs (b) in the
three analyzed years. The error bars represent the standard deviations of the
monthly mean values.

Figure 4.11 shows the NOy (a) and Oj (b) monthly averages of the total
VCDs retrieved in the years 2017, 2018 and 2019. Monthly averages were
computed using only data acquired within the SZAs range between 60° and
80° to mitigate the systematic effects derived from AMFs simulations, as
shown in Figure 4.5.

The NO, monthly mean total VCDs ranged between 3.5x10® and 7x10%
molecules/cm?. All the three years were characterized by similar behavior:
the NOs total VCDs increased during spring, reaching the maximum value
around June and July, and then started to decrease at the end of summer.
Although the dataset does not contain much information for the winter peri-
ods, we can clearly notice that the decrease continued until November (2018,
2019) or December (2018). During March, the NO, total VCDs started to
increase (2019). This behavior is typical of the stratospheric NO, seasonal
cycle in the middle latitudes, as reported in [61], which is related to the
number of sunlit hours. Further, the O3 total VCDs seasonal variability is
mainly driven by processes occurring in the stratosphere, where most of the
O3 is present. Its monthly mean VCDs ranged between 7.5x10'® and 1.0x10*°
molecules/cm?. The values started to increase during autumn, reaching the
maximum around spring, and then rapidly decrease during summer.

The DOAS measurements reveal that the Oz total VCDs in 2017 are
systematically lower than in all the other years, with differences of the order
of 1x10'® molecules/cm? (see Figure 4.11b). This discrepancy cannot be
fully explained by the systematic errors in the reference spectra contributions
because such a difference is also present between data acquired in 2017 and
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2018, which were analyzed with respect to the same reference spectrum. This
result was partially confirmed by OMI data. Indeed, I have verified that OMI
O3 total VCDs in 2017 are also lower than the ones in 2018 during the months
from June to October. As an example, after computing the averages O3 total
VCDs for August 2017 and 2018 from OMI data, I found that the mean value
in 2018 is higher than that of 2017 by about 16 D.U., which corresponds to
about 4.3x10'" molecules/cm?. This is more or less half of the difference that
I found in the DOAS Oj total VCDs (see Figure 4.11b).

4.3 Comparison with satellite data

4.3.1 Selection of coincident satellite data

The OMI NO, Standard Products (OMNO2) V4.0 [62] were downloaded
from the National Aeronautics and Space Administration (NASA) Goddard
Earth Sciences Data and Information Services Center (https://search.
earthdata.nasa.gov/search?q=0MN02_003). They contain NO; SCDs (to-
tal amount along the average optical path from the sun into the atmosphere
and then toward the satellite), the NOy total VCDs, the stratospheric and
tropospheric VCDs, AMFs, scattering weights for calculation of AMFs and
other ancillary data. The NOs column content included in the data was
derived using the DOAS technique on the UV-VIS hyperspectral earthshine
radiance measurements in the range 400-470 nm, where NO, has a strong,
structured absorption feature. More details can be found in [62]. In the
OMI product files, the effective Cloud Fraction (CF) for each ground pixel
is reported. I used these values to discriminate between clear and cloudy
measurements, indicating with qa = 1 — C'F, the quantifier which ranges
from 0 (cloudy) to 1 (clear).

For the considered periods, TROPOMI offline (OFFL) products (http:
//doi.org/10.5270/S5P-s41jgb4), available in the NetCDF format, were
considered. They were downloaded using the Copernicus Data Hub (https:
//sbphub. copernicus.eu/dhus), with the help of a bash script which ex-
ploits the capability of the "open data protocol” interface for accessing the
Earth Observation (EO) data stored on the archive. These products contain
the NOs total column content, derived using the DOAS method applied to
the UV-VIS backscattered solar radiation measurements in the 405-465 nm
wavelength range [63]. In the TROPOMI product files, each ground pixel
has a "quality assurance value” (hereafter reported as qa) associated with
it, a continuous variable, which can assume continuous values from 0 (no
output) to 1 (everything is fine). According to [63], the users should use
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a qa threshold of 0.75 to be sure that clouds, scenes covered by snow/ice,
errors and problematic retrievals are removed. However, it is also possible
to consider a ga threshold of 0.50, if the purpose is to select good quality
retrievals with clouds or snow/ice in view.

The overpass times of OMI and TROPOMI are similar, being 13:45 and
13:30 local time, respectively. For each satellite overpass, all the pixels lo-
cated within a radius of 20 km around the position of the station were se-
lected. The 20 km radius was chosen in order to produce a robust analysis,
considering the available satellite pixels/day in a homogeneous scene (the
pixels are only over land and at the ground level). This criterion led to se-
lecting for TROPOMI, for each day, a maximum number of 51 pixels before
the 6 August 2019, as the ground pixel size was 7 km x 3.5 km, and 64 after-
wards, as the along-track pixels’ size was reduced from 7 to 5.5 km. Due to
the higher size of the OMI ground pixel (13 km x 24 km), no more than six
OMI pixels could be selected for each day. For this comparison exercise, all
satellite data which had a quality flag lower than 0.5 were filtered out. More
conservative quality filtering, with a threshold of 0.75, could also have been
implemented. However, I have verified that the comparison results were not
significantly affected.

4.3.2 Results
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Figure 4.12: NO, total VCDs measured by GASCOD/NG4 (blue dots in
both panels), OMI (green line in the panel (a)) and TROPOMI (red line
in the panel (b)) over the ECO observatory. DOAS measurements are time
averages in a 3-h time bin around satellite overpass, and satellite data are
the averages of all the coincidences within a 20 km radius.
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Figure 4.13: Scatterplot of NO, total VCDs measured by GASCOD/NG4
versus OMI (a) and TROPOMI (b). DOAS data were averaged in a 3-h time
bin around satellite overpass and are compared with the mean satellite total
VCDs in the same time bin and within a radius of 20 km from the ECO
observatory.

Figure 4.12 reports the mean NO, total VCDs, computed in a 3-h time bin
around the satellite overpass time, measured by GASCOD/NG4 (blue dots),
and the corresponding OMI (green line in the panel (a)) and TROPOMI (red
line in the panel (b)) NO, total VCDs averaged within the 20 km radius. We
can observe overall good agreement, both in the absolute values and in the
ability to capture the seasonality. The same averaged NO, total VCDs are
used in the scatterplots of Figure 4.13.

The NO; total VCDs retrieved from GASCOD/NG4 are, on average, 32%
higher than OMI and 29% higher than TROPOMI. This positive bias is also
evident in the timeseries in Figure 4.12. Moreover, the two scatterplots show
that important differences exist between OMI, which provides more scat-
tered NOy columns, and TROPOMI. In particular, DOAS results are in a
better agreement with TROPOMI, with a correlation coefficient of 0.78 com-
pared to 0.43 found with OMI. The estimated linear regression slopes confirm
that both satellite measurements underestimate the high values of NO, total
VCDs detected by GASCOD/NG4. A similar result was found in [64], where
the NO, total VCDs measured by TROPOMI and a ground-based Pandora
instrument in Boulder (Colorado) are compared. They showed that very
good agreement exists during low-pollution conditions and that TROPOMI
underestimates the NOy total VCDs by about 30% in the presence of high
NO, concentrations. The authors of [64] performed a comparison among
different measurement sites, and they found that the TROPOMI underesti-
mation is more pronounced in the most polluted cities. In [65], both OMI
and TROPOMI NO, products are compared with the ones measured by
a ground-based MAX-DOAS instrument in the Jing-Jin-Ji region (China).
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This study revealed that both OMI and TROPOMI underestimate the NO,
total columns by about 30% to 50%, in this highly polluted region. In ac-
cordance with the cited literature, our comparison showed good agreement
during low polluted conditions.
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Figure 4.14: O3 total VCDs measured by GASCOD/NG4 (blue dots in both
panels), OMI (green line in the panel (a)) and TROPOMI (red line in the
panel (b)) over the ECO observatory. DOAS measurements are time averages
in a 3-h time bin around satellite overpass, and satellite data are the averages
of all the coincidences within a 20 km radius.
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Figure 4.15: Scatterplot of O3 total VCDs measured by GASCOD/NG4
versus OMI (a) and TROPOMI (b). DOAS data were averaged in a 3-h
time bin around satellite overpass and are compared with the mean satellite
total VCDs in the same time bin and within a radius of 20 km from the ECO
observatory.

The same comparison was performed for O3 total VCDs, and the results
are presented in Figure 4.14 and Figure 4.15. General good agreement in
magnitude and seasonality occurred also in the O3z total VCDs, with cor-
relation coefficients of 0.65 and 0.67 with respect to OMI and TROPOMI,
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respectively. The percentage biases found in both the O comparisons (3
and 4%) are lower than the ones found for NOy (about 30%), showing bet-
ter agreement. Other validation results revealed a lower mean bias between
ground-based and satellite O3 total VCDs, in the order of 1-2% [66, 67].
However, these values, obtained for latitude bands, came with high standard
deviations (4-5%) that justify the higher biases in local regions.

Table 4.3: Statistical parameters of the comparisons between ground-based
DOAS and satellite total VCDs for different spatial criteria for the selection
of satellite data.

N02 03

OMI TROPOMI OMI TROPOMI

RADIUS (km) 20 10 5 20 10 5 20 10 5 20 10 5
COINCIDENCES 328 99 28 285 270 260 319 74 23 398 394 372
CORRELATION 043 0.51 045 0.78 0.78 0.76 0.65 0.50 0.49 0.67 0.68 0.66
BIAS (%) 32 28 24 29 28 27 3 4 2 4 4 4
SLOPE 0.33 039 047 0.40 039 0.39 0.59 043 0.55 0.59 0.62 0.62
INTERCEPT (D.U.) 0.09 0.08 0.07 0.07 0.08 0.08 124 179 143 121 111 111

I also verified the robustness of the comparison between ground-based
DOAS total VCDs and satellite measurements because they do not signifi-
cantly depend on the spatial radius chosen to compute the averages around
the ECO observatory, as summarized in Table 4.3. Indeed, similar and very
stable results were found for the comparisons with TROPOMI. On the other
hand, the comparisons with OMI revealed less stable statistical parameters,
partially justified by the important decrease in coincidences with the chosen
radius.

Table 4.4: Statistical parameters of the comparisons between ground-based
DOAS and satellite total VCDs with a spatial radius of 20 km and for different
seasons.

NO, 0O
OMI TROPOMI OMI TROPOMI

SEASONS WIN SPR SUM AUT WIN SPR SUM AUT WIN SPR SUM AUT WIN SPR SUM AUT
COINCIDENCES 27 96 9 115 31 8 69 105 26 8 91 114 35 91 146 126
CORRELATION 067 025 008 049 062 070 -003 074 093 062 054 044 094 065 059 0.0
BIAS (%) 17 25 34 38 425 37 30 3 A 7 5 4 0 7 8
SLOPE 053 017 006 046 031 031 -001 037 091 045 040 021 091 039 038 034
INTERCEPT (D.U.) 006 014 017 005 009 010 019 007 41 197 181 227 44 214 189 183

It must be mentioned that the systematic errors described in Section 4.1.4
could be responsible for some of the positive biases found in the comparison
results. Indeed, taking into account Figure 4.5 and considering that OMI
and TROPOMI overpass Lecce at around noon, the systematic effect due
to the AMFs would lead to an overestimation of the retrieved total VCDs,
mainly when the SZAs around noon are low (summer) and when high NO,
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and Os tropospheric concentrations are present. This theory is confirmed in
Table 4.4, where all the statistical parameters for the four different seasons
are reported. Indeed, it is evident that the NO, and O3 biases have seasonal
behavior, increasing during summer and decreasing in winter. However, due
to the low number of coincidences, mainly during winter, these statistical
parameters are less stable and robust than the ones reported in Table 4.3.

The results of this chapter have highlighted that the NOy tropospheric
contribution significantly affects the NO, total VCDs, while the O3 total
VCDs contain no tropospheric signals. This explains why the O3 comparison
with respect to satellite data showed better agreement compared to the NO,
one. Indeed, satellite measurements are less sensitive to the lower part of the
atmosphere.



Chapter 5

Towards a FRM4DOAS site in
the Po Valley

This chapter is based on the following paper: Pettinari P., Castelli E., Papan-
drea E., Busetto M., Valeri M. and Dinelli B.M.: Towards a New MAX-DOAS
Measurement Site in the Po Valley: NO, Total VCDs, Remote Sensing, 2022,
14(16), 3881.

This study was performed thanks to all the coauthors, as part of the project
IDEAS-QA4EO WPs-2250-2251: "DOAS-BO: Towards a new FRM4DOAS-
compliant site” SERCO-IDEAS-QA4EO-BO/SUB27-IDEAS-QA4EO-Quality
Assurance For Earth Observation-QA4EO/SER/SUB/27, Instrument Data
quality Fvaluation and Assessment Service-Quality Assurance for Earth Ob-
servation (IDEAS-QA4EO) contract funded by ESA-ESRIN (n. 4000128960/19/1-
NS).

Elisa Castelli and Massimo Valeri were the project administrators. To-
gether with Enzo Papandrea, they conceptualized this study and organized the
measurement campaigns that will be illustrated in this chapter. With the help
of Elisa Castelli and Enzo Papandrea, I mainly worked on the instrumen-
tal set-up, the formal data analysis and on the manuscript writing. Mau-
rizio Busetto gave an important practical contribution, indeed he installed
the SkySpec-2D in its final location, at the ”Giorgio Fea” observatory in San
Pietro Capofiume. Bianca Maria Dinelli’s comments were important to reach
the final form of the paper and moreover, she supervised the whole PhD work.
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5.1 Project overview

The purpose of the project is to create the first Italian FRM4DOAS-compliant
MAX-DOAS measurement site in the Po Valley, which is the most industri-
alized and polluted area of Italy; here, high mountains surround the Po
basin, preventing pollution from dispersion, especially in wintertime. DOAS
measurements, not compliant with the standards, were performed in the
framework of a few campaigns [68, 34, 69] and from two DOAS/MAX-DOAS
instruments, developed at CNR-ISAC and located in the Emilia Romagna
Region: one at Monte Cimone and the other in Bologna. The instrument
located in Bologna is the TROPOGAS (described in section 3.2), that is
measuring diffuse solar spectra on the roof of the CNR-ISAC building since
2018.

The need for DOAS measurements satisfying Quality Assurance (QA) cri-
teria motivated, in the frame of the Instrument Data Evaluation and Anal-
ysis Service (IDEAS) Quality Assurance for Earth Observation (QA4EO)
service DOAS-BO ESA project, the assessment of the performances of the
TROPOGAS spectrometer (see section 3.2.2) with respect to FRM4DOAS
requirements and the update of its measurement configuration and data anal-
ysis to follow the FRM4DOAS standards as much as possible. In May 2021,
the CNR-ISAC institute acquired a new MAX-DOAS system in the context
of the Italian funded project ”Sviluppo delle Infrastrutture e Programma Bi-
ennale degli Interventi del Consiglio Nazionale delle Ricerche - Potenziamento
Infrastrutturale: progetti di ricerca strategici per I’ ente. Progetto 32-ASSE
NORD Pianura Padana Mt. Cimone, Bologna, San Pietro Capofiume”. The
chosen system is the SkySpec-2D instrument (described in section 3.1), which
is fully compliant with FRM4DOAS requirements. For this reason, in the
end, SkySpec-2D was chosen to achieve the project’s goal. The selected loca-
tion for this system is the ” Giorgio Fea” meteorological observatory at SPC,
Bologna, in the middle of the Po Valley and far from cities and local polluted
hot spots. That position is representative of the background pollution in the
Po Valley and makes these measurements suitable for satellite validation.

The two projects mentioned above create opportunities to:

e re-enforce the Italian know-how on DOAS/MAX-DOAS techniques, fol-
lowing the legacy of the CNR-ISAC institute;

e re-enforce the observational potential of the Po Valley infrastructure
through the acquisition of a ground-based remote-sensing instrument
compliant with the ESA reference standards that can be used for both
satellite validation and scientific studies of air quality in one of the most
polluted European regions.
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In this chapter, the work carried out to set up the new MAX-DOAS
measurement site at SPC in the Po Valley is described. To assess its perfor-
mances, the SkySpec-2D system was employed in an inter-comparison cam-
paign with the research-grade custom-built TROPOGAS spectrometer in
Bologna in August 2021. Then, at the beginning of September 2021, the in-
strument took part in a second inter-comparison campaign at the Boundary-
layer Air Quality-analysis Using Network of Instruments (BAQUNIN) [70]
super-site at La Sapienza University in Rome, where the Pandora#117 in-
strument, fiducial reference instrument for satellite validation, is located.
Finally, at the end of September 2021, the SkySpec-2D was installed at its
final location at the ”Giorgio Fea” observatory.

Here, the results of the inter-comparison campaigns and the first results of
NO, total VCDs obtained in a nine-month period by the SkySpec-2D at SPC
are shown. Comparisons with collocated TROPOMI and OMI satellite data
are also reported. For the comparisons, the NO, total VCDs, retrieved from
zenith-sky MAX-DOAS measurements (SkySpec-2D and TROPOGAS), from
sun direct Pandora#117 measurements, and from satellite measurements are
considered.

5.2 Analysis method

5.2.1 Retrieval of the NO, total VCDs from zenith
DOAS measurements

Here, the general analysis steps performed to estimate the NOy total VCDs
from the measurements acquired by the two MAX-DOAS instruments during
both the measurement campaigns are described.

SCDs fit

The zenith-sky spectra measured by the two CNR-ISAC MAX-DOAS sys-
tems (TROPOGAS and SkySpec-2D) were analyzed with the DOAS tech-
nique to retrieve NO, total VCDs. In the first step, NOy SCDs were estimated
by the QDOAS software from the measured zenith-sky spectra. In this step,
all the measurements acquired by each of the two MAX-DOAS instruments
were analyzed with respect to a fixed reference spectrum, chosen at low SZA
(around noon), in order to avoid high atmospheric absorption. Details on
the QDOAS processing will be shown in sections 5.2.2 and 5.2.3.
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Reference contribution estimate

The reference contribution was estimated with the same method reported
in Section 4.1.3. Also in this case, its estimated uncertainty is 2 x 10'°
molecules/cm?.

These results, for both TROPOGAS and SkySpec-2D in the two mea-
surement campaigns, will be shown in Sections 5.2.2 and 5.2.3.

Filtering of data affected by aerosol and clouds

As reported in Section 4.1.2 for data acquired in Lecce, the filtering method
exploits the retrieved O, SCDs. However, here I decided to adopt a different
strategy. In particular, this filtering is based on an iterative process that
exploits the information coming from the O, SCDs and NO,y total VCDs
retrieved in the current iteration. This type of filtering is applied to zenith
measurements only. The first step consists of dividing all the O4 SCDs into
3°-wide SZA bins and computing the Oy SCD median value for each bin.
Since most of the days during the campaigns were sunny, we assume that
all these median values correspond to clear-sky conditions. At this point,
to classify clear and cloudy data, we need to define, for each SZA bin, a
maximum distance from the O4 SCD median value. In this way, data with
04 SCDs which fall outside the chosen range are filtered out. This threshold
is estimated through an iterative process. In the first step, the criterion
is very stringent, leading to a low number of clear-sky data. During every
iteration, the O4 range, in each SZA bin is increased, leading to more clear-
sky data. The process, in each SZA bin, stops when an important difference
arises between the retrieved NO, total VCDs labeled as clear and cloudy. In
this way, we are confident to be filtering out the NO, total VCDs labeled as
cloudy that are systematically biased compared to the clear-sky ones. Final
filtering results for both TROPOGAS and SkySpec-2D instruments, in the
two measurement campaigns, will be reported in Sections 5.2.2 and 5.2.3.

AMPFs simulation

The AMFs used to convert the SCDs into total VCDs were simulated with
SCIATRAN, adopting the same method used for the analysis at the ECO
observatory in Lecce, as described in section 2.4.
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5.2.2 Bologna inter-comparison campaign
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Figure 5.1: Location of the CNR-ISAC in Bologna (black), of the SPC ” Gior-
gio Fea” observatory (red) and of the BAQUNIN super-site in Rome (blue).
Photos of the instruments in the three locations are also shown.

The inter-comparison campaign between SkySpec-2D and TROPOGAS was
performed on the roof of the CNR-ISAC headquarter (Lat: 44.52°N, Lon:
11.34°E, Altitude: 39 m a.s.l., 25 m a.g.l., Figure 5.1) within the CNR cam-
pus (Via Gobetti 101, Bologna, Italy) located in the city suburbs. The
measurement site is classified as urban background. The Al4 motorway,
the Bologna (BLQ) international airport, and the city center are located 0.8
km to the north, 2.6 km to the west and 1.7 km to the south, respectively.
The SkySpec-2D vs TROPOGAS campaign was held from 4 August to 2
September 2021. The period was characterized by generally stable and sunny
weather. Both the instruments used a measurement configuration compliant
to the FRM4DOAS guidelines.

The TROPOGAS analysis was performed using a fixed reference spec-
trum (measured on 11 August 2021 at 29.10° SZA). We decided to analyse
the TROPOGAS spectra using the absorption cross-section at 298 K. This
choice is in agreement with the results in [71], where the authors state that,
in polluted European regions, the effective temperatures representing NO,
total column are estimated to be about 270-280 K. QDOAS set-up is reported
in Table 5.1.

The SkySpec-2D analysis set-up is reported in Table 5.2. This set-up is
almost the same used for TROPOGAS apart from the larger spectral interval
used.
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Table 5.1: QDOAS settings for TROPOGAS NO, SCDs calculations in vis-
ible spectral range; ”"orto.” means that the cross-sections are orthogonalized
with respect to another cross-section at a different temperature.

NO, VIS Ref. Cross-Section
Calibration spectral range 455-495 nm (6 points)
Retrieval spectral range 460-490 nm
Considered XS NO; 298 K from Van Daele [46]
NO, 220 K from Van Daele [46]
(orto. to NOy 298 K)
O3 223 K from Bogumil [47]
Oy from Herman [48]
Ring computed according to [49]
O3 293 K from Bogumil [47]
(orto. to O3 223 K)
Glyoxal from Volkamer [50]
H,O from Herman [48]
Other fits Polynomial deg. 5

linear offset order 1

Table 5.2: QDOAS settings for SkySpec-2D NOy SCDs calculations in visi-
ble spectral range; ”"orto.” means that the cross-sections are orthogonalized
with respect to another cross-section at a different temperature. The NO,
cross-sections used for the measurement campaigns in Bologna and Rome are
labeled with (a) and (b), respectively.

NO, VIS Ref. Cross-Section
Calibration spectral range  420-500 nm (6 points)
Retrieval spectral range 430-490 nm
Considered XS (a) NO2 298 K from Van Daele [46]
(a) NO2 220 K from Van Daele [46]
(a) (orto. to NOy 298 K)
(b) NO5 254.5 K from Van Daele [46]
O3 223 K from Bogumil [47]
O, from Herman [48]
Ring computed according to [49]
03 293 K from Bogumil [47]
(orto. to O3 223 K)
Glyoxal from Volkamer [50]
H,O from Herman [48]
Other fits Polynomial deg. 5

linear offset order 1

In this case, we also chose to fit the NOy SCDs using the cross-section at



5.2. ANALYSIS METHOD 83

298 K in order to be consistent with the TROPOGAS analysis. Moreover,
for consistency reasons, the fixed reference spectrum used in the SkySpec-2D
analysis was chosen as much as possible in close time coincidence with the one
used for the TROPOGAS analysis (measured on 11 August 2021 at 29.38°
SZA). The Langley plot analysis applied to TROPOGAS and SkySpec-2D
SCDs provides the reference contributions of 4.5x10' molecules/cm? (see
Figure 5.2a) and 9.7x10'® molecules/cm? (see Figure 5.3a), respectively. Al-
though the two chosen reference spectra are close in time, the two reference
contributions are different due to the high temporal variability in NO, total
VCDs occurring in the central hours of that day.
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Figure 5.2: (a) Langley plot and (b) Oy SCDs data filtering for TRO-
POGAS during the Bologna inter-comparison campaign. Results for NO,
cross-sections at 298 K.
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At the end of the filtering process, 94% of data, acquired by TROPOGAS,
were marked as not heavily contaminated by clouds, as can be seen in Fig-
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ure 5.2b, while the SkySpec-2D clear-sky make up 96% of the observations
(Figure 5.3b). For comparison with satellite data, the TROPOGAS and
SkySpec-2D total VCDs were averaged in a time interval of £60 min cen-
tered on the satellite overpass time. This high averaging time-range was ap-
plied to improve statistical significance, since TROPOGAS exposure times
are higher than those for SkySpec-2D, leading to fewer measured spectra in
a given amount of time.

5.2.3 BAQUNIN inter-comparison campaign

The SkySpec-2D vs Pandora inter-comparison campaign was performed at
the physics department of La Sapienza University (Lat: 41.90° N, Lon: 12.52°
E, Altitude: 75 m a.s.l., Figure 5.1), part of the BAQUNIN super-site [70].
Since the super-site has among its primary objectives the validation of satel-
lite products, best practices and QA procedures were applied. The campaign
was held in the time period from 6 to 21 September 2021. The weather was
sunny for the majority of the days, allowing the collection of good quality
spectra.

In contrast with the analysis method described for the campaign in Bologna,
we decided to analyze the data, acquired during the measurement campaign
in Rome, using the cross-section at 254.5 K, in order to be as consistent as
possible with the Pandora analysis. Indeed, for the Pandora processing, the
NO, cross-section used was corrected for the effective temperature which,
during the measurement campaign, was estimated to be on average around
270 K. Regardless, for completeness, the impact of the different cross-section
temperatures on the final SkySpec-2D total VCDs will be shown.

For the BAQUNIN campaign, the fixed reference spectrum used in the
analysis was chosen on a clear-sky day according to the pictures recorded
by the SkySpec-2D cameras (spectrum measured on 12 September 2021 at
37.89° SZA). The Langley plot, reported in Figure 5.4a, shows an estimated
reference contribution of 1.0x10'® molecules/cm?.

The zenith SCDs were further processed to remove the heavily cloud-
contaminated measurements. The filtering based on using O, SCDs excludes
5% of the observations (Figure 5.4b). For comparison with satellite data, the
SkySpec-2D total VCDs are averaged in a +15 min time interval centered on
the satellite overpass time.
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5.3 Correlative data

5.3.1 Pandora data

During the BAQUNIN campaign, the SkySpec-2D and the Pandora#117
operated in close coincidence. The Pandonia Global Network (PGN) cen-
trally processes the spectra acquired by the Pandora instruments. The Pan-
dora#117 data were directly downloaded from the PGN website (https:
//www.pandonia-global-network.org/). We used the most updated ver-
sion of the data for NOy (rnvs3pl—8). We considered only Pandora retrievals
with a data quality flag value of 0 or 10, corresponding to the so-called as-
sured high-quality data [72]. We will restate here that for the Pandora data
analysis, the effective temperature of the NOy profile is estimated during
the fit. The average value of the retrieved effective temperature during the
campaign corresponds to about 270 K. For comparison with satellite data,
the Pandora#117 total VCDs were averaged in a time interval of +15 min
centered on the satellite overpass time.

5.3.2 TROPOMI and OMI satellite data

For S-5P TROPOMI, we used the offline NO, products [73, 74]. For OMI, we
used the Multi-Decadal Nitrogen Dioxide and Derived Products from Satel-
lites (MINDS) [75], which have been developed with the aim to be consistent
data records currently spanning about 15 years. At the moment, the MINDS
archive covers the period from 1 October 2004 to 1 October 2021. For this
reason, no comparison with OMI data after September 2021 was performed.


https://www.pandonia-global-network.org/
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During this work, for both satellites, we used the NOy summed total
column, which is the sum of the tropospheric and stratospheric VCDs. This
product is described by the data provider as the best physical estimate of the
NO; total vertical column and recommended for comparison to ground-based
total column observations [63]. For TROPOMI, we used only products with
a combined QA value higher than 0.75 in order to remove cloudy spectra,
parts of the scenes covered by snow/ice, errors and problematic retrievals
[74]. Since a quality flag is not available for OMI, we used only data having
the inverse of the cloud fraction greater than 0.75, as suggested in [76].

For the comparison with ground-based products, the satellite data were
averaged over a circle centred on the ground site. For this, we used a 5 km
radius for TROPOMI and 20 km radius for OMI, due to its lower spatial
resolution.

5.4 Results

5.4.1 Bologna inter-comparison campaign

The comparison between products from two MAX-DOAS instruments with
different characteristics and processed with the same analysis method is use-
ful for the assessment of the instruments’ performances. Indeed, the only
contribution to the bias coming from the processing method is due to the un-
certainties in the estimated references that is about 2 x 10 molecules/cm?,
as written in Section 5.2.1. This motivated the TROPOGAS versus SkySpec-
2D comparison. Figure 5.5 shows NO, filtered total VCDs retrieved from 4
to 30 August 2021 by SkySpec-2D and TROPOGAS and averaged over 5 min
intervals. We observe a generally good agreement between the two ground-
based instruments considering both the absolute total VCDs values and their
behavior during the day: the average difference is about 9%, with SkySpec-
2D-retrieved total VCDs higher than the TROPOGAS ones. Zooming on the
days 5 and 6 August (Figure 5.6), we can appreciate how good the agreement
is between the two instruments in reproducing the NO, variations during the
day.
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Figure 5.6: Zoom of Figure 5.5 onto days 5 and 6 August 2021.

Considering again data averaged over 5 min intervals, the agreement be-
tween the two instruments, over the whole campaign period, is characterized
by a correlation coefficient of 0.77, as can be seen from the scatterplot in
Figure 5.7.

Since most of the measurements acquired during the campaign in Bologna
are related to AMFs lower than 4 (see Figure 5.2a and Figure 5.3a), the
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reference contribution errors will affect most of the final NOy total VCDs,
for each instrument, with at least 0.5 x 10" molecules/cm?. From these
considerations, the bias found between SkySpec-2D and TROPOGAS (0.57 x
10" molecules/cm?) is fully consistent with the reference contribution errors.
On the other hand, the errors in the AMFs (identical for both instruments)
and in the SCDs (random errors), from the fit, do not contribute to the
systematic bias. Part of the discrepancies found between SkySpec-2D and
TROPOGAS NO, total VCDs are also due to the instrumental differences,

such as different FOVs and integration times.
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Figure 5.7: Scatterplot of NO, total VCDs retrieved from TROPOGAS and
SkySpec-2D during the Bologna inter-comparison campaign and averaged in
5 min intervals.

The comparison with satellite data shows good results: in Figure 5.8,
the comparison between S-5P TROPOMI NO, total VCDs and ground-
based instrument retrievals averaged in a time interval of 60 min around
the TROPOMI overpass time is reported. The average difference between
satellite and ground-based results is about -15% with respect to SkySpec-2D
and -3% with respect to TROPOGAS.
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Figure 5.8: NO, total VCDs, averaged in 60 min intervals around the satel-
lite overpass, from TROPOGAS (in red) and SkySpec-2D (in blue) versus
TROPOMI (red and blue shadows, respectively) during the Bologna inter-
comparison campaign. The TROPOMI shadows represent the mean values
within the 5 km radius with standard deviations.

Also the biases between TROPOMI and SkySpec-2D (-1 x 10 molecules/cm?)
and between TROPOMI and TROPOGAS (-0.2 x 10" molecules/cm?) are
entirely consistent with the reference contribution errors. Indeed, the TROPOMI
overpass always occurs around noon, when the AMFs are lower than 2, lead-
ing to an error, propagated to the final NO, total VCDs, of at least 1 x 10'°
molecules/cm?. The spatial and temporal mismatches between satellite and
ground-based acquisitions are responsible for the observed spread.

The comparison with OMI data was performed using the same time crite-
rion (60 min) and a relaxed spatial coincidence criterion (20 km), to include
a significant number of satellite data. The bias is of the order of -22% with
respect to SkySpec-2D and -12% with respect to TROPOGAS.

5.4.2 BAQUNIN inter-comparison campaign

Although the SkySpec-2D series of instruments are included in the FRM4DOAS
network, to quantify the performances of our instrument we compared its
measurements to the reference fiducial instrument Pandora#117. To evalu-
ate the quality of the products of the SkySpec-2D instrument in the frame
of satellite validation, we also compared the SkySpec-2D and Pandora#117
NOs total VCDs to similar products retrieved from the S-5P TROPOMI and
the Earth Observing Satellite (EOS)-Aura OMI observations.
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Figure 5.9: Scatterplot of NOy total VCDs retrieved from SkySpec-2D (NO,
cross sections at 254.5 K) and Pandora#117 during the BAQUNIN inter-
comparison campaign. Data are averaged in 5 min intervals.

The differences between the two ground-based datasets were evaluated
considering the entire period of the measurement campaign. The two datasets
were averaged on 5 min intervals. The plots in Figure 5.9 and Figure 5.10
show the scatterplot and daily distributions of NO, total VCDs, respectively,
retrieved by the two instruments. We observe an extremely high correlation
between the two datasets (0.902). SkySpec-2D correctly reproduces all the
features of the NO, distributions observed by Pandora #117. The bias be-
tween the two ground-based datasets is about -0.230 x 10'® molecules/cm?
(-24%). We analyzed the differences between SkySpec-2D and Pandora NO,
total VCDs also as a function of the hour of the day, the solar zenith an-
gle and solar azimuth angle. Since we used only the SkySpec-2D zenith-sky
observations, the only instrument that changes its observation geometry (di-
rectly pointing to the Sun) is the Pandora#117. We did not observe any
evident dependency on these three quantities.
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Figure 5.10: NOy total VCDs retrieved from SkySpec-2D with NO, cross-
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K in red) and Pandora#117 (grey shadow) during the BAQUNIN inter-
comparison campaign, results and absolute differences. Data are averaged in
5 min intervals.

As already stated, for this campaign, we used NOs cross-sections for
an equivalent temperature of 254.5 K. However, in order to evaluate the
impact and the uncertainty introduced by not-representative cross-sections,
we computed the SkySpec-2D total VCDs considering also the cross-sections
at 220 K and 298 K, and we compared the different products with respect to
the Pandora#117 total VCDs, see Figure 5.10. Generally, we observed that
different cross-sections work as an offset, and that they do not introduce any
evident dependency from the SZA. We also observed that the uncertainty
introduced using a not-representative cross section is up to 10%, as reported
in [77]. We observed the best agreement using the NOy cross-section at 298
K (-19% difference).

Different considerations on the biases must be made for the comparison
with the Pandora#117 instrument, since the processing is performed by the
PGN central facility and the instrument has a different measurement config-
uration (direct radiance measurements). For this reason, the bias is not only
related to the uncertainties in the reference contributions, but also to the er-
rors in the AMFs. Considering that we have a bias of -24% with cross-section
at 254.5 K and of -19% at 298 K, we can evince that using a cross-section at
270 K, which is not present in literature and which represents the effective
temperature for the Pandora#117 data (see Section 5.3.1), the bias would
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be of the order of -20%.
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Figure 5.11: NO, total VCDs, averaged in 15 min intervals, retrieved from
SkySpec-2D (in red) and Pandora#117 (in blue), and NOy VCDs measured
by TROPOMI (grey shadow) during the BAQUNIN inter-comparison cam-
paign. The TROPOMI shadows represent the mean values within the 5 km
radius with standard deviations.

As last step, we evaluated the agreement between the ground-based in-
struments and the satellite datasets, exploiting the S-5P and EOS-Aura
overpasses during the measurement campaign. In Figure 5.11, we report
the observations averaged around the TROPOMI overpasses and the differ-
ences between ground-based and the TROPOMI observations. Generally, we
observed that both Pandora#117 and SkySpec-2D NO, total VCDs over-
estimated the satellite NOy total VCDs. We observed a bias of -25% for
SkySpec-2D and -34% for Pandora#117 against S-5P TROPOMI, and of -
60% for SkySpec-2D and -73% for Pandora#117 with respect to EOS-Aura
OMI (not shown, coincidence criteria: 15 min, 20 km).

We can observe that SkySpec-2D and Pandora#117 have more similar
biases (-25% and -34%, respectively) against TROPOMI than the bias found
in the comparison between SkySpec-2D and Pandora#117 (-24%). This im-
plies that the two instruments are affected by a lower bias near the satellite
overpass time. This can be mainly due to the fact that near 1 PM, the posi-
tion of the Sun determines a more similar viewing geometry between the two
instruments than at other hours of the day, thus reducing possible differences
due to errors in the AMFs.
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Table 5.3 summarizes all the found biases between SkySpec-2D and the
ground-based instruments during the two measurement campaigns.

Table 5.3: Relative bias and spread in NOy total VCDs retrieved from
SkySpec-2D versus ground-based instruments for different locations.

Site Ground-Based
(Month) TROPOGAS Pandora#117
Bologna
(August) 9. £ 19%
BAQUNIN-La Sapienza
(September) -24. £ 23% at 254.5 K; -19. + 21% at 298 K
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Figure 5.12: NOs total VCDs retrieved from SkySpec-2D (in red) and
TROPOMI (grey shadows) at the ”Giorgio Fea” observatory in SPC.
SkySpec-2D data are averaged in 15 min around the S-5P overpass time.
The TROPOMI shadows represent the mean values within the 5 km radius
with standard deviations.

After the two inter-comparison campaigns, the SkySpec-2D system was in-
stalled in its final location, the ” Giorgio Fea” observatory at SPC, on 1 Oc-
tober 2021. The ”Giorgio Fea” meteorological station (Lat: 44.65° N, Lon:
11.62° E, Altitude: 11 m a.s.l., Figure 5.1) owned by the Agenzia regionale
per la prevenzione, 'ambiente e I’energia dell’Emilia-Romagna (ARPAE) is a
historic base founded in the early 1980s. The observatory, classified as rural
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background, hosts one of the two meteorological ARPAE radars and is part
of the Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS)
Italy network. Several measurement activities, such as micro-meteorological
and project campaigns, are performed at the center.

In this work, the SkySpec-2D retrieved NO, total VCDs from the 1 Oc-
tober 2021 to the 4 June 2022 are considered. Since, according to [71], the
effective temperatures representing the NOy total column is estimated to be
about 270-280 K in polluted European regions, the cross-section at 298 K
was used. Apart from the 14 November 2021, the period from the end of
December 2021 to 4 January 2022 and some days during May 2022 (inter-
ruptions due to technical issues), the Skyspec-2D operated continuously. The
average NO, total VCD is 0.70 x 10'® molecules/cm?.

The comparison between TROPOMI data (averaged in a radius of 5 km
around the ”Giorgio Fea” observatory) and SkySpec-2D NO, total VCDs
(averaged in a time interval of 15 min around the TROPOMI overpass time) is
shown in Figure 5.12. As can be seen, the satellite and ground-based retrieved
total VCDs behave similarly. The average difference between satellite and
ground-based results is of the order of 9%.

Table 5.4: Relative bias and spread in NOy total VCDs retrieved from satel-
lites versus ground-based instruments for different locations. The radius used
for spatial coincidence is 5 km around the station for TROPOMI and 20 km

for OMI, while the time interval is 15 or 60 min depending on instruments.
Site TROPOMI OMI

(Month) TROPOGAS Pandora#117 SkySpec-2D TROPOGAS Pandora#117 SkySpec-2D

Time Coinc. 60 min 15 min 15 min 60 min 15 min 15 min
Bologna
(August) -3, £ 29% -15. + 17% -12. 4 36% -22. 4+ 12%

BAQUNIN-La Sapienza
(September) -34. + 32% -25. + 29% -73. £ 5% -60. & 57%
SPC
(October-June) 9. +26%

Table 5.4 summarizes all the results of the comparison of satellite and
ground-based retrieved NO, total VCDs for different locations, instruments
and months. In general, the satellite data underestimate the NO, total VCDs
with respect to the ground-based instruments in all locations for August,
September, and October 2021. These differences are consistent with the
well-known biases reported in the literature between NO, total VCDs de-
rived from satellite and ground-based instruments. In [64], the comparison
between TROPOMI and Pandora instruments reveals that TROPOMI un-
derestimates the NO, total VCDs, mainly in polluted areas, by up to 40%.
A similar bias affects OMI measurements in highly polluted conditions, by
up to 50% [65]. Indeed, we found higher biases, in absolute values, in Rome,
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where the pollution conditions are worse than in Bologna. Our results also re-
veal that the bias for OMI is, in absolute values, higher than for TROPOMI,
mainly at La Sapienza (Rome). This is probably due to the low capability of
OMI, due to its low spatial resolution, to properly detect polluted hot spots
like Rome.

The only case where the satellite NOy total VCDs are higher than the
corresponding SkySpec-2D ones is for the whole period from November to
February in SPC, as can be seen from Figure 5.12. This is mainly related
to the fact that our AMFs, simulated with NOy input profiles which contain
low tropospheric amounts, differ a lot from the real AMFs, mainly during
winter. Indeed, the Po Valley is known to be heavily polluted, mainly during
the winter season, when thermal inversion conditions are usually present.

Dependence of NO2 AMFs on tropospheric content SAT-DOAS bias in SPC

— NO2<3km x10 1.2
—— NO2<3km x100
—— NO2<3km x500

200 %
5

175

(%)
~
S

1.50 5
S

0.4 o o0 =
L]
o Togoe 125
02 ° ',' s
3

AMFs Difference (%]
|
NO2 VCDs SAT-DOAS (x 10*¢ molec/cm?)

20 R o 1.00 é
RN T
.,&.1:.‘. -. 0.75 2
40 -0.2 . ° o o
. 0.50

20 40 60 80 20 30 40 50 60 70

(a) SZA (%) (b) SzA (%)

Figure 5.13: (a) Percentage differences between NOy AMFs computed with
increased NOy tropospheric content and not-perturbed profile. (b) Differ-
ences between NOs total VCDs measured by TROPOMI and SkySpec-2D
in SPC as a function of the SZA and the NO, total VCDs measured by
TROPOMI.

In Figure 5.13a, we recall the impact that high NO, concentrations in
the lower troposphere have on the NO, AMFSs, as already shown in Figure
4.5a. As we can see, the AMF's are biased in different ways depending on the
SZA. In particular, the AMFs used for estimating the NO, total VCDs would
be underestimated for low SZAs and overestimated for high SZAs in highly
polluted conditions. Consequently, this would lead to an overestimation of
the NO, total VCDs for low SZAs and an underestimation for high SZAs.
In Figure 5.13b, we can see that the bias between TROPOMI and DOAS
NO, total VCDs seems to agree with the previous considerations on the
AMFs. Indeed, the bias increases with the SZAs and becomes large, mainly
in highly polluted conditions. For low SZAs, the expected underestimation is
less detectable because, as we can see, the NOy content is low. This observed
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dependence of the NO, total VCDs on the SZAs is due to the fact that the
TROPOMI overpass occurs almost at the same time, which corresponds to
high SZAs during December and January and low SZAs in October and after
March.

Another reason for the observed discrepancies during winter may be linked
to the important spatial inhomogeneities in the NO, total VCDs observed by
TROPOMI only during winter (see TROPOMI standard deviations in Figure
5.12). These spatial inhomogeneities may be related to the atmospheric
conditions in the Po Valley that, during winter, are affected by low vertical
and horizontal mixing, due to the presence of thermal inversion and low
wind conditions. Indeed, SkySpec-2D, being located in a rural area far from
streets and other local pollution sources, may be representative of a very
local low-pollution condition.



Chapter 6

Retrieval of aerosol extinction
and NO»> vertical profiles in the
Po Valley

After assessing the SkySpec-2D’s performances through the two measurement
campaigns described in Chapter 5, my colleagues and I installed the instru-
ment at the ”Giorgio Fea” observatory in SPC (see Figure 5.1) to acquire
MAX-DOAS spectra. Although the NO, total VCDs retrieved in SPC from
zenith spectra were already shown (see Figure 5.12), here the NO, vertical
profiles from MAX-DOAS measurements will be retrieved for the first time
in this thesis. Most of this work was performed during my period abroad at
the Institute of Environmental Physics (IUP) of the University of Bremen,
where I exploited their retrieval algorithm Bremen Optimal estimation RE-
trieval for Aerosols and trace gaseS (BOREAS) [78] for the retrieval of the
vertical profiles. BOREAS is an important algorithm, indeed it was used to
analyze the MAX-DOAS data acquired during the Cabaw Intercomparison
of Nitrogen Dioxide measuring Instruments - 2 (CINDI-2) campaign [79].

6.1 MAX-DOAS measurement strategy

SkySpec-2D is continuously acquiring MAX-DOAS measurements at the
”Giorgio Fea” observatory in SPC since the 1 October 2021. During all
these months, its measurement strategy has remained unchanged except for
the measurement azimuth directions. Indeed, my colleagues and I decided
to modify them because the telescope, on the 23 March 2022, was moved
and installed in its permanent position (a few meters away from the previous
one) and the previously chosen viewing directions were not free from obsta-
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cles anymore. The SkySpec-2D was permanently installed on the roof of the
shelter containing the PC and spectrometers, as can be seen in Figure 5.1.

According to the settings chosen in the acquisition software MS-DOAS,
fully compliant with the FRM4DOAS guidelines, SkySpec-2D performs three
different kinds of measurements every day: calibration spectra, atmospheric
spectra and horizon scans.

Table 6.1: Technical parameters for the calibration measurements during

nighttime.
Offset Dark current Hg Hg* (only VIS)
Total integration time (s) 60 60 60 60
Exposure time (s) 0.01 10 0.28 (VIS), 0.36 (UV) 10
Coadded spectra 6000 6 210 (VIS), 160 (UV) 6

The calibration spectra are automatically measured during the
night, precisely when the SZA, directly computed by the MS-DOAS
software, becomes higher than 100° (when the sun is 10° below the hori-
zon). Once acquired, SkySpec-2D stops to measure until the SZA does
not reach the chosen value to start the atmospheric acquisition (94°).
The calibration spectra are important to correct the atmospheric spec-
tra properly, as described in section 3.1.3, and consist of offset, dark
current and emission lines of a Hg lamp mounted inside the instrument.
All the Hg emission spectra are measured with a total integration time
of 1 min. It is important to remember that every acquired spectrum
is the sum of several single spectra, with the purpose of increasing the
SNR. Every Hg spectrum is acquired with an exposure time of 0.28
s (0.36 s) in the VIS (UV) to obtain well defined emission peaks and
prevent the CCD sensor’s saturation. The different exposure times in
VIS and UV are due to the different emission lines intensities in the
two spectral ranges. As a consequence of these measurement times,
a Hg spectrum in the VIS (UV) is the sum of about 210 (160) single
spectra. However, as already explained in Section 3.1.3, we need to
measure an additional VIS Hg spectrum with a higher exposure time
of 10 s (only six co-added spectra). This allows to measure a third less
intense emission line. The offset and dark current are needed to cor-
rect the counts in the acquired atmospheric spectra (see section 3.1.3).
Since the offset is a constant signal automatically added to the spectra
during the acquisition, we measure it using a total integration time of
1 min and a very low exposure time of 0.01 s (6000 co-added spectra).
The dark current signal must be removed from the atmospheric spectra
as well; we measure it with a total integration time of 60 s and an expo-
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sure time of 10 s (6 co-added spectra). Information on the calibration
measurements is summarized in Table 6.1.

Table 6.2: Technical parameters for the atmospheric measurements during
daytime.

Zenith acquisition MAX-DOAS acquisition

SZA range (°) 94-85 < 85
50 (92° <SZA<94°) 30 (80° <SZA<85°)
Total integration time (s) 40 (90° <SZA<92°) 20 (SZA<80°)
30 (85° <SZA<90°)
Exposure time (s) automatic automatic
Coadded spectra automatic automatic
120, 225, 300
Azimuth directions (°) / (1/10/2021 - 23/03/2022)
(period) 135, 250, 315
(23/03/2022 - now)
Elevation angles (°) 90 1,2,3,5,10,30,90

e The atmospheric spectra start to be acquired every morning when
the SZA becomes lower than 94° (the sun is 4° below the horizon).
At the beginning, the SkySpec-2D starts to acquire only zenith-sky
spectra. When the SZA becomes lower than 85°, SkySpec-2D starts
to perform MAX-DOAS measurements. During MAX-DOAS acquisi-
tions, SkySpec-2D measures in three different azimuth directions: 120°,
225° and 300° from the 1 October 2021 to the 23 March 2022, and 135°,
250° and 315° afterwards. For each azimuth direction, spectra are ac-
quired at the following elevation angles with respect to the horizon:
1°,2°, 3°, 5°, 10°, 30° and 90°. The acquisition system automatically
avoids measuring when the instrument viewing direction is close to the
sun position (less than 5°). Each spectrum is acquired with a total in-
tegration time that depends on the SZA. I chose 50 s in the SZA range
between 94° and 92°, 40 s between 92° and 90°, 30 s between 90° and
80°, and 20 s when SZA is lower than 80°. The purpose of increasing
the total integration time at high SZAs is to increase the SNR of the
measurements. Indeed, at high SZAs, the exposure time, automatically
set in order to prevent the CCD sensor saturation, increases (less light)
and the number of the co-added single spectra to sum up decreases,
leading to a lower SNR.

All the information is summarized in Table 6.2.
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Horizon scan 135° azimuth
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Figure 6.1: Mean values of the spectra (dots) for the four different datasets
acquired during a horizon scan at 135° azimuth direction, during the day 2
April 2022. The dashed lines represent the theoretical ”error functions” used
to fit the data. The values in the legend represent the horizon positions,
estimated as the centers of the theoretical functions, for the four datasets.

e Horizon scans. In the observation strategy, I implemented the hori-
zon scans to be performed daily around noon. Since the true horizon
positions in the three different azimuth angles do not change in time,
horizon scans allow to assess the pointing stability of the SkySpec-2D,
which is very important for reliable MAX-DOAS measurements. At
this scope, for each of the three azimuth directions, VIS and UV spec-
tra are acquired within the elevation angles range of +3°, with a step
of 0.2°, a fixed total integration time of about 1 s and 100 co-added
spectra. This measurement strategy is applied twice for each azimuth
direction, the first from -3° to +3° (upwards) and the second from +3°
to -3° (downwards), in order to assess if systematic differences in the
telescope movements occur between upwards and downwards scans. At
the end of this process, four sets of data are available for each azimuth
direction: two scans, upwards and downwards, each containing two
other datasets, one in the UV and the other in the VIS. The spectra
obtained every day during these scans are used to estimate the horizon
position, according to the SkySpec-2D, exploiting the same strategy al-
ready used in Section 3.2.2 for the assessment of the TROPOGAS FOV.
Low spectra values are expected to occur when the SkySpec-2D FOV is
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completely covering the ground (low elevation angles), and higher val-
ues when the telescope is fully observing the sky. The transition region
occurs at elevation angles where the instrument FOV partially covers
the sky and the ground. Figure 6.1 shows an example of this procedure
for the day 2 April 2022. Each dot represents the mean value of a spe-
cific spectrum with respect to the elevation angle. Each set of dots is
fitted by an "error function” (the Gaussian integral function) around
the maximum slope region that is assumed to represent the horizon
position. I estimate the center of the fitted error function (equivalent
to the center of the derivative Gaussian function), which is one of the
fitted parameters, as the horizon position. As we can see in Figure 6.1,
this method states that the horizon position on 2 April 2022 at 135°
azimuth direction is 0.2° for all the four different datasets.

The acquired spectra are then calibrated and converted into NetCDF files
as described in section 3.1.3.

6.2 Processing method

6.2.1 SCDs fit

le17 NO2 SCDs 315° azimuth
1.0 .
A A1
AM‘AAAA A 2
A A“ A 3°
0.8 1 ' o A 5
A MAAAA AA 10°
< L b3
£ A LA
soet A A“‘““M“M‘AA
S A Mk A
A
£ A A, Ay dady
2047 “aam e ad
O
) A, MA A,
A‘A‘ 4 ‘AM
0.2
AA
0.0 MMM MAMELA e W R v Y Y W
4 6 8 10 12 14
Time (h)

Figure 6.2: NOy SCDs estimated by the QDOAS software from spectra ac-
quired on 16 May 2022, at 315° azimuth and all the elevation angles. The
reported time is UTC.
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As discussed in Section 2.5, even though the final target is represented by the
NO; vertical profiles, the O, SCDs are important because they give informa-
tion on the aerosol extinction profiles which heavily affect the BOX-AMFs.
All the spectra were processed with the QDOAS software to retrieve the NO,
and Oy SCDs. The QDOAS analysis method is slightly different compared
to the one used in Chapters 4 and 5, indeed all the spectra of each scan
are analyzed with respect to the zenith-sky spectrum of the same scan, in-
stead of a fix reference spectrum. This strategy allows to make negligible the
stratospheric contribution because all the off-axis measurements (analyzed
spectra) and the zenith-sky spectrum (reference spectrum) contain the same
stratospheric absorption. Indeed, the stratospheric path does not depend on
the measurement elevation angle and moreover, the analyzed and reference
spectra are very close in time (within 2 minutes). Apart from this differ-
ence, all the parameters of the QDOAS fit are identical to the ones used
for the SkySpec-2D during the measurement campaign in Bologna against
TROPOGAS (see Table 5.2). An example of NOy SCDs fitted during the
day 16 May 2022 from measurements in SPC is reported in Figure 6.2.

6.2.2 Retrieval with BOREAS

The retrieval of the NOy and aerosol extinction profiles was performed with
BOREAS [78], the algorithm developed at the IUP institute of the University
of Bremen, exploiting the fitted NO, and O4 SCDs. As a first step, all
the SCDs files were converted into the BOREAS format. In general, the
retrieval strategy of BOREAS is very similar to the one described in Section
2.5. First, the aerosol extinction profile is retrieved exploiting the Optimal
Estimation (OE) method [80] through the convergence between measured and
simulated O4 SCDs, starting from an a-priori profile. Then, the BOX-AMF's
are directly computed by the SCIATRAN RTM and are used in the following
step, together with the NOy SCDs, when the OE method is exploited again
to retrieve the NO, vertical profile from an a-priori one. The chosen aerosol
extinction and NQOy a-priori profiles decrease exponentially with altitude.
However, since the tropospheric conditions can present high variabilities, the
used a-priori profiles are not fixed. In particular, for the aerosol extinction,
the retrieval divides into two steps: a first retrieval is performed with a fixed
a-priori profile that decreases exponentially with altitude; then, the fixed
a-priori profile is scaled to the aerosol optical thickness (aerosol extinction
profile integrated along the vertical) retrieved in the first step and is used
as a-priori profile for a second retrieval. On the other hand, the retrieval of
the NOy vertical profile is performed in one step and the fixed exponentially
decreasing a-priori profile is scaled to the NOy SCD measured at the elevation
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angle of 30°. An example of the a-priori profiles used for the retrieval on 16
May 2022 is provided in Figure 6.3.

The BOREAS algorithm was used to process the whole period between
1 October 2021 and 13 June 2022. A vertical grid of 100 m steps between 0
and 4 km and a constant surface albedo of 0.06 were used.

NO2 apriori at 315° azimuth on 16/05/2022  1e11
0.25 1.0
0.20 - 0.8
z2 T
= 5 £
015 E 2 06 §
< £ 2,
El > s
z E
0.10 : 0.4
0.05 0.2
0.5
00 | h&ﬁﬁﬂwﬁﬂi i oo e

i
04:32  06:11 74T 09:23  10:59 12:43 1419 04:32 0611 o7:AT  09:23 1059 1243 1419
(a) Time (UTC) (b) Time (UTC)

Extinction apriori at 315° azimuth on 16/05/2022

Figure 6.3: Aerosol extinction (a) and NOg (b) a-priori profiles used for the
BOREAS retrieval on 16 May 2022 in the azimuth direction of 315°.

6.2.3 AKs

Aerosol AKs at 135° azimuth on 13/06/2022 at 9:41 UTC NO2 AKs at 135° azimuth on 13/06/2022 at 9:41 UTC

Figure 6.4: Averaging kernels of the aerosol extinction (a) and NOs (b) ver-
tical profiles retrieved with BOREAS from a MAX-DOAS scan acquired by
SkySpec-2D in SPC on 13 June 2022 at 9:41 UTC. Each diamond represents
the retrieval vertical point associated to the AK.

The Averaging Kernels (AKs) matrix represents a measure of the sensitivity
of the retrieved state vector to the true state of the atmosphere. Within
an ideal retrieval, the AKs matrix would be the identity matrix because
the retrieval in a certain layer would depend only on the true state of that
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layer. However, a real retrieval is different because each measurement is
sensitive to several atmospheric layers. In particular, the broadness of the
AKs represents the vertical resolution of the retrieval while the peak is the
vertical layer where most of the information comes from. In Figure 6.4, an
example of the AKs for the retrieval of aerosol extinction (a) and NOy (b)
vertical profiles on 13 June 2022 is shown for altitudes lower than 2 km.
Each line represents the AK relative to a specific retrieval vertical point
(indicated by the diamond symbol). The plot shows that the AKs are very
broad, mainly at high altitudes, where the retrieval sensitivity is low. At low
altitudes, the AKs are sharper with peaks of 0.3 and 0.8 for the retrieval of
aerosol extinction and NO, vertical profiles, respectively.

The trace of the AKs matrix represents the number of the Degrees Of
Freedom (DOFs) that are the independent pieces of information contained
in one retrieved vertical profile. In this case, the DOFs assume values of about
1.7 and 2.8 for aerosol extinction and NO, vertical profiles, respectively, as
shown in the example in Figure 6.5.
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Figure 6.5: DOFs in the retrieved Aerosol extinction (blue) and NOy (red)
profiles computed by BOREAS as a function of time. Example of 16 May
2022 at 315° azimuth.

6.2.4 Aerosol extinction and NQO, vertical profiles

In Figure 6.6, the aerosol extinction (a) and NOy (b) vertical profiles retrieved
by BOREAS from SkySpec-2D MAX-DOAS measurements acquired during
the day 16 May 2022 in the azimuth direction at 315°, are reported. The
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errors estimated by BOREAS, as explained in [78], are shown in the plots
(a) and (b) of Figure 6.7.

For each day of measurements, these quantities are retrieved also in the
other two azimuth directions (see Table 6.2) scanned by the SkySpec-2D.
The quality of these results has been tested through comparisons with both
in-situ and satellite data, as will be reported in the following two sections.
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Figure 6.6: Aerosol extinction (a) and NOy (b) vertical profiles retrieved by
BOREAS during the day 16 May 2022 in the azimuth direction of 315°.
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Figure 6.7: Errors in aerosol extinction (a) and NO,y (b) vertical profiles
retrieved by BOREAS during the day 16 May 2022 in the azimuth direction
of 315°.

6.3 Comparison with in-situ data

The lowest points of the retrieved NOy vertical profiles were compared to the
in-situ NOs concentrations measured by the ARPAE in SPC, a few meters
far from the SkySpec-2D. ARPAE data have been freely downloaded from
https://sdati-test.datamb.it/arex/.
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Since the NOj in-situ concentrations are provided as hourly averages, the
lowest points of the vertical profiles are averaged in the same time grid, for
each of the three azimuth directions scanned by SkySpec-2D.
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Figure 6.8: Timeseries of in-situ (black triangles) and MAX-DOAS NO,
concentrations in the three azimuth directions (colored dots) during three
days of October 2021. The error bars represent the standard deviations of
the mean values.

Figure 6.8 shows the NO, in-situ concentrations measured by ARPAE
and retrieved from SkySpec-2D measurements, in the three azimuth direc-
tions, for the days 27, 28 and 29 October 2021. A general good agreement
exists between the different data both in values and behavior. Indeed, both
datasets see the NO, concentrations decreasing during the day and increasing
in the afternoon. As already highlighted in Section 1.4, MAX-DOAS data
are missing during nighttime due to the lack of VIS and UV radiation.

The scatterplots between the ARPAE and MAX-DOAS NO, concentra-
tions measured from 1 October 2021 to 13 June 2022, are reported in Figure
6.9 for the three SkySpec-2D’s measurement azimuth angles. Although the
nature of the two measurement methods is completely different, the plots
show a general good agreement, with correlation coefficients of almost 0.8
in the directions 135° and 315°. In particular, the best correlation is found
at 135°, which represents the measurement direction closest to the in-situ
instrument position. On the other hand, worst results occur around the
direction at 250° with a correlation of 0.58.
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Figure 6.9: Scatterplots between in-situ and MAX-DOAS NO, concentra-
tions retrieved from the three scanned azimuth directions within the retrieval
period from 1 October 2021 to 13 June 2022. The fitting correlation line is
reported in black. Even though the indicated azimuth agles are 135°, 250°
and 315°, we remind that they were slightly different before 23 March 2022,
as reported in Table 6.2.

The found biases are of the order of -4x10'® molecules/cm?, with the
MAX-DOAS data underestimating the ground concentrations, mainly for
high values. The lowest bias, in absolute value, is found at 315° azimuth.

The negative bias and the data scattering, present in all the three direc-
tions, is mainly due to the differences in the two measurement techniques
that do not allow to sound the same portion of the air. Indeed, while in-
situ measurements provide punctual information around the instrument, the
MAX-DOAS NO, concentrations represent a wider region both in the hori-
zontal and vertical directions. In particular, focusing in the vertical direction,
the AK relative to the lowest retrieved point in Figure 6.4b shows that, al-
though it is peaked at the ground, with a value higher than 0.8, it is not
a delta function and presents not negative values up to about 300 m. This
means that the retrieved ground value does not represent only the concen-
tration at the ground level but also the average value in a vertical interval
of few hundred meters, where NOs concentration is usually lower. This is
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the reason why the MAX-DOAS NO, concentrations at the ground are, on
average, underestimated with respect to the in-situ measurements.

6.4 Comparison with TROPOMI data

In this comparison exercise, the NO, tropospheric VCDs were computed
from the MAX-DOAS retrieved vertical profiles and compared with the NO,
tropospheric VCDs derived from TROPOMI satellite measurements. The
TROPOMI data already described in Section 5.3.2 were used. For the com-
parison, all the satellite data within a radius of 20 km around the SkySpec-2D
position (Giorgio Fea observatory in SPC) were averaged and, for each az-
imuth direction, all the MAX-DOAS tropospheric VCDs whitin a time range
of £ 5 min around the satellite overpass time were averaged.
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Figure 6.10: Timeseries of NO, tropospheric VCDs measured by TROPOMI
(black triangles) and computed from the retrieved MAX-DOAS vertical pro-
files in the three azimuth directions (colored dots) for the whole retrieval
period. Even though the indicated azimuth agles are 135°, 250° and 315°, we
remind that they were slightly different before 23 March 2022, as reported
in Table 6.2. Differences between TROPOMI and MAX-DOAS, for each az-
imuth direction, are shown in the bottom panel with the symbols of the same
colors.

The timeseries of the TROPOMI and MAX-DOAS NO, tropospheric
VCDs for the whole retrieval period is shown in Figure 6.10. The two datasets
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present a good agreement, mainly for low NO; tropospheric VCDs (the first
days of October 2021 and after March 2022). Both instruments see a NO,
concentration increase during the winter period, when the Po Valley experi-
ences a high number of stable and foggy days. However, in this period, larger
biases, in absolute value, are present, with TROPOMI underestimating the
NO, tropospheric VCDs. The biases for the whole dataset are of the order of
-10" molecules/cm? with the best and worst results in the azimuth directions
at 135° and 315°, respectively.

, de1sNO2 Tropospheric VCDs 135° (delta=+5 min, R=+-20 km) 116 NO2 Tropospheric VCDs 250° (deltaT=+-5 min, R=+-20 km)
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Figure 6.11: Scatterplots between NOs tropospheric VCDs measured by
TROPOMI and the ones computed from the retrieved MAX-DOAS verti-
cal profiles in the three scanned azimuth directions for the whole retrieval
period. Even though the indicated azimuth agles are 135°, 250° and 315°, we
remind that they were slightly different before 23 March 2022, as reported
in Table 6.2.



110 CHAPTER 6. AEROSOL AND NO, VERTICAL PROFILES

Figure 6.11 shows the scatterplots between the same TROPOMI and
MAX-DOAS averaged data for the three azimuth directions. Even though
the scatterplots present high correlations, of the order of 0.9, they show again
that TROPOMI tends to underestimate high NO, tropospheric VCDs.

A possible source of bias could be the different a-priori profiles used in the
two analyses. TROPOMI uses profiles computed by the Chemical Transport
Model (CTM) Tracer Model version 5 - Massively Parallel (TM5-MP) [81],
while we use the a-priori profiles described in Section 6.2.2. To make the
performed comparison independent from them, the AKs of the TROPOMI
retrieval, available whitin the products, can be exploited because they allow
to correct the TROPOMI data replacing the a-priori profiles used for the
retrieval with our profiles. Therefore, in order to remove the dependence of
the comparison on the a-priori profiles, I decided to replace them with the
MAX-DOAS retrieved NOs vertical profiles, as performed also in [82].

According to [83, 74], the TROPOMI NO, tropospheric VCDs can be

corrected with the following formula:

AMFtropo
AMF;,

tropo

VCD oy = VeD (6.1)

where AM Fj,op, is the tropospheric AMF, directly provided in the TROPOMI
data and computed from the TM5-MP a-priori profiles, while AM Ft'mpo is the
tropospheric AMF according to the new a-priori profiles. This quantity can
be computed from the tropospheric AKs (AKyropo), the tropospheric AMFs
(AM Fypop0) relative to the TM5-MP a-priori profiles, and the new vertical

profiles (z') (see [74]) as:
Zl AKtropo,lxz
PVES

where the sums are performed over all the vertical points and AKjy,qp, is
not null below the tropopause and is computed as:

AMF =

tropo —

AM Fyopo (6.2)

AKtTOpo = —AKtot (63)

In particular, for each satellite overpass time and for each azimuth di-
rection, I computed the MAX-DOAS NO, mean vertical profile within the
+5 min range. I used it to correct all the TROPOMI NOy tropospheric
VCDs within the 20 km radius and then I computed the satellite mean value
to compare with the MAX-DOAS tropospheric column estimated from the
vertical profile.



6.4. COMPARISON WITH TROPOMI DATA 111

Figure 6.12 shows the scatterplots between the MAX-DOAS NO; tro-
pospheric VCDs and the ones measured by TROPOMI, corrected for the
a-priori profiles as described above. It is evident that the TM5-MP a-priori
profiles assumed for TROPOMI have an impact on the negative biases found
in Figure 6.11. However, even though the biases decreased, in absolute val-
ues, they changed sign becoming of the order of 8x10' molecules/cm?. Tt
must be also mentioned that all the three correlation coefficients have slightly
decreased with respect to the results obtained with the original TROPOMI

data.

1e16 NO2 Tropospheric VCDs 135° (deltaT=+-5 min, R=+-20 km) 116 NO2 Tropospheric VCDs 250° (deltaT=+-5 min, R=+-20 km)

lec/cm?)
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NO2 TROPOMI (mol
NO2 TROPOMI (mol

le1g  NO2 Tropospheric VCDs 315° (deltaT=+-5 min, R=+-20 km)
5

(c)

Figure 6.12: Scatterplots between TROPOMI NO; tropospheric VCDs, cor-
rected for the a-priori profiles, and the ones computed from the retrieved
MAX-DOAS vertical profiles in the three scanned azimuth directions for the
whole retrieval period. Even though the indicated azimuth agles are 135°,
250° and 315°, we remind that they were slightly different before 23 March
2022, as reported in Table 6.2.
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Chapter 7

Conclusions

The main target of this PhD thesis is the retrieval of atmospheric minor
trace species exploiting ground-based measurements of VIS and UV atmo-
spheric spectra. This is possible through the DOAS technique, widely used
from the last years of the nineteenth century, when the first studies on strato-
spheric ozone were performed. These ground-based DOAS measurements are
important because they provide alternative information on the trace gases
concentrations compared to in-situ and satellite data. The retrieved trace
gases total VCDs and vertical profiles from ground-based spectra are indeed
suitable to perform studies that require the vertical structure of the concen-
trations to be resolved and data with a high temporal resolution (about few
minutes).

In chapter 2, Tillustrated the DOAS technique. In particular, I mentioned
that it is based on the differential molecular absorption, which is divided from
all the other broad-band contributions to the optical paths (Section 2.1).
Moreover, we saw all the mathematical assumptions and approximations that
allow to fit the SCDs from the measured spectra (Section 2.2), the software
QDOAS used in this thesis to fit the SCDs (Section 2.3) and the procedures
to retrieve total VCDs and vertical profiles from zenith-sky (Section 2.4) and
MAX-DOAS measurements (Section 2.5), respectively.

In Chapter 3, I described the three ground-based MAX-DOAS instru-
ments that have been used during this PhD: SkySpec-2D (Section 3.1), TRO-
POGAS (Section 3.2) and GASCOD/NG4 (Section 3.3). TROPOGAS and
GASCOD/NG4 are two custom-built instruments, developed in the 90s at
the CNR-ISAC. Although they provide reliable atmospheric spectra, their
data were not fully exploited in the last years, consequence of a decrease of
interest for the DOAS field at the CNR-ISAC and in general in Italy, dif-
ferently from other parts of Europe (mainly Germany and Belgium), where
the research in this topic has continued to play an important role, leading to
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innovations in the DOAS measurement strategies and processing methods.
For this reason, we decided to start from the Italian DOAS heritage for the
future development and exploitation of this research field in Italy. For this
purpose, I characterized the TROPOGAS performances in terms of SNR and
FOV and I changed its measurement strategy in order to meet as much as
possible the international standards provided by the FRM4DOAS commu-
nity (Section 3.2.2). The results showed that TROPOGAS is able to meet
all the FRM4DOAS requirements except the FOV which is too wide (3.6°
against the required 1.5°).

Since SkySpec-2D, bought by the CNR-ISAC in May 2021, is a new
FRM4DOAS-compliant MAX-DOAS instrument, we decided to exploit it to
create the first Italian MAX-DOAS measurement site compliant to the stan-
dard requirements. For this instrument, I developed an automatic processing
chain that calibrates its measured spectra and writes them into NetCDF files,
as required by the FRM4DOAS community (Section 3.1.3). This approach,
that has been subsequently applied also to TROPOGAS and GASCOD /NG4,
is important because allows us to deliver the SkySpec-2D’s processed spec-
tra to the FRM4DOAS community for their central processing and for being
officially included in their satellite validation network.

One of the main works that I performed during the PhD is the char-
acterization, in terms of NOy and Oz total VCDs, of the ECO observatory
at the CNR-ISAC in Lecce, from the zenith-sky spectra measured by GAS-
COD/NG4 (Chapter 4). After the retrieval of the NOy and O3 total VCDs,
described in Section 4.1, I realized that their diurnal variabilities were af-
fected by important systematic effects due to errors in the estimated SCDs
in the reference spectra, and mainly to errors in the simulated AMFs used
to convert the SCDs into total VCDs, as shown in Section 4.1.4. For this
reason, I avoided to make considerations, in terms of absolute values and
behavior, on the NO, and O3 total VCDs. However, comparing their diurnal
behaviors in different days, we can understand if a real day-to-day variabil-
ity exists. In particular, I found out that, although two different days (14
and 22 July 2018) present very similar O3 total VCDs diurnal behaviors, the
NO, total VCDs are characterized by very different trends and high temporal
variability (see Section 4.2.1). This result suggests that, while the O3 total
VCDs are dominated by the stratospheric content, where the O3 concentra-
tion is maximum and the variability is lower, the NOs total VCDs contain
an important tropospheric signal, consequence of the anthropogenic activity.
Despite the presence of important systematic errors, conclusions on differ-
ences between the total VCDs measured in the afternoon and morning can
be drawn. Considering only data acquired when the SZA is between 60°
and 90° (the same SZA range in the morning and afternoon mitigates the
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systematic errors that heavily depend on the SZA), we obtain a Oz total
VCDs diurnal decrease of -7.5x10'7 molecules/cm?, on average, and a NO,
total VCDs diurnal increase of 5.1x10'* molecules/cm?, on average, with this
positive trend probably related to the diurnal photolysis of the stratospheric
N3 Os.

The important presence of tropospheric content in the NOs total VCDs
is further demonstrated through an analysis with respect to the different
days of the week (see Section 4.2.2). In particular, I computed a daily total
VCDs anomaly for each day of measurements, as the mean diurnal total VCD
minus the 7-days running mean total VCD. This analysis shows that Sundays,
characterized by a general lower traffic around the ECO observatory, present
a significant mean NO, total VCDs anomaly of about -6x10'* molecules/cm?.
The same analysis performed with the in-situ NOy concentrations, measured
by a gas analyzer, confirmed this result. On the other hand, the same analysis
performed for the O3 total VCDs and in-situ concentrations shows less clear
and significant results.

The same anomalies are analyzed in relation to the wind measured at
the ECO observatory at an altitude of 20 m (see Section 4.2.3). While
no significant result is found for the O3z total VCDs, confirming again the
lack of tropospheric signal in the O3 columns, the NOy total VCDs anoma-
lies show a decreasing trend with the wind speed, confirmed by the in-situ
measurements, suggesting the presence of NO, local production. However,
a transport component from Lecce in the NO, total VCDs is also present.
This is highlighted by the significant positive anomaly peak present in cor-
rispondence of the NE wind direction, where Lecce is located with respect to
the ECO observatory. However, this transport direction is not confirmed by
the in-situ NOy concentrations, that are sensitive to more local emissions.

The NO; and Oj total VCDs monthly averages show values between
3.5x10'® and 7x10% and between 7.5x10'™ and 1x10' molecules/cm?, re-
spectively, with peaks reached during Summer, for the NOy, and Spring, for
the Os.

As last step, to assess the quality of the retrieved NOy and Oj total VCDs,
I compared them with the ones measured by OMI and TROPOMI satellite
instruments (see Section 4.3). In particular, I considered all satellite data
within a 20 km radius around the ECO observatory, in order to improve the
statistical significance. I found out that, in agreement with other studies in
literature, satellites underestimate the NOy total VCDs of about 30% with
respect to ground-based data, with a more evident underestimation for the
high values. Such agreement with literature studies is also present for the
O3 total VCDs that are underestimated by the satellites of about 3/4%. 1
have also verified the robustness of these results, that do not significantly
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change when the radius, used to discriminate the satellite data around ECO,
is decreased to 10 and 5 km. However, a more detailed analysis revealed that
the found biases present a seasonal dependence, probably partially due to
the systematic errors in the simulated AMFs.

This study, related to the ECO observatory, provided a detailed charac-
terization of the site in terms of the retrieved NOy and O3 total VCDs and
showed its potential to become important for satellite validation purposes.

The other important work of this PhD has been performed in the frame
of an ESA project, with the purpose to create the first Italian FRM4DOAS-
compliant MAX-DOAS site in the Po Valley (see Chapter 5). To achieve
our goal, we decided to exploit the instrument SkySpec-2D, whose perfor-
mances have been assessed through two measurement campaigns: the first
one against TROPOGAS, on the roof of the CNR-ISAC in Bologna, and the
second one against the Pandora#117, in the BAQUNIN supersite located
on the roof of the La Sapienza University in Rome. In particular, we com-
pared the NOy total VCDs retrieved from their measurements, as explained
in Section 5.2. The campaign taken place in Bologna showed that, dur-
ing the campaign period (August 2021), the SkySpec-2D NO; total VCDs
were higher than the TROPOGAS ones of about 0.57x10'® molecules/cm?
(9%), with a correlation coefficient of 0.77 (see Section 5.4.1). The found
bias is fully consistent with the systematic errors coming from the retrieval
procedure and the not-perfect correlation is consequence of instrumental dif-
ferences (different FOVs and measurement integration times). In agreement
with literature, satellites (OMI and TROPOMI) underestimate the NOy to-
tal VCDs. In particular TROPOMI results are 15% and 3% lower than the
SkySpec-2D’s and TROPOGAS’s ones, respectively. The underestimations
increase, in absolute value, to 22% and 12%, for the comparison with OMI
which has a coarser spatial resolution.

The second campaign in Rome, against the Pandora#117, showed a very
high correlation (0.9) between the SkySpec-2D and Pandora#117 retrieved
NO; total VCDs (see Section 5.4.2). However, in this case, I found a higher
bias, in absolute value, than the one found in the other campaign, with
SkySpec-2D underestimating the NOy columns, compared to Pandora#117,
of about 20%. The reason is that, in addition to the instrumental differences
present also in the other campaign, SkySpec-2D and Pandora#117 adopt
two different measurement geometries, leading to not-negligible errors due
to the simulated AMFs. Indeed, while the SkySpec-2D measures zenith-sky
spectra, Pandora#117 acquires the direct solar light. It is important to say
that the mentioned bias was found with similar temperatures of the NO,
cross-sections used for the SkySpec-2D and Pandora#117 analyses because |
found out that the cross-section temperature heavily affects the final results.
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Also in this case, the satellite data underestimate the NOs total VCDs. In
particular, TROPOMI (OMI) values are lower than the SkySpec-2D’s and
Pandora#117’s ones of about 25% (60%) and 34% (73%), respectively. Since
Rome has higher levels of pollution than Bologna, the satellite underesti-
mation is more important in this second campaign, in agreement with the
literature.

Assessed its performances, we installed the SkySpec-2D in its final po-
sition at the Giorgio Fea observatory in SPC, where it is measuring MAX-
DOAS spectra since the 1 October 2021. This instrument represents the
first FRM4DOAS-compliant MAX-DOAS system in Italy. The NO, total
VCDs, retrieved from its zenith-sky spectra, show a good agreement with
the TROPOMI data. However, differently from what reported in literature
and from the results of the two measurement campaigns, SkySpec-2D under-
estimates the NO, total columns of about 9%, on average, with respect to
TROPOMI. The underestimation is more pronounced during winter, due to
the AMF's systematic errors.

In Chapter 6, I exploited the SkySpec-2D’s MAX-DOAS spectra to re-
trieve the aerosol extinction and NOy vertical profiles in SPC. Since, we do
not have a such retrieval algorithm yet, I performed this work during my
period abroad at the IUP institute of the University of Bremen, exploiting
their algorithm BOREAS (see Section 6.2). To assess the retrieval qual-
ity, I compared the lowest points of the NOy vertical profiles with the NO,
in-situ concentrations measured at SPC by ARPAE (see Section 6.3). The
results present a good agreement with correlation coefficients of 0.77, 0.58
and 0.75 for the three MAX-DOAS measurement azimuth directions of 135°,
250° and 315°, respectively. However, the MAX-DOAS concentrations are
underestimated of 4x10'° molecules/cm?®, on average, and mainly when the
ground concentrations are high, due to the coarse vertical resolution of the
MAX-DOAS retrieval. The NO, vertical profiles are then used to compute
the tropospheric VCDs, that I compared with the TROPOMI ones (see Sec-
tion 6.4). Even though I found high correlations of about 0.9, TROPOMI
underestimates the NO, tropospheric columns of about 10'® molecules/cm?.
Correcting the TROPOMI data, replacing the a-priori profiles used for the
TROPOMI retrieval with the ones retrieved from the MAX-DOAS measure-
ments, I made the comparison independent on the TROPOMI a-priori as-
sumptions, verifying that they played a not-negligible role in the found neg-
ative biases.

In the future, the NOy and Os total VCDs over Bologna (from TRO-
POGAS) and over the ECO site in Lecce (from GASCOD/NG4), routinely
retrieved thanks to this PhD work, can be further exploited for scientific stud-
ies on air quality. The same is true for the NOy vertical profiles retrieved in
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the Po Valley. In particular, the preliminary retrieved profiles suggest that
SPC does not seem to be affected by local emission hot spots like cities or
industries, making the site very important for satellite validation and for rep-
resenting the general pollution situation in the Po Valley. At the moment my
colleagues and I are developing our own vertical profiles retrieval algorithm,
that will allow us to investigate deeper the NOy situation in the Po Valley
and to extend the retrieval also to other pollutants.

Moreover, we installed another SkySpec-2D instrument at the CNR-ISAC
in Tor Vergata (Rome) during Autumn 2021. Exploiting my tools, its data
will be processed in the future, in the same way shown in SPC.
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