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Abstract: In this article, we investigate the spatio-temporal variability of tropospheric NO, Vertical
Column Densities (VCDs) and surface concentrations that were retrieved using Multi-Axis Differential
Optical Absorption Spectroscopy (MAX-DOAS) measurements over Thessaloniki, Greece, for the
period June 2020 to November 2022. The MAX-DOAS system captures the NO, seasonal variability
very well, reporting low concentrations during summer and higher concentrations in the winter, as
well as the diurnal cycle with higher NO, amounts in the morning followed by a reduction towards
noon. The “weekend effect” is evident, with approximately 30% lower NO, concentrations on the
weekends compared to the working days. An excellent agreement is found with in situ data from a
nearby air quality monitoring station with Pearson’s correlation coefficients ranging between R = 0.90
and R = 0.99. The spatial variability is assessed by comparing the NO, concentrations at four azimuth
viewing directions of the MAX-DOAS system. Despite the large variability due to short- and long-
term temporal variations, higher NO, concentrations of up to 25% (statistically significant at the 95%
confidence level) are reported for the azimuth that crosses the entire city center and an urban area
compared to those pointing towards the sea. The MAX-DOAS tropospheric NO, columns are then
compared to those measured by the TROPOspheric Monitoring Instrument (TROPOMI) on board the
Sentinel-5P satellite. Despite the generally good correlation (R = 0.72 and R = 0.89 for the daily and
monthly data, respectively), a clear underestimation of TROPOMI is found (approximately 55% in
winter, 21% in spring and 40% during autumn and summer), mainly due to the much larger satellite
footprint that provides a smoother perception of the NO, concentration, while the MAX-DOAS
measurements are more affected by local emissions.
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1. Introduction

Atmospheric pollution and air quality are important environmental and research
issues worldwide. On a global scale, nitrogen dioxide (NO,) is considered a major tropo-
spheric gaseous pollutant in most urban and industrial environments, strongly affecting
air quality and human health [1]. NO, plays a key role in the photochemistry of the tropo-
sphere [2], acting as a precursor in the formation of tropospheric ozone (O3) and, hence, it
indirectly affects the radiative forcing of the atmosphere [3]. In the boundary layer, NO,
is a short-lived pollutant that is mainly produced by the oxidation of nitrogen monoxide
(NO), and it is emitted in the troposphere as a result of both natural and anthropogenic
processes. The primary natural sources are soil emissions and lightning, while the main
anthropogenic sources include biomass burning and fossil fuel combustion from domestic
heating sources and motor vehicles [4,5]. Given the influence of NO, on atmospheric
pollution and air quality, the importance for its accurate detection, the determination of
its emission sources and the investigation of its spatio-temporal variability is self-evident.
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Thus, continuous monitoring of NO; concentrations has been widely performed over the
past few decades using both ground-based measurements and satellite observations. Over
Thessaloniki, Greece, air quality monitoring and trace gas measurements are primarily
performed by ground-based in situ instruments, with some of them reporting to the Euro-
pean Environmental Agency [6]. These continuous in situ measurements provide valuable
information on various atmospheric pollutants (including NO;) at fixed sampling stations,
but their limited number does not allow a representative spatial coverage over the area of
Thessaloniki. Furthermore, most of the stations have their sampling inlets installed close
to the ground (a few meters above the surface) and are consequently mostly affected by
local traffic emissions. Thus, these measurements are usually not representative of the
average pollution levels in the local boundary layer and, moreover, they cannot provide
information for the pollutants’ vertical distribution.

Ground-based Multi Axis Differential Optical Absorption Spectroscopy (MAX-DOAS)
is a remote sensing measurement technique for the detection of aerosols and trace gases in
the troposphere that represents a significant enhancement of the well-established zenith
scattered sunlight DOAS instruments, which are mainly sensitive to stratospheric ab-
sorbers [7]. MAX-DOAS systems have been further developed during the past few decades
and are widely used for the retrieval of tropospheric trace gas concentrations with charac-
teristic narrowband absorption structures in the ultraviolet (UV) and visible ranges [8-12].
MAX-DOAS is based on the analysis of scattered radiation spectra measured at multiple
elevation viewing directions using the differential optical absorption spectroscopy (DOAS)
technique [13]. MAX-DOAS measurements are highly sensitive to various absorbers, such
as NO,, HCHO, H,0O, BrO, CHOCHO and SO, in the lowest few kilometers of the atmo-
sphere. Information about the vertical distribution of a trace gas can be obtained from
a single elevation scan by applying proper inverse modeling approaches that combine
the measurements with Radiative Transfer Model (RTM) simulations (e.g., [14-17]). The
capability of retrieving trace gas vertical profiles, vertical column densities and surface
concentrations with a generally high accuracy and temporal resolution makes the MAX-
DOAS systems essential for air quality monitoring, supplementing point measurements of
in situ instruments and satellite observations. Ground-based MAX-DOAS systems have
been used in numerous recent publications for the assessment of air pollution, especially in
urban environments, and for understanding of the physical and chemical processes in the
boundary layer (e.g., [18,19]). Additionally, data derived from MAX-DOAS instruments
are widely used for comparison and validation of multiple satellite products, including
tropospheric NO, (e.g., [20-22]).

Even though ground-based MAX-DOAS is a well-established remote sensing tech-
nique for the determination of trace gas concentration levels in the troposphere and the
application of such instruments to air quality monitoring is widespread, the sparsity of
such systems on a global scale inhibits large-scale monitoring of NO;. Satellite instruments
do not suffer from this limitation; they provide daily global coverage and, thus, their im-
portance to air quality, climate change and understanding of the dynamics in the boundary
layer is widely recognized. Satellite observations contribute to the continuous monitoring
of NO, on both regional and global scales, estimation of NOy emission sources and provide
valuable information for the understanding of NO; transport phenomena. Over the past
decades, NO; has been continuously monitored from space by multiple satellite instru-
ments, such as the Global Ozone Monitoring Experiment (GOME) on ERS-2 [23], Scanning
Imaging Absorption SpectroMeter for Atmospheric CHartographY (SCIAMACHY) on
ENVISAT [24], Ozone Monitoring Instrument (OMI) on EOS-Aura [25], Global Ozone
Monitoring Experiment-2 (GOME-2) on MetOp A, B and C platforms [26] and, most re-
cently, since October 2017 from the TROPOspheric Monitoring Instrument (TROPOMI) on
board Sentinel-5 Precursor (S5P) [27]. The S5P/TROPOMI NO, observations have already
demonstrated their monitoring capabilities in various air quality-related fields, such as
estimating NOx emissions at the urban scale [28,29] and evaluating the effect of the recent
COVID-19 pandemic on NO; levels [30,31], while an extensive validation against global
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ground-based measurements has been presented in [22]. The main disadvantages of such
satellite instruments are their low temporal sampling with one or two overpasses per day at
any given location, which does not allow the observation of diurnal cycles, as well as their
coarse spatial resolution. With respect to the spatial sampling, the pixel size of the space
borne instruments has been greatly improved, initially starting from several hundreds of
kilometers (40 x 320 km? for GOME) to a few kilometers (13 x 24 km? for OMI) and cur-
rently to 3.5 x 5.5 km? for TROPOMI. This improvement, joined by the continuous efforts
in improving the NO, data quality by updating the retrieval algorithms of S5P/TROPOMI,
highly increases the usability of this dataset in numerous different scientific and research
fields.

The main aims of this study are to assess the ability of the MAX-DOAS measurements
to monitor the air quality in Thessaloniki in terms of tropospheric NO; by comparison with
in situ data, and to validate the corresponding S5P/TROPOMI product, accounting also for
the spatial features detected by the MAX-DOAS. By establishing the linkages among the
three different sources of information on NO; in the area, we will set the scene for a future
synergistic use of these datasets to achieve a more comprehensive characterization of NO,
in Thessaloniki.

This article is structured as follows: In Section 2, a description is given for the instru-
ments and data that are used in this study. In Section 3, the results of the NO, spatio-
temporal variability using MAX-DOAS observations are presented along with comparisons
with in situ measurements. In Section 4, the comparison and validation of S5P/TROPOMI
observations using ground-based MAX-DOAS data from Thessaloniki are discussed, and
in Section 5 the main conclusions of this study are summarized.

2. Data and Methodology
2.1. MAX-DOAS Observations

Monitoring of trace gases in the troposphere is routinely performed at the Lab-
oratory of Atmospheric Physics (40.634° N, 22.956° E, 60 m above sea level), in the
Aristotle University of Thessaloniki (LAP.AUTH), Greece, by multiple MAX-DOAS in-
struments. These systems have participated in various intercomparison and validation
campaigns, such as the Cabauw Intercomparison of Nitrogen Dioxide Measuring Instru-
ments 2 (CINDI-2, http:/ /www.tropomi.eu/data-products/cindi-2/, accessed on 20 Jan-
uary 2023) and the TROpomi vaLIdation eXperiment 2019 (TROLIX'19, https:/ /ruisdael-
observatory.nl/trolix19-tropomi-validation-experiment-2019/, accessed on 20 January
2023), and they contribute data to global projects and networks, e.g., the Fiducial Ref-
erence Measurements for Ground-Based DOAS Air-Quality Observations (FRM4DOAS,
https://frm4doas.aeronomie.be/, accessed on 20 January 2023), the Quality Assurance
for Essential Climate Variables (QA4ECYV, http://www.qa4ecv.eu/, accessed on 20 Jan-
uary 2023) and the Network for Detection of Atmospheric Composition Change (NDACC,
https:/ /ndacc.larc.nasa.gov/, accessed on 20 January 2023). The measurement site is lo-
cated in an urban, moderately polluted environment, at the center of the city of Thessaloniki.
The MAX-DOAS instruments have been gradually upgraded over the past decade by mak-
ing changes to their design, using newer and improved spectrographs and by updating the
operating software. Additionally, the processing and calibration of the recorded spectra
have been further developed in order to increase their accuracy, improve their stability over
time and provide data of higher quality.

In this study, the spatio-temporal variability of NO, over Thessaloniki is assessed
by analyzing spectra recorded by a 2D MAX-DOAS system, Phaethon, which operates
at LAP.AUTH since June 2020, using the DOAS technique. The entrance optics of the
instrument are mounted on a two-axis tracker that allows for a full azimuthal and elevation
rotation (0-360°). The system is configured to perform elevation scans, from the zenith to
near the horizon, at different azimuth directions in the southern sector, as illustrated in
Figure 1, since the other azimuths are partly or fully blocked by buildings of the city and
the university campus. The elevation scans consist of measurements of scattered radiation
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spectra at the elevation angles of 30, 15, 12, 10, 8, 6, 5, 4, 3, 2 and 1°, with about 1 min
integration time per angle, in addition to a zenith-sky measurement (90°) prior to each
scan that is used as a reference Fraunhofer spectrum (FRS) for the determination of the
trace gas differential Slant Column Densities (dSCDs). The recorded spectra are analyzed
using the QDOAS (version 3.2, September 2017) software that is developed by BIRA-IASB
(https:/ /uv-vis.aeronomie.be/software/ QDOAS/, accessed on 20 January 2023). The NO,
dSCDs are retrieved in the visible range, using the spectral fitting window 425-490 nm,
following the recommendations from the CINDI-2 campaign [32]. Along with the NO,
cross-sections at 298 K and 220 K [33], the following trace gas cross-sections are included
in the DOAS analysis: O3 at 223 K [34], Oq4 at 293 K [35] and H,O at 296 K [36]. A ring
spectrum, calculated by QDOAS according to [37], was also included, and a fifth-order
polynomial is used to remove the broadband spectral features. The MAX-DOAS system
performs elevation scans at four different azimuth viewing directions, i.e., at 142° (SE),
185° (S), 220° (SW) and 255° (W) (Figure 1). The two former directions (SE and S) cross
the city center and point to urban and suburban areas, while the other two directions (SW
and W) cross a small portion of the city (about 1 km) and point towards the sea. The NO,
vertical profile for each elevation scan is retrieved by applying the Mexican MAX-DOAS
Fit (MMF) v2020_04 [38] inversion algorithm on the measured dSCDs, which is based on
the Optimal Estimation Method (OEM). The NO, Vertical Column Densities (VCDs) are
calculated by integrating the retrieved vertical profiles, while the “surface concentration”
is the average concentration of the lowermost 200 m of the troposphere. MMF includes a
quality flagging algorithm that is based on multiple criteria, and, in this study, the data that
are flagged as erroneous were discarded from the analysis. In [39], more details are given
about the instrumentation, the settings that are used for the retrieval of NO, dSCDs and
the input parameters for the inversion algorithm that is applied for the retrieval of NO,
vertical profiles.

40.72 T 3 L l'
40.66 -
©
°
=
®
-
40.60 |-
40.54 . L V.
22.80 22.90 23.00 23.10

Longitude

Figure 1. The locations of the MAX-DOAS instrument (white star) and the in situ NO, measurement
site (purple triangle). The four different azimuth viewing directions of the MAX-DOAS observations
are represented by the solid red lines. The base map is taken from © Google Maps, https://www.
google.com/maps, accessed on 20 January 2023.

2.2. S5P/TROPOMI

The TROPOMI satellite instrument is a nadir-viewing imaging spectrometer that is
mounted on the Sentinel-5 Precursor (S5P) platform. S5P was launched on 13 October
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2017 and flies in a sun-synchronous orbit with a local overpass time at approximately
13:30 local time. TROPOMI covers a large wavelength range that extends from the UV
to the shortwave infrared and provides daily global coverage. The main objective of the
Copernicus Sentinel-5P mission is to perform atmospheric measurements with high spatial
resolution around the globe. The initial, already high, spatial resolution of TROPOMI
was 3.5 x 7 km? and from 6 August 2019 it was further improved to 3.5 x 5.5 km?. The
NO; data are continuously validated by the Mission Performance Center Validation Data
Analysis Facility (MPC VDAEF, http://mpc-vdaf.tropomi.eu/, accessed on 20 January 2023).
In this study, we used the v2.2 S5P/TROPOMI NO; tropospheric vertical column density
dataset that is publicly available via the ESA Sentinel-5P Product Algorithm Laboratory
(S5P-PAL) containing modified Copernicus Sentinel data processed by S[&]T (https://
data-portal.s5p-pal.com/products/no2.html, accessed on 20 January 2023). The overpass
data for Thessaloniki cover the period from June 2020 to November 2022. Since clouds
have a very strong impact on the column retrievals of all species (including NO,), we
filtered the TROPOMI data with a quality assurance value (qa_value) > 0.99, a criterion that
filters out cloudy pixels for a cloud fraction > 20%. This strict filtering choice was made
in order to ensure that all measurements under cloudy conditions were discarded from
the analysis, even though the recommendation from the TROPOMI Algorithm Theoretical
Basis Document (ATBD) of the tropospheric NO, data products (http://www.tropomi.eu/
data-products/nitrogen-dioxide, accessed on 20 January 2023) is to filter the data with
a qa_value > 0.75. We opted for the strict filtering since cloud presence is relatively less
frequent in Thessaloniki and thus during the period of study the satellite sampling and
the number of collocated TROPOMI and MAX-DOAS measurements was large enough
to provide statistically robust comparison and validation results. The NO, concentration
levels in Thessaloniki are mainly due to local NOx emission sources, especially within the
city center [40-43], where the MAX-DOAS system is installed. The relatively larger satellite
footprint compared to the MAX-DOAS geometry would mainly result in a smoother
perception of the NO, concentration. Hence, the TROPOMI tropospheric NO; column data
are spatially averaged within 5 km from the overpass location.

2.3. In Situ Measurements

NO, concentrations near the surface are routinely monitored in Thessaloniki by in
situ chemiluminescence analyzers that are administrated by the Network for Air Quality
Monitoring of the Municipality of Thessaloniki (http://www.envdimosthes.gr, accessed on
20 January 2023). The main advantage of in situ instruments compared to remote sensing
systems, such as the MAX-DOAS, is their relatively lower procurement cost and their
ability to measure NO, concentrations continuously (also at nighttime) and irrespective
of weather conditions, while the MAX-DOAS requires sunlight and thus its operation is
limited to daytime. The highest temporal resolution of the in situ data that are publicly
available is hourly averaged concentrations. The MAX-DOAS-derived diurnal and weekly
cycles of the surface NO, concentrations are compared with in situ data measured in a
background urban environment (40.644° N, 22.957° E, 174 m above sea level) (Figure 1).
As described in [39], this particular site is selected because it is less affected by local NOy
traffic emissions and the reported data are considered more representative of the average
NO, concentrations in the local boundary layer. The in situ dataset that is used in this
study spans from 1 June 2020 to 30 November 2022 with very few gaps in the time series
due to maintenance of the instrumentation.

3. Results and Discussion

In this study the MAX-DOAS tropospheric NO, vertical columns, referred to hereafter
as NO; VCDs, are calculated by integrating the NO, vertical profiles, retrieved by the
inversion algorithm (MMF) which is applied to the dSCDs. The NO, VCDs can also be
derived by applying either the geometrical approximation [7] to the dSCDs measured at
30 or 15° elevation angles or to a mix of them, or by using proper differential Air Mass
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Factors (AAMFs), calculated by RTM simulations (e.g., [20]). In any case, the NO, vertical
columns are a good indicator of the pollution levels around a measurement site; however,
when inversion techniques are applied, additional information can be retrieved for the
concentration levels near the surface, which is essential especially in the context of air
quality monitoring. In this section, the temporal and spatial variability of NO, VCDs
and surface concentrations using MAX-DOAS observations is discussed. The temporal
variability is assessed by calculating seasonal (Section 3.1), diurnal (Section 3.2) and weekly
cycles (Section 3.3) for different seasons, which are compared with the in situ data. The
spatial NO, variations are investigated (Section 3.4) by comparing the concentration levels
at the four azimuth viewing directions for two different time periods during the day.

3.1. Seasonal Variability

Figure 2 shows the time series of the daily and monthly median NO, VCDs (upper
panel) and the corresponding surface concentrations (bottom panel) retrieved by the MAX-
DOAS for the period of study. The data are aggregated separately for the urban (SE and
S) and rural (W and SW) azimuths (blue and green lines with markers, respectively). The
gray dots represent the MAX-DOAS daily median values, while the red line with markers
indicates the monthly median values, derived from the in situ instrument. The in situ NO,
time series is plotted against the MAX-DOAS surface NO; concentrations only, in order
to compare meaningful quantities. The error bars of the monthly median values indicate
the monthly variability as the interquartile range (IQR), i.e., the difference between the
75th and 25th percentiles. In June 2020 and April 2022, the MAX-DOAS was configured to
record spectra only in the SW direction and thus measurements pointing towards urban
areas are not available during these months.
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Figure 2. The time series of NO, vertical columns (upper) and surface concentrations (bottom)
retrieved by the MAX-DOAS in Thessaloniki, Greece (gray dots represent the daily medians, while
the blue and green lines with markers represent the monthly medians for the urban and rural azimuth
viewing directions, respectively). The monthly median NO, surface concentrations measured by the
in situ instrument are shown in red (right ordinate). The error bars of the monthly medians represent
the variability as the interquartile range.

Here, and in the following sections, the MAX-DOAS and in situ surface concentrations
are presented in different axes (due to their different units) to demonstrate the co-variability
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of the two datasets since a quantitative comparison between the two systems is beyond the
scope of this study. It also follows that since these two time series are not temporally syn-
chronized, even though both medians represent the daylight measurements, the monthly
median NO, concentrations have not necessarily been derived by measurements acquired
at the same time intervals during each day. In this work, we mainly aim to conduct a
qualitative comparison and investigate whether similar temporal NO; variation patterns
are captured by the two instruments, indicating that they can equally contribute to air
quality monitoring. In a previous study covering a shorter time period [39], a direct 1:1
comparison between MAX-DOAS and in situ NO; hourly mean concentrations showed
that the MAX-DOAS was low-biased by ~55-60%. This was attributed to the fact that the
MAX-DOAS probes air masses along the line of sight of a few kilometers, while the air
quality station measurements are conducted in situ. A similar comparison of the daily
and monthly mean surface concentrations for the whole time period can be found in
Appendix A.

The NO, VCDs and surface concentrations show a similar seasonal cycle, i.e., lower
values during summer and higher values during winter. Similar results using MAX-
DOAS measurements in urban environments have been reported for other locations
(e.g., [18,44-46]). In urban environments, NO; is mainly distributed in the lowermost
troposphere, usually within the first kilometer, since its emission sources are mainly located
close to the ground (e.g., road transport emissions). Thus, the NO, VCDs are mostly
affected by the concentration levels in the lowermost layers of the troposphere and hence
the vertical columns and surface concentrations are expected to reveal similar patterns.
The seasonal NO, variability captured for the urban and rural azimuths is similar for the
whole period, with average differences (rural-urban) of about —5% for the VCDs and —18%
for the surface concentrations. However, shorter-term temporal variations are masked
in monthly values, and as it will be discussed later in Section 3.4, differences between
azimuths can be larger when shorter time intervals are considered. The seasonal cycles
of the surface concentrations retrieved by the in situ and the MAX-DOAS measurements
are in very good agreement. The lower NO; levels during all summer periods, the signif-
icant reduction in January 2021 and the peaks during the cold periods (e.g., November,
December 2020; February, November 2021; and October, November 2022) are well cap-
tured by both instruments. The median NO, VCD for the period of study retrieved by
the MAX-DOAS is 5.94 4+ 4.90 x 10* molecules/cm? and the median NO, surface con-
centration is 0.61 + 0.83 x 10'! molecules/cm?®. The lowermost monthly median VCDs
and surface concentrations were reported in July 2020 (4.16 x 10'®> molecules/cm? and
0.31 x 10 molecules/cm?, respectively), while the highest were found in November 2021
(10.73 x 10'® molecules/cm? and 1.61 x 10! molecules/cm?, respectively). The monthly
variability (i.e., the interquartile range), presented by the error bars, is significant, reaching
maximum values in November 2021. The monthly variability captured by the in situ data
is even larger, since the site is affected more by local emissions. The monthly median of
the in situ data in May 2022 was unusually high, affected by days that were characterized
by extreme NO, levels, probably due to very local events and activities that could not be
captured by the MAX-DOAS. The relatively lower NO, concentrations that were reported
by both systems during summer are related to the reduced emission sources (e.g., absence
of domestic heating) and to the shorter lifetime of NO, caused by the enhanced photolysis
rate due to stronger solar radiation.

3.2. Diurnal Cycles

In the boundary layer, NO; is a short-lived product, with typical lifetime of a few
hours, depending on the season [47], and, as a result, the NO, amounts are expected to be
highly variable during the day. The diurnal variability of the NO, surface concentrations
retrieved by the MAX-DOAS and the in situ instrument for all seasons is presented in
Figure 3, in order to evaluate the performance of the instruments under different pollution
levels and to investigate their diurnal cycles in more detail. The seasonal hourly mean
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NO, concentrations were calculated when at least 100 measurements were available. In
this section (and also in Section 3.3), all azimuth viewing directions of the MAX-DOAS
(Figure 1) were included in the calculation of the means.
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Figure 3. The diurnal variability of NO, surface concentrations revealed by the MAX-DOAS (black)
and the in situ (red) measurements for all seasons. The gray-shaded rectangles indicate the range of
S5P/TROPOMI overpass times for Thessaloniki.

The in situ instrument reports NO; concentrations throughout the day (and also
during the night), while the MAX-DOAS can only operate when solar scattered radiation is
present. Thus, the secondary NO; peak that is evident in the in situ data at ~16:00-17:00
UTC during autumn and winter and at ~19:00-20:00 UTC during spring and summer
cannot be revealed by the MAX-DOAS. However, both instruments show very similar
diurnal cycles for all seasons. The Pearson’s correlation coefficients (R) for the two datasets
are displayed in the plots and they range from 0.90 during winter to 0.98 during spring,
indicating that the two systems can equally contribute to air quality monitoring.

The early morning NO, peak (~1.9-2.6 x 10'! molecules/cm3 in winter, spring and
autumn) in the MAX-DOAS data that is found during the rush hours (i.e., between ~04:00
and 06:00 UTC) is due to the increased morning traffic emissions and to the accumulated
NO; in the boundary layer during the night. This morning peak is reduced by 25-30% dur-
ing summer (reaching ~1.61 x 10™ molecules/cm?3). Afterwards, the NO, concentrations
rapidly drop as a result of enhanced consumption processes (photochemical destruction).
The reduction is stronger and faster in summer and spring due to increased solar radiation.
The NO, surface concentrations reach minimum values for all seasons between ~11:00
and 13:00 UTC (approximately 0.25 and 1.25 x 10'! molecules/cm? in summer and winter,
respectively), when the sun is high, leading to an increased photolysis rate in addition to
the reduced traffic-related emissions. In the afternoon and evening, the photolysis rate
weakens and NO; begins to accumulate, leading to the secondary peak as mentioned
already. This afternoon increase is only marginally captured by the MAX-DOAS during
winter and summer due to the lack of sunlight and, hence, observations. The high NO,
concentrations that were reported in the morning by both instruments and at night by
the in situ instrument only are also attributed to the shallow boundary layer due to the
absence of solar radiation and the lower air temperatures. Especially during winter, when
the boundary layer height in Thessaloniki reaches minimum values [48], the vertical dis-
placement of ~100 m of the two sites is no longer negligible. In this case, even though a
very good correlation is found (R = 0.9), the MAX-DOAS reports higher morning surface
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NO; concentrations than in the other seasons, with a higher reduction rate between 06:00
to 09:00 UTC compared to the in situ instrument.

3.3. Day of the Week Variability

NO; is emitted in the troposphere by anthropogenic activities (e.g., industrial and road
transport emission sources) that usually follow a weekly cycle. Normally, such activities are
enhanced during the working days, and they are significantly reduced at weekends, leading
to strong weekday-to-weekend variations of NO, concentrations in urban environments,
a phenomenon that is known as the “weekend effect”. The weekend effect has been
investigated in the past using both ground-based MAX-DOAS data (e.g., [18,19,42,49,50])
and satellite observations (e.g., [51-53]). In these studies, a significant reduction of the
NO, concentration in weekends is reported, with a clear Sunday minimum of up to
50% compared to the working days. Here, we investigate the day of week variability of
NO; surface concentrations in Thessaloniki using MAX-DOAS observations and in situ
measurements for comparison. Figure 4 shows the average weekly cycles of NO, surface
concentrations for all seasons measured by both instruments.
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Figure 4. The day of week variability of NO, surface concentrations revealed by the MAX-DOAS
(black) and the in situ (red) measurements for all seasons.

The two datasets reveal similar weekly patterns with Pearson’s correlation coefficients
that range between 0.93 (in spring) and 0.99 (in autumn). The weekend effect for all seasons
is investigated by comparing the mean NO; surface concentrations on the weekends
(Saturday and Sunday) and the traditional resting day of Sunday alone with the mean
concentration during the working days (Monday to Friday). Significantly lower NO,
concentrations are found for both datasets during weekends for all seasons, i.e., the MAX-
DOAS (in situ) reports a reduction of 19% (18%) in winter, 29% (31%) in spring, 30%
(28%) in summer and 30% (27%) in autumn. The reduction rate is even larger on Sundays,
ie., 30% (29%) in winter, 37% (40%) in spring, 40% (39%) in summer and 43% (41%) in
autumn. The two systems reveal that the weekend effect is more evident during the warm
period and less distinct in winter. The stronger reduction in the warm period is associated
with the shorter atmospheric lifetime of NO,, due to higher photochemical destruction
rates, resulting in less accumulation in the working days. Additionally, the expansion of
the boundary layer to higher altitudes in summer due to stronger solar radiation allows
for a greater dispersion of NO;, leading to lower concentrations at the lowermost layers
compared with the cold period. A reduction of the NO, vertical column with increasing
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boundary layer height in Thessaloniki, especially during summer, was also found by [43]
using MAX-DOAS measurements and chemical transport model simulations.

Figure 5 shows the diurnal variation of tropospheric NO, VCDs (top row) and surface
concentrations (bottom row) in a weekly cycle retrieved by the MAX-DOAS over Thessa-
loniki for each day of the week. The analysis was conducted separately for the cold period
(October-February, left column) and the warm period (May-September, right column). The
variability of the NO; levels in Thessaloniki from Monday to Friday is not very pronounced;
however, the weekend effect is strong for both time periods.
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Figure 5. The mean diurnal variability of NO; vertical columns and surface concentrations derived
by the MAX-DOAS observations for each day of the week for the cold and warm periods.

On Saturdays (dark blue line in Figure 5), the NO, amounts are generally lower than
on the working days but are of comparable magnitude in the early morning and late
afternoon. The strongest reduction of the NO, vertical column and surface concentrations
is found on Sundays (purple line in Figure 5) throughout the day. This is mainly related
to the decreased human activities on the resting day and especially to the absence of NOy
emissions from heavy road transport to and from work. As already discussed in Section 3.2,
the diurnal variability patterns of tropospheric NO, are rather different for the two time
periods, mainly due to different NOy emission strengths and the lifetime of NO; in the
troposphere, in addition to the different boundary layer structure that has a strong effect
on the accumulation and dispersion of NO,.

3.4. Spatial Distribution

Since in urban environments, especially in large cities, emission sources of various
sizes and strengths are distributed in different areas, the NO, concentrations can vary
rapidly in space. In situ (point measurements) or MAX-DOAS observations at one azimuth
(1D systems), that provide information about the NO; content in a particular direction, are
usually not representative for the NO, amounts in the surrounding areas. However, by
using MAX-DOAS measurements at multiple azimuths (2D systems), valuable informa-
tion for the assessment of the NO, spatial distribution can be retrieved, allowing for the
investigation of possible NO, horizontal inhomogeneities and a better characterization of
the NO, field around the measurement site. In this study, the spatial variability of NO,
over Thessaloniki was investigated by comparing the NO, vertical columns and surface
concentrations measured at different azimuth viewing directions (see Figure 1) over the
period of study. These viewing geometries can be roughly distinguished to those repre-
senting urban/suburban environments, across the city center and pointing to heavy-traffic
roads (azimuths of 142° and 185°) and to those pointing towards the sea (220° and 255°).
On short timescales (e.g., on a daily basis), spatial differences in the NO, amounts can
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occur. Figure 6 shows an example of the diurnal variability of the NO, VCDs during a
sunny summer day for all azimuth directions, which are represented by lines of different
colors. On this day, 15% of the data were flagged as invalid by the inversion algorithm
(MMEF) and thus they were rejected from the analysis, leading to some missing values
in the time series. The morning peak and the secondary afternoon increase of NO, that
were related to enhanced traffic emissions, along with the strong reduction of NO, at noon
due to increased photochemical reactions (see also Section 3.2), are well captured in all
viewing directions. However, the NO, columns in the SE direction were systematically
and significantly larger compared to the other azimuths, especially in the morning, likely
related to the inhomogeneous emissions within the city.

12 T T T T T
Azimuth direction
—&— SE (142°)
—%— S(185°%)
—&— sW (220°)
—— W (255°)

Tropospheric NO2 VCDs [1015 molec. cm‘2]
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Figure 6. An example of the NO, VCDs diurnal variability for all azimuth viewing directions of the
MAX-DOAS during a clear-sky summer day (30 July 2022).

As already discussed in Section 3.2, the concentration of NO, in the boundary layer
changes rapidly with time (both in the short- and long-term), prohibiting a detailed investi-
gation of its horizontal distribution. Even on a daily basis, a full measurement sequence for
all viewing directions lasts for about 1 hour (~15 min per elevation scan for each azimuth
and ~2 min per scan for dark signal measurements). This constrains the time step of
measurements at each azimuth angle to at most one per hour. The NO; variability over
the whole period of study (~2.5 years) was analyzed separately for the cold and warm
periods, aiming at the investigation of possible differences in spatial distribution patterns.
In order to reduce the effect of the NO, temporal variability, the analysis was focused on
two periods of different, but less variable, NO, levels, i.e., in the morning, when NO,
is high, and during noon hours, when the NO; concentrations reach minimum values.
Anthropogenic activities that lead to the emission of tropospheric NO; peak at different
times during the cold and warm periods (Figure 5). Hence, in our analysis, morning hours
were considered as between 06:00 and 09:00 UTC for the cold period and between 04:00 and
07:00 UTC for the warm period. Similarly, the time intervals 10:00-12:00 and 11:00-14:00
UTC were used for the noon hours for the cold and warm periods, respectively.

Figure 7 shows the normalized median NO, VCDs and surface concentrations for the
four azimuths (x axis, see also Figure 1). The data were normalized by dividing the medians
with the average VCD or surface concentration of all azimuths for the corresponding period,
while the error bars indicate the variability for each azimuth as the interquartile range. The
top row of panels represents the NO, VCDs and the bottom row the NO; surface concen-
trations, while each column refers to a different time period of the day. In the morning, the
normalized NO, VCDs and surface concentrations along the different azimuths reveal a
generally homogenous spatial distribution for the cold period (Figure 7, blue dots). This is
probably related to the relatively longer lifetime of NO; in the troposphere, due to weaker
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photochemical destruction, that allows stronger dispersion of the pollutant, leading to
better horizontal mixing. Furthermore, meteorological parameters, (e.g., wind direction and
speed) can also affect the horizontal dispersion of NO,. Although a detailed investigation
of these effects is beyond the scope of this study, the influence of wind speed and direction
is briefly addressed in Appendix B. During the warm period (Figure 7, red squares), the
NO, VCDs also show a similar (homogenous) horizontal distribution. However, despite
the large variability, the NO, surface concentrations for the SE direction are generally
higher than in the other azimuths, while the lowest concentrations are reported for the SW
direction. The SW direction points towards the sea (Figure 1) and the effective horizontal
path extends over the bay, where NO, is expected to be significantly lower than in the
urban environment. Even though the W direction is also towards the sea, it crosses part
of the western sector of the urban Thessaloniki, where industrial activities take place, and
thus the reported NO, concentrations are generally higher than in the SW direction. Finally,
the SE direction crosses the entire city center and an urban area of persistent traffic-related
NOy emissions, resulting in locally increased NO; loads.
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Figure 7. Distribution of the normalized MAX-DOAS measurements of NO, VCDs (top row) and
surface concentrations (bottom row) for all azimuth viewing angles during morning (left column)
and noon (right column) hours. Data are presented separately for the cold (blue) and warm (red)
periods.

During noon hours, when the NO; levels overall significantly drop, the median NO,
VCDs and surface concentrations are higher for the SE direction in both periods. This
effect is stronger during the warm period due to the enhanced NO; photolysis rates and
the generally weaker winds that suppress the dispersion, leading to less homogenous
horizontal distribution. Similar results have been reported in [46]. For the same reasons
that are discussed for the morning hours, the median NO, concentrations for the SW
direction are significantly lower than the other viewing directions, especially during the
warm period.
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The variability of NO, in all azimuths is large, due to highly variable emission sources,
and thus quantitative estimates cannot be easily unveiled from Figure 7. Hence, the
percentage differences of the median NO, VCDs and surface concentrations for each
azimuth from the average of all directions are summarized in Table 1 for the cold and warm
periods. In the morning, the median NO; surface concentrations are ~20% above average
for the SE direction and ~15% below average for the SW direction during the warm period.
For noon hours, the median NO, VCDs are ~12% (25%) higher for the cold (warm) period,
while the respective surface concentrations are ~15% (16%) higher. Similarly, the noon NO,
load in the SW direction is approximately 17% lower than in the other azimuths.

Table 1. Percentage difference of the median NO, VCDs and surface concentrations for each azimuth
from the average concentration of all azimuths for the morning and noon hours and for the cold and
warm periods. The highest differences are marked in bold.

SE (142°) S (185°) SW (220°) W (255°)
cold/warm cold/warm cold/warm cold/warm
Morning NO, vertical columns —3.2/-0.1% —8.8/—3.9% 4.0/-2.0% 8.0/6.0%
NO, surface concentrations 0.2/19.4% 3.6/—3.3% —-1.2/—-14.9% —2.6/—-1.27%
Noon NO, vertical columns 11.9/24.7% —71/=7.7% —-0.2/-12.9% —45/-41%
NO, surface concentrations 14.5/15.8% —6.6/—0.6% —6.4/—17.4% —1.5/2.1%

The statistical significance of the differences between the NO, VCDs and surface
concentrations for the rural (SW) and urban (SE) azimuths was assessed by the Student’s
t-test. Despite the large range of variability, the differences were found to be statistically
significant at the 95% confidence level in all cases, except for the VCDs in the morning,
due to the more homogenous horizontal distribution of NO,, as previously discussed.
Statistically significant differences were found also between other azimuths, but the most
consistent pattern is that for the SE direction.

4. Comparison with SSP/TROPOMI

In this section, the tropospheric NO, vertical columns retrieved by TROPOMI for
Thessaloniki (considering only cloud-free satellite pixels) are compared and validated using
collocated ground-based MAX-DOAS measurements.

Since TROPOMI data are limited to only one overpass per day, short-term (e.g.,
diurnal) NO, variations cannot be investigated with satellite data. TROPOMI passes
over Thessaloniki between approximately 10:30 and 12:30 UTC (Figure 3), when the NO,
concentrations are usually low for the reasons discussed in Section 3.2. However, NO,
is a highly variable pollutant and, thus, in order to compare meaningful results, the
collocated ground-based and satellite observations should have a short time difference.
In this study, the collocations are calculated by averaging MAX-DOAS measurements
within +15 min of the satellite overpass time. Figure 8 shows the time series of the
collocated tropospheric NO, vertical column measurements in box-and-whisker plots
over the whole period of study (30 months), from June 2020 to November 2022. The
seasonal variations of NO, are well captured by both instruments and the reported seasonal
patterns are similar over the period of study. The higher tropospheric NO; columns
during winter are consistent with the results presented in Section 3.1. Furthermore, higher
variability of NO, VCDs is found during the cold period for both ground-based and satellite
observations, especially for those of the MAX-DOAS. This is expected since NOy emissions
are stronger during wintertime, which, combined with the lower photolysis rate of NO,
due to limited sunlight and the more variable weather patterns, results in higher spatio-
temporal variability. The highest monthly variations, represented by the interquartile range,
are found during December 2020, February 2021 and December 2021 (ranging between
5.72-13.17 x 10" molecules/cm? for the MAX-DOAS and 4.90-6.59 x 10'> molecules/cm?
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for TROPOMI). These are consistent with Figure 2, indicating that pollution events were
well captured by both ground-based and satellite instruments.
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Figure 8. Time series of monthly mean tropospheric NO; vertical columns in Thessaloniki from
collocated ground-based MAX-DOAS and S5P/TROPOMI observations for the period June 2020-
November 2022.

Figure 9 presents the comparison of TROPOMI tropospheric NO, vertical columns
against MAX-DOAS measurements in scatter plots for the four seasons of the whole
period of study. Overall, TROPOMI systematically reports lower NO, columns than the
MAX-DOAS. The underestimation of satellite-derived tropospheric NO, compared to
MAX-DOAS observations is also found in recent publications (e.g., [54-56]) and it is more
evident in highly polluted and in extremely highly polluted environments [22].

The MAX-DOAS probes air masses along the line of sight of the telescope, pointing
at different elevation angles, from near the horizon to the zenith. The measurements
are sensitive to local emissions located on this line of sight and at distances up to a
few kilometers. The NO, columns that are reported by satellite instruments are essen-
tially averaged over the sub-satellite pixel area (3.5 x 5.5 km? for S5P/TROPOMI), which
contains different emissions sources, resulting, generally, in the underestimation of the
NO; columns. The highest correlation between the two instruments is found in win-
ter (R =0.75), while significantly lower correlations are found during spring (R = 0.6),
autumn (R = 0.6) and summer (R = 0.44). For all seasons, a negative bias is found for
TROPOMI with median differences of —2.91 + 3.77 x 10! molecules/cm? in winter,
—0.57 + 2.13 x 10 molecules/cm? in spring, —1.04 = 1.55 x 10% molecules/cm? in sum-
mer and —1.42 + 2.97 x 10'® molecules/cm? in autumn. These biases correspond to mean
fractional biases of about —55% during winter, —21% in spring and —40% in summer and
autumn.
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Figure 9. Scatter plots of the daily collocated tropospheric NO, VCDs that are reported by the
MAX-DOAS and S5P/TROPOMI for all seasons. The gray shaded areas represent the 95% confidence
interval of the linear regression fit (solid black line).

Figure 10 shows the consolidated comparison (i.e., without seasonal discrimination) of
TROPOMI and MAX-DOAS tropospheric NO, columns in a scatter plot (Figure 10a) over
the whole period of study. The blue markers indicate the daily collocated observations,
while the red dots represent the monthly mean vertical columns. Figure 10b shows the fre-
quency distribution of the absolute daily differences between TROPOMI and MAX-DOAS.
The black and red dashed lines indicate the median and mean difference, respectively,
while the solid magenta lines represent the 25th and 75th percentiles of the distribution.
The correlation coefficient of the daily collocated data is 0.72, with slope and offset values of
0.37 and 1.24, respectively. For the monthly means, the statistics are significantly improved
with R = 0.89 and slope and offset values of 0.49 and 0.71, respectively. A clear negative bias
is found with median and mean differences of —1.19 and —1.93 (x 10> molecules/cm?),
respectively (which corresponds to a mean fractional bias of approximately —37%), and an
interquartile range of 2.89 x 10'®> molecules/cm?. These results are consistent with the find-
ings in the latest issue of the quarterly Routine Operations Consolidated Validation Report
(http:/ /mpc-vdaf.tropomi.eu/, accessed on 20 January 2023), where for the SSP/TROPOMI
tropospheric NO; product, a median bias of —1.8 x 10'® molecules/cm? (about —35%)
was found over the full satellite mission using NDACC-affiliated MAX-DOAS data from
30 measurement sites.
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Figure 10. The consolidated comparison of tropospheric NO; vertical columns (a) between the MAX-
DOAS and S5P/TROPOMI for the daily (blue) and monthly mean (red) collocated measurements
and the frequency distribution (b) of their absolute differences.

5. Summary and Conclusions

In this study, the spatio-temporal variability of tropospheric NO, over Thessaloniki,
Greece, was investigated using vertical column and surface concentration data that were
retrieved by MAX-DOAS observations during the period June 2020-November 2022. The
NO; seasonal, diurnal and weekly cycles were investigated and the surface concentrations
that were retrieved by the MAX-DOAS were compared with in situ data from a nearby
air quality station, which is mostly unaffected by local emissions and, hence, is more
representative of the average NO, levels in the local boundary layer. The comparison of
the two ground-based datasets was conducted in order to evaluate the performance of the
MAX-DOAS instrument in the context of air quality monitoring in Thessaloniki.

The tropospheric NO, VCDs and surface concentrations, retrieved by the MAX-DOAS,
show a similar seasonal cycle, i.e., lower values during summer and higher values during
winter. The higher columns in winter are due to enhanced anthropogenic emissions (e.g.,
domestic heating) and the longer lifetime of NO, in this season. Hourly mean NO, surface
concentrations measured by the MAX-DOAS reveal a clear diurnal pattern with an early
morning peak during the rush hours, followed by a reduction around noon as a result of
stronger photolysis rates. The increased morning concentrations are due to the enhanced
traffic-related NOy emissions and the accumulation of NO; in the boundary layer during
the night. The morning peak during summer is significantly reduced (by approximately
25-30%) compared with the other seasons. Additionally, the NO, day of the week variabil-
ity and the weekend effect were investigated. The NO, surface concentrations retrieved
by the MAX-DOAS were significantly lower on the weekend (by 20-30%), especially on
Sundays (by 30-40%), compared with the working days. In all cases, the NO; temporal
variations that were captured by the MAX-DOAS are in agreement with the in situ mea-
surements with Pearson’s correlation coefficients ranging from 0.90 to 0.99, indicating that
the two systems are equally capable of monitoring the variability of NO, over Thessaloniki.

The NO; spatial variability was investigated by comparing the concentrations reported
by the MAX-DOAS for four azimuth viewing directions. In order to reduce the effect of the
NO; temporal variability, the analysis was conducted separately for the morning hours,
when the NO, levels are high, and for noon hours, when the NO, concentrations reach
minimum values. On a long timescale (i.e., during the 30 months in this study), the spatial
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NO; variability is masked by the strong short-term temporal variations. However, despite
the large variability, higher NO, concentrations of up to 25% were found for the SE azimuth
that crosses the entire city center and extends over an urban area compared with azimuths
towards the sea (e.g., SW). Differences between the SE and SW directions were statistically
significant at the 95% confidence level for all cases, except for the VCDs in the morning.

The tropospheric NO, VCDs in Thessaloniki, retrieved by the MAX-DOAS, were com-
pared with collocated measurements of the TROPOMI instrument on board the Sentinel-5P
satellite, aiming at the validation of the satellite product against the well-established
ground-based observations. The comparisons were conducted for all seasons in order
to investigate any seasonal effects and to evaluate their agreement under both low and
high NO; concentration levels. The seasonal NO, variations were well captured by both
instruments, with increased VCDs during the cold period due to enhanced emissions and a
reduction during the warm period as a result of stronger photochemical destruction of NO;.
Even though a generally good correlation was found between MAX-DOAS and TROPOMI
(R=0.72 and R = 0.89 for the daily and monthly means, respectively), TROPOMI underes-
timates the tropospheric NO, VCDs by approximately 55% in winter, 21% in spring and
40% during autumn and summer. The consolidated median and mean absolute differences
(i.e., without seasonal discrimination) are —1.19 and —1.93 (x10'® molecules/cm?), respec-
tively, and they correspond to a mean fractional bias of approximately —37%, which is in
agreement with the latest SSP MPC VDAF validation report (http:/ /mpc-vdaf.tropomi.eu/,
accessed on 20 January 2023). This clearly negative bias is mainly caused by the much
larger satellite footprint, resulting in a smoother perception of the NO, concentrations,
while the MAX-DOAS measurements are affected more by local emissions.
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Figure A1. Scatter plot of the daily and monthly mean surface concentrations that were retrieved by
the MAX-DOAS and the in situ instruments for the period of study.

Appendix B. Prevailing Meteorological Conditions over Thessaloniki

This section describes briefly the dominant wind patterns over Thessaloniki for the
period of study (June 2020 to November 2022). Wind speed and direction (averaged over
10 min intervals) are continuously monitored by a meteorological station that is installed
on the rooftop (~25 m above ground) of the Department of Meteorology and Climatology
building, which is located inside the University campus at a horizontal distance of about
300 m from the location of the MAX-DOAS instrument. The wind data are publicly available
via the corresponding website (https://meteo3.geo.auth.gr/stations/orofi_Data. HTML,
accessed on 20 January 2023).

Figure A2 shows the wind rose diagrams over Thessaloniki for summer and winter.
In summer, the prevailing wind directions are S-SW and are usually characterized by
low wind speeds (on average < 3 m/s), while northern winds are less frequent. The
presence of southern winds is a result of the coastal orientation of the city (Figure 1) and
the temperature difference between the land and the sea (which is more pronounced
during the warm period due stronger solar radiation) that allow the formation of sea
breeze circulation [57-59]. The wind pattern is different in winter with the dominant winds
blowing from N-NW directions being generally stronger (reaching speeds of over 8 m/s)
than in summer. According to [57], the wind patterns in the cold period are caused by the
combination of low-pressure systems over the Mediterranean Sea and anticyclones over
central Europe.
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Figure A2. Wind rose diagrams (binned by 22.5°) over Thessaloniki during summer (a) and winter
(b) for the period June 2020 to November 2022.

The variability of the NO, concentration levels is not only related to the spatial
distribution of its emission sources, but it is also associated with certain meteorological
parameters, such as wind direction and speed, since the latter significantly contribute to
the vertical and horizontal dispersion of air pollutants. The effect of wind speed on the
tropospheric vertical columns and surface concentrations of NO, in Thessaloniki for the
two dominant wind directions, N-NW and S-SW, is depicted in Figure A3. For northern
wind regimes, the NO, VCDs and surface concentrations have similar variation patterns,
i.e., higher NO, amounts are reported for low wind speeds, followed by a clear gradual
reduction with increasing wind speed. This is expected, since such wind conditions
contribute more efficiently to the dispersion of NO,, which is transported from the urban
area towards the sea. For southern winds, a reduction in the NO, levels is also evident
for low to moderate wind speeds (up to 4 m/s); however, a non-negligible enhancement
is found for higher wind speeds (>4 m/s), especially for the surface concentrations. This
finding is consistent with similar results in [58] and [40]. According to these studies, given
the topography of the greater area of Thessaloniki, such conditions favor the accumulation
of air pollutants. Furthermore, these wind-direction-related patterns of NO, could also
be associated with larger-scale NO; transport events from southern Greece; however,
additional investigation is required for the determination of NO, emission sources and the
assessment of NO; transport phenomena, which is beyond the scope of this study.
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Figure A3. Tropospheric vertical columns (upper panels) and surface concentrations (bottom panels)
of NO, as a function of wind speed. The left and right columns correspond to N-NW and S-SW
wind directions, respectively.
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