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Abstract: The Gas Absorption Spectrometer Correlating Optical Difference—New Generation 4 (GAS-
COD/NG4) is a multi-axis differential optical absorption spectroscopy (MAX-DOAS) instrument
which measures diffuse solar spectra at the Environmental-Climate Observatory (ECO) of the Italian
research institute CNR-ISAC, near Lecce. The high-resolution spectra measured in zenith-sky config-
uration were used to retrieve the NO2 and O3 vertical column densities (VCDs) from March 2017 to
November 2019. These good-quality data, proven by the comparison with the Ozone Monitoring
Instrument (OMI) and TROPOspheric Monitoring Instrument (TROPOMI) satellite measurements,
were used to characterize the ECO site by exploiting the sinergy with in situ NO2 and O3 concentra-
tions and meteorological data. Although stratospheric processes seem to be the main forces behind
the NO2 and O3 VCDs seasonal trends, diurnal variabilities revealed the presence of a tropospheric
signal in the NO2 VCDs, which had significant lower values during Sundays. Comparison with
wind data acquired at the ECO observatory, at 20 m above the ground, revealed how NO2 VCDs are
influenced by both tropospheric local production and transport from the nearby city of Lecce. On the
other hand, no significant tropospheric signal was contained in the O3 VCDs.

Keywords: NO2; O3; DOAS; Lecce

1. Introduction

Two of the most important trace gases for atmospheric chemistry and physics are
nitrogen dioxide (NO2) and ozone (O3). Since they are important pollutants in urban areas,
investigations of them have been carried out worldwide, focusing on both their temporal
development [1,2] and their interrelations with chemical mechanisms [3]. As pollutants,
NO2 and O3 affect human health by increasing the risk of respiratory symptoms [4,5].
Moreover, upper tropospheric O3 acts as a green-house gas by absorbing long-wave terres-
trial radiation [6,7]. Nitrogen oxides (NOx), defined as group made of nitric oxide (NO)
and NO2, are released into the atmosphere from both natural and anthropogenic sources.
Major NOx sources include fossil fuel combustion, which is particularly important in urban
environments [8]; biomass burning; lightning; and oxidation of ammonia [9,10]. NO2
is mainly transformed by oxidation to nitric acid [11]. Although combustion processes
directly emit only small quantities of NO2, they release nitrogen monoxide (NO), which
rapidly (few minutes) forms NO2 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 stratospheric O3 destruction [12] and contributes to the
formation of secondary aerosols [13].
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Differential optical absorption spectroscopy (DOAS) is a technique which allows to de-
rive information on atmospheric trace gases, exploiting spectra acquired in the visible and UV
spectral ranges [14]. DOAS experimental setups have been widely used for the observation
of atmospheric trace gases in the past decade both from satellite and ground-based instru-
ments [15–20]. From the ground, the zenith-sky DOAS and multi-axis-DOAS (MAX-DOAS)
configuration measurements allowed us to retrieve columnar and vertically resolved informa-
tion of atmospheric trace gases, respectively, and to validate satellite measurements [21,22].
Since satellite measurements provide valuable information for the investigation of the spatial
distribution of air pollutants, they have been used to investigate the transport and dynamics
of emissions from both anthropogenic and natural sources. However, significant underes-
timation of the tropospheric NO2 vertical columns was reported for the Ozone Monitoring
Instrument (OMI) and TROPOspheric Monitoring Instrument (TROPOMI) satellite obser-
vations when compared to ground-based measurements [23–25]. To solve that issue, recent
studies have shown how satellite data can be significantly improved by exploiting further
simulated and measured information [26–28].

However, since the temporal resolution of satellite measurements is typically low, it is
useful to compare and integrate them with ground-based DOAS data for the interpretation
of the spatial and temporal variation of NO2 and O3.

The purpose of this paper is to provide a detailed characterization of the ECO measure-
ment site in terms of NO2 and O3 vertical column densities (VCDs), in order to highlight
the importance of ground-based DOAS data, in synergy with other in situ measurements,
for the air quality monitoring. This site could also become important for satellite validation
purposes because, at the moment, it hosts the only DOAS instrument that gathered a
multi-year data series in South Italy.

In the paper, we present the VCDs of atmospheric NO2 and O3 at an urban background
station located in South Italy for the years 2017, 2018 and 2019, using the custom-built
DOAS instrument Gas Absorption Spectrometer Correlating Optical Difference—New
Generation 4 (GASCOD/NG4). Details about the experimental site, instrument, satellite
data used and analysis methods are provided in Section 2. Results and discussions are
described in Sections 3 and 4, respectively, and conclusions are drawn in Section 5.

2. Materials and Methods
2.1. Site Description

The routine observational measurements were carried out at the Environmental Cli-
mate Observatory (ECO) of Institute of Atmospheric Sciences and Climate (ISAC)—Italian
National Research Council (CNR). 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 inhabitants), about 10 km
from the South Adriatic sea and can be classified as an “urban background” site [29,30]; see
Figure 1. The site is located about 30 and 80 km from the two most important industrial
centers of the Apulia Region (Brindisi and Taranto, respectively). The ECO observatory is a
regional station of the Global Atmospheric Watch (GAW) network [31]. The spectrometer
was located on a shelter on the roof of the ISAC-CNR building, 12 m above the street,
inside the university campus. At the ECO observatory, detailed ancillary meteorological
data (wind characteristics, temperature, relative humidity 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 [31], respectively. For
the interpretation of the results, wind data and in situ NO2 and O3 concentrations were
analyzed together with the retrieved NO2 and O3 VCDs.
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Figure 1. Map of the measurement area indicating the observation site (red circle) at the ECO
observatory. In the inset “a)” is the location of the Apulia region (in yellow).

2.2. Instruments
2.2.1. MAX-DOAS GASCOD/NG4

The ground-based instrument used in this work is part of the GASCOD family [32,33].
This kind of instrument was initially developed at CNR–ISAC in the 90s and improved over
the years in collaboration with the University of Evora (Portugal) [34]. Several instruments
of this family are located in permanent observation stations: the Ottavio Vittori facility
at Mt. Cimone (44.11◦N, 10.42◦E—Italy) [35,36], the ”Mario Zucchelli” station (74.70◦S,
164.12◦E—Antarctica) [34], the atmospheric observatory in Bologna (44.52◦N, 11.42◦E—
Italy) and the Evora Atmospheric Science Observatory (EVASO) in Evora (38.56◦N, 7.90◦W—
Portugal) [33]. In the scope of the I-AMICA project (http://www.i-amica.it, accessed on 2
November 2022), the meteo-climatic station in Lecce (Italy) was equipped with the GAS-
COD/NG4 (New Generation Rev.4) in 2016. This instrument uses the same monochromator
as all the other systems installed in the above mentioned stations, with the dispersive el-
ement of 1200 grooves/mm and mean spectral resolution of 0.5 nm in the 300–800 nm
spectral range. A detailed description of the mechanical and electronic components, to-
gether with the adopted optical layout and explanations of the measurement principles
adopted in the most recent versions of these instruments, are available in [34,37].

2.2.2. OMI

The Dutch–Finnish instrument OMI was successfully launched onboard the US Na-
tional Aeronautics and Space Administration (NASA) Earth Observing System (EOS) Aura
spacecraft on the 15 July 2004. The Aura sun-synchronous polar orbit has an inclination
of 98.2◦ and an altitude of 705 km and a local afternoon equator crossing time (ascending
node) at 13:45 and completes 14 orbits per day [38]. The instrument is a nadir-looking, push
broom ultraviolet/visible solar backscatter grating spectrometer. The light entering the
telescope is depolarized using a scrambler and then split into two channels: the ultraviolet
channel (UV, from 270 to 380 nm) and the visible channel (VIS, from 350 to 500 nm) [39].
The instrument telescope has a viewing angle of 114◦ so that the two-dimensional detector
measures with a wide swath of 2600 km on the Earth’s surface in the across track direction
of the satellite. In the normal global operation mode, the OMI ground pixel at nadir is
13 × 24 km [38]. Among several targets of the OMI mission, we can list the monitoring of
the ozone (O3) layer and the observation of trace gases such as nitrogen dioxide (NO2),
sulfur dioxide (SO2) and formaldehyde (HCHO). For this reason, OMI contributed to
research regarding the anthropogenic and natural emissions on local-to-global scales and
the transport of pollution [39–41].

http://www.i-amica.it
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2.2.3. TROPOMI

The TROPOMI instrument is aboard the European Space Agency (ESA) low-Earth-
orbit polar satellite Sentinel-5 Precursor (S-5P), launched on the 13 October 2017. The S-5P
orbit is a near-polar frozen sun-synchronous orbit with an inclination of approximately
98.7◦, a mean local solar time at ascending node (LTAN) of 13:30 h, a repeat cycle of 17 days
and a nominal height of 824 km. TROPOMI has inherited the peculiar features from
both the OMI [38] and the Scanning Imaging Absorption Spectrometer for Atmospheric
Cartography (SCIAMACHY) [42]. TROPOMI is a nadir–viewing hyperspectral system and
has four separate spectrometers measuring the ultraviolet–visible (UV–VIS, 270–500 nm),
the near–infrared (NIR, 675–775 nm) and the short–wavelength infrared (SWIR, 2305–
2385 nm) radiation; the NIR and SWIR bands are new compared to its predecessor OMI [43].
The instrument images, on a two-dimensional detector, a strip of the Earth with dimensions
of approximately 2600 km across track and 7 km along track and has a very high spatial
resolution: a ground pixel at nadir of 7 km × 3.5 km before 6 August 2019 and 5.5 km ×
3.5 km afterwards. This characteristic enables to better capture the high spatial variability
of pollutants which occurs in the lower troposphere than OMI, especially over urban
sites [41]. TROPOMI measures key atmospheric constituents, including O3, NO2, SO2,
carbon monoxide (CO), methane (CH4), HCHO and aerosol properties [43]. A more detailed
description of the TROPOMI experiment can be found in [43].

2.3. Analysis Method
2.3.1. DOAS Methodology

The retrieval of atmospheric trace gases from UV–Vis radiation measurements is
widely performed through the use of the DOAS technique that exploits the structured
absorption of many trace gases in the measured spectral ranges. While the DOAS method
was originally developed for ground-based measurements [14,44], it now has a wide range
of applications for measurements from different platforms, including aircraft, satellite and
cars. The DOAS method is based on the differential approach: the logarithm of the ratio
between two spectral radiances measured at different times and/or for different geometries
is linked to the gaseous optical thickness along the light path. The differential approach
does not require any radiometric calibration when both the measured spectra are acquired
by the same instrument. Then, the broad and narrow spectral structures are separated.
Gaseous features (represented by the absorption cross-sections) contribute to the narrow
structures. The cross-sections are fitted to the logarithm of the ratio of the two spectra, and
the fitting coefficients represent the differential slant column densities (SCDs). The SCD,
that is, the gas concentration integrated along the light path, depends on the solar zenith
angle (SZA) and the geometry of observations, and it is influenced by the presence of
aerosols and clouds. The SCDs of a certain gas can thus be converted into VCDs through
the use of the air mass factors (AMFs). The AMFs can be estimated using radiative transfer
models (RTM) and depend on the wavelength, the SZA, the trace gases’ input profiles
(mainly the one we are interested in), the viewing geometry and the presence of clouds and
aerosol. A detailed description of the whole procedure is given in the following subsections.

2.3.2. DOAS Data Analysis: QDOAS Elaboration

Zenith-sky spectra, acquired by the GASCOD/NG4, were analyzed by the QDOAS
software (http://uv-vis.aeronomie.be/software/QDOAS, last accessed on 16 September
2022) in order to retrieve the O3, NO2 and tetraoxygen (O4) SCDs. The automatic ac-
quisition 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 information about the measured spectral range, day and time of
acquisition and SZA. Those files are pre-processed to spectrally calibrate the measurements
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 2). In this spectral region,

http://uv-vis.aeronomie.be/software/QDOAS
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absorption features of NO2, O3 and O4 are present. O4 SCDs are important because they
can be used for the detection of aerosol and clouds that can alter the NO2 and O3 SCDs (see
Section 2.3.3).

Figure 2. Zenith spectrum acquired at 11:27 UTC of 27 November 2018 by GASCOD/NG4 in the
spectral window centered at 486 nm in arbitrary units. It was not radiometrically calibrated, since
DOAS analysis does not require it.

The QDOAS settings used for the analysis follow as much as possible the Fiducial
Reference Measurements for DOAS (FRM4DOAS) community requirements.

At first, all the spectra were analyzed with respect to a fixed reference spectrum.
However, we realized that, due to several maintenance interventions voted to improve
the instrument performance (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 3). 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.
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Figure 3. The instrument’s spectral resolution in the spectral window centered at 486 nm and
for all the measurements periods. Each color identifies a period characterized by a time-constant
spectral resolution.
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Hence, we divided the analysis into two different periods (see the colors in Figure 3),
each of them with a fixed reference spectrum, as reported in Table 1. QDOAS gives also the
possibility of performing the analysis with respect to daily reference spectra, automatically
measured every day around noon time. However, we decided to use only two fixed
reference spectra for two main reasons:

• The use of daily reference spectra would have introduced daily biases in the retrieved
VCDs, due to the uncertainty in the knowledge of the true contributions of the refer-
ence spectra. According to our methodology, we expected biases only between the
two analysis periods.

• The two fixed reference spectra, acquired in summer at noon, are affected by a mini-
mum gas absorption due to the almost vertical position of the sun.

Table 1. Reference spectra in the two different periods used for QDOAS analysis.

Period beginning—28/10/2018 29/10/2018—end
Day ref. 06/07/2017 11/07/2019
SZA ref. 17.62◦ 18.13◦

NO2 Ref. (molec/cm2) 4.3 × 1015 6.1 × 1015

O3 Ref. (molec/cm2) 7.1 × 1018 1.3 × 1019

All the other analysis settings are reported in Table 2. A constant offset between the
analyzed and reference spectra and an order-3 polynomial were fitted simultaneously
with NO2, O3, O4 and H2O absorption cross-sections. The ring effect is considered as
an additional cross-section (details in [45]). Since NO2 and O3 cross-sections depend on
temperature, the absorption signature for each of the gases was fitted by two cross-sections
at different temperatures. Moreover, NO2 and O3 theoretical cross-sections were corrected
through the convolution with I0 correction, as suggested in [46].

Table 2. Main QDOAS settings used for NO2 and O3 SCDs analysis.

Wavelength Range 470–510 nm

Polynomial Order 3

Offset Constant

Cross sections
NO2(220 K) from [47]. I0 correction (1017) applied
NO2(294 K) from [47]. Orthogonalized to NO2 (220 K) with I0 correction (1017)
O3(223 K) from [48]. I0 correction (1020) applied
O3(293 K) from [48]. Orthogonalized to O3 (223 K) with I0 correction (1020)
O4(293 K) from [49]

H2O(298 K) from [49]
Ring Generated according to [45], using the solar atlas in [50]

An example of the differential optical paths, due to the NO2, O3 and O4 absorption,
fitted by QDOAS, is reported in Figure 4. In this case, the NO2, O3 and O4 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 1).

Before the calculation of the VCDs, the SCDs retrieved by the QDOAS were filtered.
First, SCDs were filtered out according to the QDOAS flag that certified whether the fit
was successful or not and according to the χ2 of the fit. Then, a second filter was applied
in order to exclude data heavily contaminated by clouds. The remaining SCDs were then
processed to compute the VCDs.
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Figure 4. Examples of differential optical paths due to NO2 (a), O3 (b) and O4 (c) absorption, fitted by
QDOAS for a spectrum acquired in 6 July 2017 at 19:11 UTC when the SZA was 89.3◦. SCDs values
are reported in the plots’ titles.

2.3.3. 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 [51], O4
SCDs can be used to infer information on particles’ 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. O4 SCDs variations
depend 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 presence.

In this study, we used O4 SCDs to filter clouds/aerosol-contaminated measurements.
The O4 SCDs’ behavior with respect to SZA can be modeled using a RTM, e.g., SCIA-
TRAN [52]. However, in several cases, as reported by [53], 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 O4 SCDs. The data were used to build his-
tograms, binning the O4 SCDs in 2◦-wide SZA bins. For each SZA bin, data falling outside
90% of the maximum frequency were filtered out. We should mention that, using this filter
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 NO2 SCDs identified as particle-contaminated were removed from the
subsequent analysis. In the end, a total of 16.6% of the measurements were filtered out.

2.3.4. Reference Contributions

Since the absorber amounts in the two reference spectra used for the QDOAS analysis
cannot be considered negligible as they would be with spectra measured outside the
atmosphere, the SCDs estimated by QDOAS had to be corrected by adding the reference
contributions that can be estimated using the Langley plot method [54]. According to it,
the SCDs, retrieved for a certain period, were plotted against the AMFs. In the hypothetical
case that the true absorber VCDs remain constant in time, the intercept of the line, which
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fits the SCDs, represents the reference contribution, and the slope represents the constant
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 at our measurement
site. For this reason, we adopted the same approach described in [55]. We assumed that,
in a Langley plot, the lowest SCDs over a certain period refer to the same minimum vertical
content. This means that the minimum SCDs can be linearly fitted in order to estimate the
intercept, as reported in Figure 5. The NO2 and O3 estimated SCDs in the two selected
reference spectra are reported in Table 1.
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Figure 5. Langley plot used to estimate the contribution of the reference spectrum acquired at 11 July
2019 to the NO2 SCDs. Blue dots are all the NO2 SCDs relative to March 2019. Black stars are the low
SCDs, fitted by the black line, which were used to estimate the intercept.

2.3.5. Retrieved VCDs

VCDs were then calculated by dividing the corrected SCDs (after adding the reference
contribution) by the corresponding AMFs simulated by the SCIATRAN RTM. Standard
profiles (included in the SCIATRAN code) representative for the ECO observatory lati-
tudes and accounting for seasonal variations of temperature, pressure and trace gases
concentrations were used.

The results of our analysis, after the filtering process, provided a total of 81,310 NO2
and O3 VCDs retrieved in 592 days between March 2017 and November 2019. On average,
137 VCDs were retrieved for each day.

2.3.6. Systematic Errors Affecting the VCDs’ Diurnal Variability

The estimation of the diurnal variability of trace gases vertical columns 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 NO2 and O3 reference contributions were estimated as 2 × 1015 and
2 × 1018 molecules/cm2, 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 VCDs relative to low AMFs (around noon) than the ones with high
AMFs (sunrise or sunset). This artifact contributes to creating non-real diurnal variability
in the VCDs. For this reason, the assessment of the reference contributions, discussed in
Section 2.3.4, 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 AMFs is the vertical profile of the target gas
used in the RTM. This effect can be seen in Figure 6a for NO2 and 6b 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 3 km. The plots show that the
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AMFs did not change significantly when NO2 and O3 tropospheric contents were decreased.
This means that the tropospheric content in the standard profiles is low, and the relative
AMFs are mainly representative of the stratosphere. On the other hand, an increase in the
tropospheric content led to important differences in the AMFs. In particular, the AMFs
changed differently for low and high SZAs, contributing to creating non-real diurnal
variation in the VCDs. Since this effect can heavily affect the diurnal behavior of NO2
and O3 VCDs, we tried to make some considerations for the diurnal variabilities without
focusing on the absolute values.
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Figure 6. Percentage differences between AMFs computed using perturbed input profiles and
standard profiles, for NO2 (a) and O3 (b). The AMFs simulated with standard profiles were the ones
used to convert the SCDs into VCDs.

2.3.7. Selection of Coincident Satellite Data

The OMI NO2 Standard Products (OMNO2) V4.0 [56] were downloaded from the
NASA Goddard Earth Sciences Data and Information Services Center (https://search.
earthdata.nasa.gov/search?q=OMNO2_003, last accessed 16 September 2022). They contain
NO2 SCDs (total amount along the average optical path from the sun into the atmosphere
and then toward the satellite), the total NO2 VCDs, the stratospheric and tropospheric
VCDs, AMFs, scattering weights for calculation of AMFs and other ancillary data. The NO2
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 NO2
has a strong, structured absorption feature. More details can be found in [56]. In the OMI
product files, the effective cloud fraction (CF) for each ground pixel is reported. We used
these values to discriminate between clear and cloudy measurements, indicating with
qa = 1 − CF, the quantifier which ranges from 0 (cloudy) to 1 (clear).

For the considered periods, TROPOMI offline (OFFL) products) http://doi.org/10
.5270/S5P-s4ljg54, last accessed on 16 September 2022), available in the NetCDF format,
were considered. They were downloaded using the Copernicus Data Hub from https:
//s5phub.copernicus.eu/dhus (last accessed on 16 September 2022), with the help of a bash
script which exploits the capability of the “open data protocol” interface for accessing the
Earth Observation (EO) data stored on the archive. These products contain the NO2 total
column content, derived using the DOAS method applied to the UV–VIS backscattered
solar radiation measurements in the 405–465 nm wavelength range [57]. 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 [57], the users should use 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 qa threshold of 0.50, if the purpose
is to select good quality retrievals with clouds or snow/ice in view.

https://search.earthdata.nasa.gov/search?q=OMNO2_003
https://search.earthdata.nasa.gov/search?q=OMNO2_003
http://doi.org/10.5270/S5P-s4ljg54
http://doi.org/10.5270/S5P-s4ljg54
https://s5phub.copernicus.eu/dhus
https://s5phub.copernicus.eu/dhus
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3. Results
3.1. Diurnal Variability

Although, as mentioned in Section 2.3.6, the NO2 and O3 diurnal trends are affected by
important systematic errors, Figure 7a clearly shows that significant day-to-day differences
in the NO2 VCDs exist. In particular, it is evident how the NO2 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 NO2 VCDs. On the other hand, the O3 VCDs retrieved in the
same two days were not affected by any significant difference (Figure 7b), suggesting that
the O3 VCDs are less sensitive to the tropospheric variability. These first considerations are
further demonstrated in Sections 3.2 and 3.3.
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Figure 7. NO2 (a) and O3 (b) VCDs during the days 2018/07/14 (red) and 2018/07/22 (blue).
The error bars represent the VCDs random errors derived from the SCDs fitted by QDOAS.

In Figure 8a, we can see that, for most days, the NO2 VCDs in the afternoon are higher
than the ones in the morning; the median and mean differences are 6.2 × 1014 and 5.1
× 1014 molecules/cm2, respectively. These differences were computed as the mean NO2
VCDs in the SZA range between 60◦ and 90◦ in the afternoon minus the same quantity in
the morning. The same fixed SZA range, used to compute the mean VCDs in the morning
and afternoon, avoids the results being affected by the systematic effects, due to the AMFs,
as discussed in Section 2.3.6. This diurnal increase is in agreement with the stratospheric
chemical processes that involve NO2, where, during daytime, N2O5 is photolyzed into
NO2 and NO3. A slight and linear diurnal increase in NO2 VCDs is indeed found in
not-polluted areas, such as over Table Mountain, California, from direct solar spectra [54],
and in Zugspitze, Germany, from solar FTIR measurements [58]. Thus, this analysis
suggests that the diurnal variability of the NO2 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 analysis, performed for the O3 VCDs
(Figure 8b), shows that, differently from the NO2, the O3 columns decrease during most
days. The median and mean differences between afternoon and morning are −5 × 1017

and −7.5 × 1017 molecules/cm2, respectively.

3.2. VCDs vs. Day of the Week

Since the results shown in Figure 7a suggest the presence of an important tropospheric
variability in the NO2 VCDs, data were analyzed while taking 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, we computed
the daily mean 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, we calculated the difference between the daily mean
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
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differences were used to compute the mean anomaly for all the seven days of the week. The
NO2 and O3 VCDs mean anomalies are plotted against the days of the week in Figure 9a.
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Figure 8. Histogram of the differences computed as NO2 (a) and O3 (b) VCDs in the afternoon
minus the VCDs in the morning. For each day, VCDs representative of morning and afternoon were
computed as the mean VCDs in the SZA range between 60◦ and 90◦.
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Figure 9. Mean anomalies of NO2 and O3 VCDs (a) and in situ concentrations (b) in each day of the
week. The error bars are standard deviations of the means. The dashed lines represent the conditions
with a null anomaly.

O3 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, NO2 VCDs had a significant nega-
tive anomaly of about −6 × 1014 molecules/cm2 for Sunday, confirming the presence of
anthropogenic signal.

In order to better understand and to make the obtained results more significant,
the same procedure was applied to the NO2 and O3 concentrations measured in situ by the
gas analyzer installed at ECO observatory. The NO2 results in Figure 9b are in agreement
with the weekly variability observed for the NO2 VCDs, indicating important NOx/NO2
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
VCDs weekly trend. However, the high error bars, compared to the O3 in situ anomalies,
highlight again the low significance of the results.

3.3. NO2 VCDs vs. Wind at 20 m

In this subsection, we show the results regarding the correlation between the retrieved
NO2 VCDs and the wind speed and direction measured at an altitude of 20 m at the
ECO observatory.

Figure 10a shows the NO2 VCDs anomalies, computed as described in Section 3.2,
with respect to the diurnal mean wind velocities estimated in the same time range. Even
though data are scattered and the correlation is low, the negative slope of the fitting line
(−0.18 molecules s m−1 cm−2) confirms that the retrieved NO2 VCDs contain a tropospheric
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signal, a 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 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 an O3 tropospheric signal.

Figure 10b shows the NO2 VCDs mean anomalies with respect to the wind direction.
It highlights that, together with NO2 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 3.2, the same analysis was also performed with NO2 in situ data.
Figure 11a shows that the NO2 in situ concentrations anomalies decreased with the wind
speed, with a slope of −0.51 ppbv s m−1. This result is in agreement with the one obtained
for the NO2 VCDs, even though the slopes are quite different. We must take into account,
indeed, that these two quantities are hardly comparable.
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Figure 10. NO2 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 11. NO2 in situ concentrations anomalies with respect to the wind speed (a) and wind direction
(b) measured at 20 m.

The analysis of NO2 in situ concentration anomalies in relation to the wind direction
(Figure 11b) shows completely different results compared to the ones obtained for the NO2
VCDs in Figure 10b. The peak found for the 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 NO2 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 11b are probably consequence of the presence of streets around the ECO observatory.

3.4. Seasonal Variability

Figure 12 shows the NO2 (a) and O3 (b) monthly averages of the VCDs retrieved in
the years 2017, 2018 and 2019. Monthly averages were computed using only data acquired
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within the SZAs range between 60◦ and 80◦ to mitigate the systematic effects derived from
AMFs simulations, as shown in Figure 6.

(a)
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Time (month)

4.0

4.5

5.0

5.5

6.0

VC
Ds

 (x
 1

015
 m

ol
ec

ul
es

/c
m

2 )

Monthly mean NO2 VCDs
2017
2018
2019

(b)
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Time (month)

7.5

8.0

8.5

9.0

9.5

VC
Ds

 (x
 1

018
 m

ol
ec

ul
es

/c
m

2 )

Monthly mean O3 VCDs
2017
2018
2019

Figure 12. Monthly variability of NO2 VCDs (a) and O3 VCDs (b) in the three analyzed years.
The error bars represent the standard deviations of the monthly mean values.

The NO2 monthly mean VCDs ranged between 3.5 × 1015 and 7 × 1015 molecules/cm2.
All the three years were characterized by similar behavior: the NO2 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
periods, we can clearly notice that the decrease continued until November (2018, 2019) or
December (2018). During March, the NO2 VCDs started to increase (2019). This behavior is
typical of the stratospheric NO2 seasonal cycle in the middle latitudes, as reported in [61],
which is related to the number of sunlit hours.

Further, the O3 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
7.5 × 1018 and 1.0 × 1019 molecules/cm2. The values started to increase during autumn,
reaching the maximum around spring, and then rapidly decrease during summer.

3.5. Comparison with Satellite Data

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 located within a radius of 20 km
around the position of the station were selected. 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 selecting
for TROPOMI, for each day, a maximum number of 51 pixels before the 6 August 2019,
as the ground pixel size was 7 km × 3.5 km, and 64 afterwards, 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
× 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, we have verified that the comparison results were not significantly affected.

Figure 13 reports the mean NO2 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)) NO2 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 NO2 VCDs are used in the
scatterplots of Figure 14.
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Figure 13. NO2 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 14. Scatterplot of NO2 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 VCDs in the same time bin and within a radius of 20 km from the ECO observatory.

The NO2 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 13. Moreover, the two scatterplots show that important differences exist between
OMI, which provides more scattered NO2 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 NO2 VCDs detected by GAS-
COD/NG4. A similar result was found in [24], which compares the NO2 VCDs measured by
TROPOMI and a ground-based Pandora instrument in Boulder (Colorado). They showed
that very good agreement exists during low-pollution conditions and that TROPOMI un-
derestimates the NO2 VCDs by about 30% in the presence of high NO2 concentrations.
The authors of [24] performed a comparison among different measurement sites, and they
found that the TROPOMI underestimation is more pronounced in the most polluted cities.
In [25], both OMI and TROPOMI NO2 products are compared with the ones measured
by a ground-based MAX-DOAS instrument in the Jing–Jin–Ji region (China). This study
revealed that both OMI and TROPOMI underestimate the NO2 columns by about 30% to
50%, in this highly polluted region. In accordance with the cited literature, our comparison
showed good agreement during low polluted conditions.

The same comparison was performed for O3 VCDs, and the results are presented in
Figures 15 and 16. General good agreement in magnitude and seasonality occurred also
in the O3 VCDs, with correlation coefficients of 0.65 and 0.67 with respect to OMI and
TROPOMI, respectively. The percentage biases found in both the O3 comparisons (3 and
4%) are lower than the ones found for NO2 (about 30%), showing better agreement. Other
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validation results revealed a lower mean bias between ground-based and satellite O3 VCDs,
in the order of 1–2% [62,63]. However, these values, obtained for latitude bands, came with
high standard deviations (4–5%) that justify the higher biases in local regions.
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Figure 15. O3 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, abd satellite data are the averages of all
the coincidences within a 20 km radius.
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Figure 16. Scatterplot of O3 VCDs measured by GASCOD/NG4 versus OMI (a) and TROPOMI (b).
DOAS data were averaged within the 3-h time bin and are compared with the mean satellite VCDs in
the same time bin and within a radius of 20 km from the ECO observatory.

4. Discussions

Although the results have shown that the NO2 VCDs are influenced by both strato-
spheric and tropospheric contents, it is a hard task to quantitatively divide the two contri-
butions with DOAS zenith-sky measurements. However, some qualitative considerations
can be made. The analysis in Section 3.2 has shown that the tropospheric NO2 has a minor
contribution on Sundays. Further, Figure 7a highlighted that, considering the differences
between two days (Saturday 14 July 2018 and Sunday 22 July 2018), the tropospheric NO2
significantly affects the VCDs during polluted days. Moreover, since the NO2 VCDs during
Sunday (Figure 7a) do not present highly variable peaks, as occurs in Saturday, it is likely
that they represent the stratospoheric VCDs, which in July, have values in the order of
4 × 1015 molecules/cm2.

The DOAS measurements also reveal that the O3 VCDs in 2017 are systematically
lower than in all the other years; the differences are in the order of 1 × 1018 molecules/cm2

(see Figure 12b). 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 2018, which were analyzed with respect to the same reference
spectrum. This result was partially confirmed by OMI data. Indeed, we have verified that
OMI O3 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 VCDs for August 2017 and 2018
from OMI data, we saw that the mean value in 2018 is higher than that of 2017 by about
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16 D.U., which corresponds to about 4.3 × 1017 molecules/cm2. This is more or less half of
the difference that we found in the DOAS O3 VCDs (see Figure 12b).

We have also verified that the results of the comparison between ground-based DOAS
VCDs and satellite measurements are robust because they do not significantly depend on
the spatial radius chosen to compute the averages around the ECO observatory, as summa-
rized in Table 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 sta-
tistical parameters, partially justified by the important decrease in coincidences with the
chosen radius.

We must mention that the systematic errors described in Section 2.3.6 could be respon-
sible for some of the positive biases found in the comparison results. Indeed, taking into
account Figure 6 and considering that OMI and TROPOMI passes over Lecce at around
noon, the systematic effect due to the AMFs would lead to an overestimation of the re-
trieved VCDs, mainly when the SZAs around noon are low (summer) and when high
NO2 and O3 tropospheric concentrations are present. This theory is confirmed in Table 4,
where all the statistical parameters for the four different seasons are reported. Indeed, it
is evident that the NO2 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 3.

The results have highlighted that the NO2 tropospheric contribution significantly
affects the NO2 VCDs, and O3 VCDs contain less strong tropospheric signals. This explains
why the O3 comparison with respect to satellite data showed better agreement compared
to the NO2 one. Indeed, satellite measurements are less sensitive to the lower part of
the atmosphere.

Table 3. Statistical parameters of the comparisons between ground-based DOAS and satellite VCDs
for different spatial criteria for the selection of satellite data.

NO2 O3

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 0.43 0.51 0.45 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 0.39 0.47 0.40 0.39 0.39 0.59 0.43 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

Table 4. Statistical parameters of the comparisons between ground-based DOAS and satellite VCDs
with a spatial radius of 20 km and for different seasons.

NO2 O3

OMI TROPOMI OMI TROPOMI

SEASONS WIN SPR SUM AUT WIN SPR SUM AUT WIN SPR SUM AUT WIN SPR SUM AUT
COINCIDENCES 27 96 90 115 31 80 69 105 26 88 91 114 35 91 146 126
CORRELATION 0.67 0.25 0.08 0.49 0.62 0.70 −0.03 0.74 0.93 0.62 0.54 0.44 0.94 0.65 0.59 0.60

BIAS (%) 17 25 34 38 14 25 37 30 −3 −1 7 5 −4 0 7 8
SLOPE 0.53 0.17 0.06 0.46 0.31 0.31 −0.01 0.37 0.91 0.45 0.40 0.21 0.91 0.39 0.38 0.34

INTERCEPT (D.U.) 0.06 0.14 0.17 0.05 0.09 0.10 0.19 0.07 41 197 181 227 44 214 189 183

5. Conclusions

NO2 and O3 VCDs were retrieved from zenith–sky spectra acquired in the visible
spectral range from March 2017 to November 2019 by GASCOD/NG4, a ground-based
spectrometer able to measure the solar diffuse radiation over the ECO observatory, located
near the city of Lecce in Apulia region (Italy). For the VCDs derivation, the DOAS technique
was applied, and the SCDs, relative to the measured spectra, were fitted using QDOAS.
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The results show that the retrieved NO2 VCDs are affected by both the stratospheric
and tropospheric conditions, due to the anthropogenic activity. Indeed, the NO2 VCDs
present important day-to-day variability, typical of the tropospheric NO2, and a systematic
diurnal increase, in agreement with results obtained in non-polluted regions [54,58], as
a consequence of stratospheric processes. A more detailed analysis has confirmed the
presence of tropospheric signal in the NO2 VCDs. Sundays, when the traffic is generally
lower around the ECO observatory, are characterized by systematically lower NO2 VCDs.

We also found out that the wind, measured at the height of 20 m, has an impact on
the retrieved NO2 VCDs. In particular, although the NO2 VCDs decrease with the wind
speed, providing information about the presence of local production, the analysis with
respect to the wind direction stated that NO2 transport exists as well, having a peak in
correspondence with the NE direction, where the city of Lecce is located.

Most of these considerations are valid for the measured NO2 in situ concentrations
as well. However, the analysis of in situ concentrations related to the wind direction
highlighted that the NO2 transport occurs from different directions compared to that
obtained from the NO2 VCDs. This happens because in situ concentrations are probably
more affected by local pollutant sources (for example, streets), which are located close to
the ECO observatory, and are not sensitive to the pollution transported at higher altitudes
from Lecce.

All the same analyses were performed for the retrieved O3 VCDs as well, showing the
presence of no tropospheric signal.

We also found that both NO2 and O3 VCDs are affected by seasonal variabilities. NO2
monthly mean VCDs ranged between 3.5 × 1015 and 7 × 1015 molecules/cm2; lower values
were observed during winter, and the peak was in June or July. O3 monthly mean VCDs
ranged between 7.5 × 1018 and 1.0 × 1019 molecules/cm2. The O3 peak was reached during
spring, around April or May; then it started to decrease, reaching the lowest values during
autumn. These seasonal trends in the total columns are mainly driven by stratospheric
processes which are influenced by different seasonal insolations.

The comparison between NO2 and O3 VCDs measured by GASCOD/NG4 and those
retrieved from satellite measurements (OMI and TROPOMI) revealed good agreement
with the results found in the literature. O3 VCDs are affected by a bias (computed as
GASCOD/NG4 minus OMI/TROPOMI) of 3–4%. Higher biases, of about 30%, were
found with the NO2 VCDs. Important underestimations occurrred during highly polluted
conditions. The correlations computed with respect to OMI and TROPOMI suggest that
generally better agreement was present with respect to TROPOMI. This is more evident in
the NO2 results, where the correlation increases from 0.43 with OMI to 0.78 with TROPOMI,
due also to the higher spatial resolution of TROPOMI.

In conclusion, the potential of the GASCOD/NG4 at the ECO observatory, part of the
GAW network in South Italy, has been assessed with this level of detail for the first time
through the synergy between DOAS, in situ and satellite NO2 and O3 data. In the future,
measurements acquired at low elevation angles could be exploited to quantitatively divide
the tropospheric and stratospheric columns, allowing us to better study the link between
pollutant trace gases and the urban anthropogenic activity. This is a further step that we
intend to take.

Author Contributions: Conceptualization, P.P., E.C. and A.D.; formal analysis, P.P., E.P. and E.C.;
investigation, P.P.; data curation, D.B., A.D. and G.P.; writing—original draft preparation, A.D., P.P.,
E.C. and E.P.; writing—review and editing, P.P., E.C., E.P., A.D., G.P. and D.B.; visualization, P.P. and
E.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by I-AMICA Project (Infrastracture of High Technology for
Environmental and Climate Monitoring PONa3_00363), a project funded under the Italian National
Operational Program “Research and Competitiveness” 2007–2013.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Remote Sens. 2022, 14, 5541 18 of 20

Data Availability Statement: GASCOD/NG4 data, in situ NO2 and O3 concentrations and wind data
acquired at ECO observatory are available upon request from the authors. OMI standard products
V4.0 and TROPOMI offline products V1.0.0 (before 21 March 2019) and V1.1.0 (after 21 March 2019)
can be downloaded from the websites https://search.earthdata.nasa.gov/search?q=OMNO2_003
and https://s5phub.copernicus.eu/dhus (last accessed on 20 October 2022), respectively.

Acknowledgments: The authors acknowledge the DOAS UV-VIS team at BIRA-IASB led by M.
Van Roozendael for QDOAS. The authors also acknowledge SCIATRAN developers. The authors
acknowledge Giorgio Giovanelli for his important contribution to the development of the CNR-ISAC
custom-built GASCOD/NG4 instrument. The authors also acknowledge Bianca Maria Dinelli for her
review contribution, which was important for the final form of the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pandey, S.; Kim, K.H.; Chung, S.Y.; Cho, S.J.; Kim, M.Y.; Shon, Z.H. Long-term study of NOx behavior at urban roadside and

background locations in Seoul, Korea. Atmos. Environ. 2008, 42, 607–622. [CrossRef]
2. Tan, P.H.; Chou, C.; Liang, J.Y.; Chou, C.C.K.; Shiu, C.J. Air pollution “holiday effect” resulting from the Chinese New Year.

Atmos. Environ. 2009, 43, 2114–2124. [CrossRef]
3. Jacob, D.J.; Winner, D.A. Effect of climate change on air quality. Atmos. Environ. 2009, 43, 51–63. [CrossRef]
4. Chaloulakou, A.; Mavroidis, I.; Gavriil, I. Compliance with the annual NO2 air quality standard in Athens. Required NOx levels

and expected health implications. Atmos. Environ. 2008, 42, 454–465. [CrossRef]
5. Schwartz, J. Particulate air pollution and daily mortality in detroit. Environ. Res. 1991, 56, 204–213. [CrossRef]
6. Lacis, A.A.; Wuebbles, D.J.; Logan, J.A. Radiative forcing of climate by changes in the vertical distribution of ozone. J. Geophys.

Res. 1990, 95, 9971–9981. [CrossRef]
7. de F. Forster, P.M.; Shine, K.P. Radiative forcing and temperature trends from stratospheric ozone changes. J. Geophys. Res. Atmos.

1997, 102, 10841–10855.
8. Noxon, J.F. Tropospheric NO2. J. Geophys. Res. 1978, 83, 3051–3057. [CrossRef]
9. Bond, D.W.; Zhang, R.; Tie, X.; Brasseur, G.; Huffines, G.; Orville, R.E.; Boccippio, D.J. NOx production by lightning over the

continental United States. J. Geophys. Res. Atmos. 2001, 106, 27701–27710. [CrossRef]
10. Zhang, R.; Tie, X.; Bond, D.W. Impacts of anthropogenic and natural NOx sources over the US on tropospheric chemistry. Proc.

Natl. Acad. Sci. 2003, 100, 1505–1509. [CrossRef]
11. Seinfeld, J.; Pandis, S. ATMOSPHERIC CHEMISTRY AND PHYSICS: From Air Pollution to Climate Change; Wiley: Hoboken, NJ,

USA, 2006.
12. Crutzen, P.J. The influence of nitrogen oxides on the atmospheric ozone content. Q. J. R. Meteorol. Soc. 1970, 96, 320–325.

[CrossRef]
13. Jang, M.; Kamens, R.M. Atmospheric secondary aerosol formation by heterogeneous reactions of aldehydes in the presence of a

sulfuric acid aerosol catalyst. Environ. Sci. Technol. 2001, 35, 4758–4766. [CrossRef]
14. Platt U.S.J. Differential Optical Absorption Spectroscopy; Springer: Berlin/Heidelberg, Germany, 2008.
15. Hönninger, G.; von Friedeburg, C.; Platt, U. Multi axis differential optical absorption spectroscopy (MAX-DOAS). Atmos. Chem.

Phys. 2004, 4, 231–254. [CrossRef]
16. Frieß, U.; Monks, P.; Remedios, J.; Rozanov, A.; Sinreich, R.; Wagner, T.; Platt, U. MAX-DOAS O4 measurements: A new technique

to derive information on atmospheric aerosols: 2. Modeling studies. J. Geophys. Res. Atmos. 2006, 111. [CrossRef]
17. Clémer, K.; Van Roozendael, M.; Fayt, C.; Hendrick, F.; Hermans, C.; Pinardi, G.; Spurr, R.; Wang, P.; De Mazière, M. Multiple

wavelength retrieval of tropospheric aerosol optical properties from MAXDOAS measurements in Beijing. Atmos. Meas. Tech.
2010, 3, 863–878. [CrossRef]

18. Ma, J.; Beirle, S.; Jin, J.; Shaiganfar, R.; Yan, P.; Wagner, T. Tropospheric NO2 vertical column densities over Beijing: Results of
the first three years of ground-based MAX-DOAS measurements (2008–2011) and satellite validation. Atmos. Chem. Phys. 2013,
13, 1547–1567. [CrossRef]

19. Jin, J.; Ma, J.; Lin, W.; Zhao, H.; Shaiganfar, R.; Beirle, S.; Wagner, T. MAX-DOAS measurements and satellite validation of
tropospheric NO2 and SO2 vertical column densities at a rural site of North China. Atmos. Environ. 2016, 133, 12–25. [CrossRef]

20. Wang, S.; Cuevas, C.A.; Frieß, U.; Saiz-Lopez, A. MAX-DOAS retrieval of aerosol extinction properties in Madrid, Spain. Atmos.
Meas. Tech. 2016, 9, 5089–5101. [CrossRef]

21. Dimitropoulou, E.; Hendrick, F.; Pinardi, G.; Friedrich, M.M.; Merlaud, A.; Tack, F.; De Longueville, H.; Fayt, C.; Hermans, C.;
Laffineur, Q.; et al. Validation of TROPOMI tropospheric NO2 columns using dual-scan multi-axis differential optical absorption
spectroscopy (MAX-DOAS) measurements in Uccle, Brussels. Atmos. Meas. Tech. 2020, 13, 5165–5191. [CrossRef]

22. Kang, Y.; Tang, G.; Li, Q.; Liu, B.; Cao, J.; Hu, Q.; Wang, Y. Evaluation and Evolution of MAX-DOAS-observed Vertical NO2
Profiles in Urban Beijing. Adv. Atmos. Sci. 2021, 38, 1861–9533. [CrossRef]

https://search.earthdata.nasa.gov/search?q=OMNO2_003
https://s5phub.copernicus.eu/dhus
http://doi.org/10.1016/j.atmosenv.2007.10.015
http://dx.doi.org/10.1016/j.atmosenv.2009.01.037
http://dx.doi.org/10.1016/j.atmosenv.2008.09.051
http://dx.doi.org/10.1016/j.atmosenv.2007.09.067
http://dx.doi.org/10.1016/S0013-9351(05)80009-X
http://dx.doi.org/10.1029/JD095iD07p09971
http://dx.doi.org/10.1029/JC083iC06p03051
http://dx.doi.org/10.1029/2000JD000191
http://dx.doi.org/10.1073/pnas.252763799
http://dx.doi.org/10.1002/qj.49709640815
http://dx.doi.org/10.1021/es010790s
http://dx.doi.org/10.5194/acp-4-231-2004
http://dx.doi.org/10.1029/2005JD006618
http://dx.doi.org/10.5194/amt-3-863-2010
http://dx.doi.org/10.5194/acp-13-1547-2013
http://dx.doi.org/10.1016/j.atmosenv.2016.03.031
http://dx.doi.org/10.5194/amt-9-5089-2016
http://dx.doi.org/10.5194/amt-13-5165-2020
http://dx.doi.org/10.1007/s00376-021-0370-1


Remote Sens. 2022, 14, 5541 19 of 20

23. Herman, J.; Abuhassan, N.; Kim, J.; Kim, J.; Dubey, M.; Raponi, M.; Tzortziou, M. Underestimation of column NO2 amounts from
the OMI satellite compared to diurnally varying ground-based retrievals from multiple PANDORA spectrometer instruments.
Atmos. Meas. Tech. 2019, 12, 5593–5612. [CrossRef]

24. Verhoelst, T.; Compernolle, S.; Pinardi, G.; Lambert, J.C.; Eskes, H.J.; Eichmann, K.U.; Fjæraa, A.M.; Granville, J.; Niemeijer,
S.; Cede, A.; et al. Ground-based validation of the Copernicus Sentinel-5p TROPOMI NO2 measurements with the NDACC
ZSL-DOAS, MAX-DOAS and Pandonia global networks. Atmos. Meas. Tech. 2021, 14, 481–510. [CrossRef]

25. Wang, C.; Wang, T.; Wang, P.; Rakitin, V. Comparison and Validation of TROPOMI and OMI NO2 Observations over China.
Atmosphere 2020, 11, 636. [CrossRef]

26. Mak, H.W.L.; Laughner, J.L.; Fung, J.C.H.; Zhu, Q.; Cohen, R.C. Improved Satellite Retrieval of Tropospheric NO2 Column
Density via Updating of Air Mass Factor (AMF): Case Study of Southern China. Remote Sens. 2018, 10, 1789. [CrossRef]

27. Lamsal, L.N.; Krotkov, N.A.; Vasilkov, A.; Marchenko, S.; Qin, W.; Yang, E.S.; Fasnacht, Z.; Joiner, J.; Choi, S.; Haffner, D.; et al.
Ozone Monitoring Instrument (OMI) Aura nitrogen dioxide standard product version 4.0 with improved surface and cloud
treatments. Atmos. Meas. Tech. 2021, 14, 455–479. [CrossRef]

28. Liu, S.; Valks, P.; Pinardi, G.; Xu, J.; Chan, K.L.; Argyrouli, A.; Lutz, R.; Beirle, S.; Khorsandi, E.; Baier, F.; et al. An improved
TROPOMI tropospheric NO2 research product over Europe. Atmos. Meas. Tech. 2021, 14, 7297–7327. [CrossRef]

29. Donateo, A.; Conte, M.; Grasso, F.M.; Contini, D. Seasonal and diurnal behaviour of size segregated particles fluxes in a suburban
area. Atmos. Environ. 2019, 219, 117052. [CrossRef]

30. Donateo, A.; Feudo, T.L.; Marinoni, A.; Calidonna, C.R.; Contini, D.; Bonasoni, P. Long-term observations of aerosol optical
properties at three GAW regional sites in the Central Mediterranean. Atmos. Res. 2020, 241, 104976. [CrossRef]

31. Cristofanelli, P.; Busetto, M.; Calzolari, F.; Ammoscato, I.; Gullì, D.; Dinoi, A.; Calidonna, C.R.; Contini, D.; Sferlazzo, D.; Di Iorio,
T.; et al. Investigation of reactive gases and methane variability in the coastal boundary layer of the central Mediterranean basin.
Elem. Sci. Anthr. 2017, 5, 12. [CrossRef]

32. Evangelisti, F.; Baroncelli, A.; Bonasoni, P.; Giovanelli, G.; Ravegnani, F. Differential optical absorption spectrometer for
measurement of tropospheric pollutants. Appl. Opt. 1995, 34, 2737–2744. [CrossRef]

33. Bortoli, D.; Silva, A.M.; Costa, M.J.; Domingues, A.F.; Giovanelli, G. Monitoring of atmospheric ozone and nitrogen dioxide over
the south of Portugal by ground-based and satellite observations. Opt. Express 2009, 17, 12944–12959. [CrossRef] [PubMed]

34. Bortoli, D.; Giovanelli, G.; Ravegnani, F.; Kostadinov, I.; Petritoli, A. Stratospheric nitrogen dioxide in the Antarctic. Int. J. Remote
Sens. 2005, 26, 3395–3412. [CrossRef]

35. Petritoli, A.; Bonasoni, P.; Giovanelli, G.; Ravegnani, F.; Kostadinov, I.; Bortoli, D.; Weiss, A.; Schaub, D.; Richter, A.; Fortezza, F.
First comparison between ground-based and satellite-borne measurements of tropospheric nitrogen dioxide in the Po basin. J.
Geophys. Res. Atmos. 2004, 109. [CrossRef]

36. Kostadinov, I.; Petritoli, A.; Giovanelli, G.; Premuda, M.; Bortoli, D.; Masieri, S.; Ravegnani, F. Stratospheric NO2 trends over the
high mountain “Ottavio Vittori” station, Italy. Int. J. Remote Sens. 2011, 32, 767–785. [CrossRef]

37. Bortoli, D.; Silva, A.; Giovanelli, G. A new multipurpose UV-Vis spectrometer for air quality monitoring and climatic studies. Int.
J. Remote Sens. 2010, 31, 705–725. [CrossRef]

38. Levelt, P.F.; Van Den Oord, G.H.; Dobber, M.R.; Malkki, A.; Visser, H.; De Vries, J.; Stammes, P.; Lundell, J.O.; Saari, H. The ozone
monitoring instrument. IEEE Trans. Geosci. Remote Sens. 2006, 44, 1093–1101. [CrossRef]

39. Levelt, P.F.; Joiner, J.; Tamminen, J.; Veefkind, J.P.; Bhartia, P.K.; Stein Zweers, D.C.; Duncan, B.N.; Streets, D.G.; Eskes, H.; van der
A, R.; et al. The Ozone Monitoring Instrument: Overview of 14 years in space. Atmos. Chem. Phys. 2018, 18, 5699–5745. [CrossRef]

40. Krotkov, N.A.; McLinden, C.A.; Li, C.; Lamsal, L.N.; Celarier, E.A.; Marchenko, S.V.; Swartz, W.H.; Bucsela, E.J.; Joiner, J.; Duncan,
B.N.; et al. Aura OMI observations of regional SO2 and NO2 pollution changes from 2005 to 2015. Atmos. Chem. Phys. 2016,
16, 4605–4629. [CrossRef]

41. Bauwens, M.; Compernolle, S.; Stavrakou, T.; Müller, J.F.; van Gent, J.; Eskes, H.; Levelt, P.F.; van der A, R.; Veefkind, J.P.; Vlietinck,
J.; et al. Impact of Coronavirus Outbreak on NO2 Pollution Assessed Using TROPOMI and OMI Observations. Geophys. Res. Lett.
2020, 47, e2020GL087978. [CrossRef]

42. Bovensmann, H.; Burrows, J.; Buchwitz, M.; Frerick, J.; Noël, S.; Rozanov, V.; Chance, K.; Goede, A. SCIAMACHY: Mission
objectives and measurement modes. J. Atmos. Sci. 1999, 56, 127–150. [CrossRef]

43. Veefkind, J.; Aben, I.; McMullan, K.; Förster, H.; De Vries, J.; Otter, G.; Claas, J.; Eskes, H.; De Haan, J.; Kleipool, Q.; et al.
TROPOMI on the ESA Sentinel-5 Precursor: A GMES mission for global observations of the atmospheric composition for climate,
air quality and ozone layer applications. Remote Sens. Environ. 2012, 120, 70–83. [CrossRef]

44. Sigrist, M.W. Air Monitoring by Spectroscopic Techniques, Chap. Differential Optical Absorption Spectroscopy (DOAS); Wiley: Hoboken,
NJ, USA, 1994.

45. Chance, K.V.; Spurr, R.J. Ring effect studies: Rayleigh scattering, including molecular parameters for rotational Raman scattering,
and the Fraunhofer spectrum. Appl. Opt. 1997, 36, 5224–5230. [CrossRef] [PubMed]

46. Aliwell, S.; Van Roozendael, M.; Johnston, P.; Richter, A.; Wagner, T.; Arlander, D.; Burrows, J.; Fish, D.; Jones, R.; Tørnkvist, K.;
et al. Analysis for BrO in zenith-sky spectra: An intercomparison exercise for analysis improvement. J. Geophys. Res. Atmos. 2002,
107, ACH-10. [CrossRef]

http://dx.doi.org/10.5194/amt-12-5593-2019
http://dx.doi.org/10.5194/amt-14-481-2021
http://dx.doi.org/10.3390/atmos11060636
http://dx.doi.org/10.3390/rs10111789
http://dx.doi.org/10.5194/amt-14-455-2021
http://dx.doi.org/10.5194/amt-14-7297-2021
http://dx.doi.org/10.1016/j.atmosenv.2019.117052
http://dx.doi.org/10.1016/j.atmosres.2020.104976
http://dx.doi.org/10.1525/elementa.216
http://dx.doi.org/10.1364/AO.34.002737
http://dx.doi.org/10.1364/OE.17.012944
http://www.ncbi.nlm.nih.gov/pubmed/19654699
http://dx.doi.org/10.1080/01431160500076418
http://dx.doi.org/10.1029/2004JD004547
http://dx.doi.org/10.1080/01431161.2010.517799
http://dx.doi.org/10.1080/01431160902896231
http://dx.doi.org/10.1109/TGRS.2006.872333
http://dx.doi.org/10.5194/acp-18-5699-2018
http://dx.doi.org/10.5194/acp-16-4605-2016
http://dx.doi.org/10.1029/2020GL087978
http://dx.doi.org/10.1175/1520-0469(1999)056<0127:SMOAMM>2.0.CO;2
http://dx.doi.org/10.1016/j.rse.2011.09.027
http://dx.doi.org/10.1364/AO.36.005224
http://www.ncbi.nlm.nih.gov/pubmed/18259337
http://dx.doi.org/10.1029/2001JD000329


Remote Sens. 2022, 14, 5541 20 of 20

47. Vandaele, A.C.; Hermans, C.; Simon, P.C.; Carleer, M.; Colin, R.; Fally, S.; Merienne, M.F.; Jenouvrier, A.; Coquart, B. Measurements
of the NO2 absorption cross-section from 42 000 cm- 1 to 10 000 cm- 1 (238–1000 nm) at 220 K and 294 K. J. Quant. Spectrosc.
Radiat. Transf. 1998, 59, 171–184. [CrossRef]

48. Bogumil, K.; Orphal, J.; Homann, T.; Voigt, S.; Spietz, P.; Fleischmann, O.; Vogel, A.; Hartmann, M.; Kromminga, H.; Bovensmann,
H.; et al. Measurements of molecular absorption spectra with the SCIAMACHY pre-flight model: Instrument characterization
and reference data for atmospheric remote-sensing in the 230–2380 nm region. J. Photochem. Photobiol. A: Chem. 2003, 157, 167–184.
[CrossRef]

49. Hermans, C.; Vandaele, A.C.; Carleer, M.; Fally, S.; Colin, R.; Jenouvrier, A.; Coquart, B.; Mérienne, M.F. Absorption cross-sections
of atmospheric constituents: NO2, O2, and H2O. Environ. Sci. Pollut. Res. 1999, 6, 151–158. [CrossRef]

50. Chance, K.; Kurucz, R.L. An improved high-resolution solar reference spectrum for earth’s atmosphere measurements in the
ultraviolet, visible, and near infrared. J. Quant. Spectrosc. Radiat. Transf. 2010, 111, 1289–1295. [CrossRef]

51. Wagner, T.; Dix, B.v.; Friedeburg, C.v.; Frieß, U.; Sanghavi, S.; Sinreich, R.; Platt, U. MAX-DOAS O4 measurements: A new
technique to derive information on atmospheric aerosols-Principles and information content. J. Geophys. Res. Atmos. 2004, 109.
[CrossRef]

52. Rozanov, V.; Buchwitz, M.; Eichmann, K.U.; De Beek, R.; Burrows, J. SCIATRAN-a new radiative transfer model for geophysical
applications in the 240–2400 nm spectral region: The pseudo-spherical version. Adv. Space Res. 2002, 29, 1831–1835. [CrossRef]

53. Spinei, E.; Cede, A.; Herman, J.; Mount, G.; Eloranta, E.; Morley, B.; Baidar, S.; Dix, B.; Ortega, I.; Koenig, T.; et al. Ground-based
direct-sun DOAS and airborne MAX-DOAS measurements of the collision-induced oxygen complex, O2O2, absorption with
significant pressure and temperature differences. Atmos. Meas. Tech. 2015, 8, 793–809. [CrossRef]

54. Li, K.F.; Khoury, R.; Pongetti, T.J.; Sander, S.P.; Mills, F.P.; Yung, Y.L. Diurnal variability of stratospheric column NO2 measured
using direct solar and lunar spectra over Table Mountain, California (34.38◦N). Atmos. Meas. Tech. 2021, 14, 7495–7510. [CrossRef]

55. Pettinari, P.; Castelli, E.; Papandrea, E.; Busetto, M.; Valeri, M.; Dinelli, B.M. Towards a New MAX-DOAS Measurement Site in
the Po Valley: NO2 Total VCDs. Remote Sens. 2022, 14, 3881. [CrossRef]

56. Krotkov, N.A.; Lamsal, L.N.; Celarier, E.A.; Swartz, W.H.; Marchenko, S.V.; Bucsela, E.J.; Chan, K.L.; Wenig, M.; Zara, M. The
version 3 OMI NO2 standard product. Atmos. Meas. Tech. 2017, 10, 3133–3149. [CrossRef]

57. Van Geffen, J.; Boersma, K.F.; Eskes, H.; Sneep, M.; Ter Linden, M.; Zara, M.; Veefkind, J.P. S5P TROPOMI NO2 slant column
retrieval: Method, stability, uncertainties and comparisons with OMI. Atmos. Meas. Tech. 2020, 13, 1315–1335. [CrossRef]

58. Sussmann, R.; Stremme, W.; Burrows, J.; Richter, A.; Seiler, W.; Rettinger, M. Stratospheric and tropospheric NO2 variability on the
diurnal and annual scale: A combined retrieval from ENVISAT/SCIAMACHY and solar FTIR at the Permanent Ground-Truthing
Facility Zugspitze/Garmisch. Atmos. Chem. Phys. 2005, 5, 2657–2677. [CrossRef]

59. Mavroidis, I.; Chaloulakou, A. Long-term trends of primary and secondary NO2 production in the Athens area. Variation of the
NO2/NOx ratio. Atmos. Environ. 2011, 45, 6872–6879. [CrossRef]

60. Chen, Y.; Wang, D.; ElAmraoui, A.; Guo, H.; Ke, X. The effectiveness of traffic and production restrictions on urban air quality: A
rare opportunity for investigation. J. Air Waste Manag. Assoc. 2022, accepted. [CrossRef]

61. Dirksen, R.J.; Boersma, K.F.; Eskes, H.J.; Ionov, D.V.; Bucsela, E.J.; Levelt, P.F.; Kelder, H.M. Evaluation of stratospheric NO2
retrieved from the Ozone Monitoring Instrument: Intercomparison, diurnal cycle, and trending. J. Geophys. Res. Atmos. 2011, 116.
[CrossRef]

62. McPeters, R.; Kroon, M.; Labow, G.; Brinksma, E.; Balis, D.; Petropavlovskikh, I.; Veefkind, J.P.; Bhartia, P.K.; Levelt, P.F. Validation
of the Aura Ozone Monitoring Instrument total column ozone product. J. Geophys. Res. Atmos. 2008, 113. [CrossRef]

63. Garane, K.; Koukouli, M.E.; Verhoelst, T.; Lerot, C.; Heue, K.P.; Fioletov, V.; Balis, D.; Bais, A.; Bazureau, A.; Dehn, A.; et al.
TROPOMI/S5P total ozone column data: Global ground-based validation and consistency with other satellite missions. Atmos.
Meas. Tech. 2019, 12, 5263–5287. [CrossRef]

http://dx.doi.org/10.1016/S0022-4073(97)00168-4
http://dx.doi.org/10.1016/S1010-6030(03)00062-5
http://dx.doi.org/10.1007/BF02987620
http://dx.doi.org/10.1016/j.jqsrt.2010.01.036
http://dx.doi.org/10.1029/2004JD004904
http://dx.doi.org/10.1016/S0273-1177(02)00095-9
http://dx.doi.org/10.5194/amt-8-793-2015
http://dx.doi.org/10.5194/amt-14-7495-2021
http://dx.doi.org/10.3390/rs14163881
http://dx.doi.org/10.5194/amt-10-3133-2017
http://dx.doi.org/10.5194/amt-13-1315-2020
http://dx.doi.org/10.5194/acp-5-2657-2005
http://dx.doi.org/10.1016/j.atmosenv.2010.11.006
http://dx.doi.org/10.1080/10962247.2022.2115161
http://dx.doi.org/10.1029/2010JD014943
http://dx.doi.org/10.1029/2007JD008802
http://dx.doi.org/10.5194/amt-12-5263-2019

	Introduction
	Materials and Methods
	Site Description
	Instruments
	MAX-DOAS GASCOD/NG4
	OMI
	TROPOMI

	Analysis Method
	DOAS Methodology
	DOAS Data Analysis: QDOAS Elaboration
	Clouds and Aerosol Data Filtering
	Reference Contributions
	Retrieved VCDs
	Systematic Errors Affecting the VCDs' Diurnal Variability
	Selection of Coincident Satellite Data


	Results
	Diurnal Variability
	VCDs vs. Day of the Week
	NO2 VCDs vs. Wind at 20 m
	Seasonal Variability
	Comparison with Satellite Data

	Discussions
	Conclusions
	References

