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Abstract: The formaldehyde (HCHO) dataset collected from January to December 2022 at the CNR
Liberti Observatory (42.10◦ N; 12.64◦ E), a rural site located 30 km NE of Rome, is reported. The
daily, weekly, and seasonal trends are examined. The highest average seasonal HCHO concentration
(1.9 ppb) was measured during summer, whereas similar values (1.5 ppb) were found for winter and
spring periods. The meteorological parameters monitored at the site allowed the interpretations of
the maxima observed during the period investigated. The daily trends examined for the different
seasonal periods, along with other pollutants available (NO2, NO, and O3), showed how the sources
gradually shifted from primary to secondary. The occurrence of wildfires and other events in the
area were also considered in explaining peak events (>4.2 ppb). The site examined was sometimes
impacted by the nearby urban anthropic pressure of Rome, but in many cases, particularly during
the summer months, the influence of the natural background surrounding the site was evident.

Keywords: formaldehyde; rural site; photochemical smog

1. Introduction

Formaldehyde (HCHO) is one of the most abundant carbonyl compounds in the air,
which has an active role in atmospheric chemistry, leading to the formation of important
oxidants, such as ozone (O3), and smog components as secondary organic aerosol (SOA) [1].
Formaldehyde was classified in 2004 as a Group 1 carcinogen for humans by the Interna-
tional Agency for Research on Cancer [2] EU Regulation (EU 2015/491) [3] revised, as well,
the classification of formaldehyde from suspected carcinogen to carcinogen for humans in
category 1B, with the associated expression “it can cause cancer”, on the basis of the body
of evidence collected [4]. Acute effects of this species include eye, nose, and throat irritation,
further getting to worse symptoms (cough and bronchitis) if exposure to higher levels
of formaldehyde occurs (https://www.epa.gov/sites/default/files/2016-09/documents/
formaldehyde.pdf (accessed on 6 December 2023)) [5].

Most of the efforts in the study of this species were devoted over time to indoor envi-
ronments because the exposure levels, due to the emission of materials employed in indoor
furnishing, could possibly more easily reach values of concern for health preservation [6,7],
but the importance of formaldehyde, in general, on atmospheric processes was also in-
creasingly highlighted by a remarkable number of studies [8–10] and recently the interplay
between indoor/outdoor sources was also evaluated [11,12]. Finding the contribution of
both primary and secondary sources, respectively, on the release and formation of HCHO
in different environments, indeed, has been the subject of observations during the last
several years in urban [13–15] and rural or remote sites [16–18].
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Among the sources, industrial emissions (chemical and petrochemical facilities, paints
and solvents production, plastic manufacturing), vehicular traffic (diesel, biofuels, or natu-
ral gas-fueled vehicles) [19], and wastewater treatment processes are the most impacting
anthropogenic emissions, but a not negligible contribution from natural sources should
also be accounted for. Biogenic Volatile Organic Compounds (BVOCs) are precursors of
Oxygenated Volatile Compounds (OVOCs) [20] and, along with biomass burning, can be
the most important sources, especially in rural environments.

Up to 50% of the formaldehyde mixing ratio in urban areas is of primary origin during
winter [21], but in other areas, the largest fraction of atmospheric HCHO is of photochemical
origin, depending on the season, climatic conditions, and vegetation cover. The mechanisms
of HCHO formation have been studied and are well known [9,22]: oxidation of alkenes
by ozone, the reaction of alkanes, alkenes, and aromatics with OH radicals and nitrogen
oxides during the day, and with nitrate radical (NO3) during the night. The reactive species
are in some cases of anthropogenic origin or can be emitted by vegetation, e.g., isoprene
and terpenes; the latter are involved in a cycloaddition reaction with O3 to form energy-rich
intermediates that undergo a fast fragmentation, giving HCHO. Thermal decomposition of
cellulose-containing materials in biomass combustion and combustion of biofuels are also
other important pathways of formation [23].

The relative contribution of the different sources depends on many factors, location
and season being the most important, and the task of accounting for a primary or secondary
origin is quite complex. As remarked by Parrish [13], a suitable correlation of HCHO with
species directly emitted by anthropogenic sources (such as SO2, CO) or photochemically
produced (such as O3 and PAN) per se is not robust enough to prove that HCHO has
the same origin. The direct emissions of other VOCs by the same sources can, indeed, be
the cause of such suitable correlation, and a successive secondary formation can also be
hypothesized as responsible for HCHO production.

Confounding effects affecting HCHO mixing ratios during different periods of the day
due to the diverse loss rates (caused mainly by photolysis during the day as well as by dry
and wet deposition in different seasons) [20], to atmospheric dilution or, in certain cases to
transport, should be considered when attempting to attribute HCHO to different sources.

Measurements of HCHO have been conducted over the years, at first employing
discontinuous sampling on DNPH-coated cartridges and, more recently, by automatic
instruments providing real-time data. In the early 1990s, at six remote stations of the
European Monitoring and Evaluation Programme (EMEP) network located across Europe
(Birkenes, Mace Head, Waldhof, Kosetice, Donon, and Ispra), measurements were carried
out for an entire year by DNPH cartridge collection and successive analysis and compared
with modeled data as reported by Solberg [24]. Largiuni [25] performed continuous mea-
surements in Florence by means of a homemade spectrofluorimetric instrument based on
the Hantzsch reaction. Other more recent studies were conducted by Balzani [26] at the
Jungfraujoch (3580 m a.s.l.) and by Leuchner [17] at the Environmental Research Station
Schneefernerhaus (UFS) (2650 m a.s.l.), in both the cases the measurements were performed
on a seasonal basis by a commercial Hantzsch monitor. These assessments were aimed
at the evaluation of HCHO in the free troposphere. The rural site of Mazhuang in the
Shandong province was monitored by Wang [27] using a scrubbing DNPH-containing
solution, analyzed continuously by an HPLC instrument. Assessments in rural environ-
ments were conducted by de Blas [20] in the Valderejo Natural Park in northern Spain in
the summer of 2016 by the same Hantzsch monitor. Other peculiar background sites were
those monitored by Rocco [18], who carried out a study at Reunion Island on three different
sites (an observatory at 2200 m, at a site in the tropical forest, and in an urban area) and
Preunkert [16], who reports ambient air levels as well as HCHO fluxes on the snow at the
Concordia site, located near Dome C on the East Antarctic Plateau.

In this study, the analysis of the HCHO dataset was obtained using a commercial
Aero-Laser formaldehyde analyzer at the Liberti Observatory (42.10◦ N; 12.64◦ E), a rural
site located in the RM1 Research Area of the Italian National Research Council (CNR), at
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about 30 km NE of Rome is reported. The correlation among the different pollutants, i.e.,
nitrogen dioxide (NO2), nitrogen oxide (NO), and ozone (O3), is considered, as well as
the meteorological parameters collected locally and the transport mechanisms employ-
ing backward trajectories. The availability of highly time-resolved data provided by an
automatic analyzer allows an in-depth analysis of the modulation of the mixing ratios
during the day and as the season changes. The assessment of the HCHO levels at ru-
ral sites is of utmost importance to understand the pathways of the formation of ozone,
which tends to reach particularly high levels in these areas, providing useful informa-
tion on the contribution of transport and local emissions, which can help in air quality
management when planning mitigation measures. This is of paramount interest also in
light of the recent efforts in reviewing the EC Directive 2008/50, which foresees the ex-
tension of ozone precursors monitoring to many more species than previously required
(https://eur-lex.europa.eu/legal-content/EN/TXT/DOC/?uri=CELEX:52022PC0542 (ac-
cessed on 6 December 2023)) [28].

2. Materials and Methods
2.1. Sampling Site

In this study, simultaneous HCHO, NOx, and O3 measurements carried out from
15 January to 31 December 2022 at the “Arnaldo Liberti” Observatory (42◦06′38′′ N,
12◦38′05′′ E; 48 m a.s.l.), an experimental facility of the National Research Council (CNR)
(Figure 1), inside of Research Area RM1 in Montelibretti (Rome, Italy) are reported.
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Figure 1. Location of the Liberti Observatory: on the left is the topographic map of the area; on the
right is the satellite view.

The station is located in a rural area of the Tiber Valley, about 30 km northeast of
Rome and approximately 45 km northeast of the Tyrrhenian coast. Although regarded as
a regional background site, it is occasionally influenced by anthropogenic emissions of
the metropolitan area of Rome, with about 2,748,599 inhabitants in 2022 (https://demo.
istat.it/app/?a=2022&i=D7B (accessed on 6 December 2023)) [29], transported at the site
by sea–land breeze circulation system [30,31] (Ciccioli et al., 1999; Brines et al., 2015). This
site is affected by local emissions due to the presence of agricultural activities and biomass
domestic heating appliances surrounding the station, by Monterotondo town with about
41,000 inhabitants, at about 5 km west–southwest, and by heavy traffic roads as a major
highway (A1 Rome–Florence), at about 2 km west, and a primary route (Via Salaria, SS4)
not far from Pianabella railway station, 400 m away from the station [32,33]. The site is

https://eur-lex.europa.eu/legal-content/EN/TXT/DOC/?uri=CELEX:52022PC0542
https://demo.istat.it/app/?a=2022&i=D7B
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also an EMEP station, where the transport and transformation of atmospheric pollution
generated in the urban area of Rome can be evaluated [34].

The area in which the observatory is located is halfway from Monterotondo’s outskirts
and nearby rural areas mainly devoted to agriculture and farming. In the neighborhoods
of the measurement site, just outside the residential part of Monterotondo, an industrial
area holding logistic facilities, typographic activities, building and finishing products
warehouses, and small workshops is present. Agricultural product processing activities,
on the other hand, are also present, sparse in the whole Sabina area (the historical region
on the left side of the Tiber river, northeast of Rome) where oil production through many
different oil mills is one of the major activities, and wine production is another important
sector. On the whole, the area is not affected by single industrial emissions but rather by
small sources mainly related to the residential and services industries.

2.2. On-Line Formaldehyde Analyzer

The continuous formaldehyde measurements were performed at Liberti Observa-
tory using a commercially automatic analyzer (AL4021, Aero-Laser GmbH, Garmisch-
Partenkirchen, Germany). The instrument is based on the Hantzsch reaction with fluores-
cence detection [35,36]. Firstly, the gaseous formaldehyde is quantitatively stripped into a
sulphuric acid solution (H2SO4 0.054 M) through a stripping coil at a constant temperature
of 10 ◦C and at defined flow rates (1 L/min for gas and 0.45 mL/min for stripping solu-
tion). Under these conditions, the stripping efficiency is about 100%, as indicated by the
Aero-Laser producer (https://www.aero-laser.de/fileadmin/downloads/AL4021-manual-
Rev.2.2.pdf (accessed on 6 December 2023)) [37]. Consecutively, the Hantzsch reaction
takes place in a heated reactor coil at 68 ◦C in which the resultant aqueous formaldehyde
reacts with acetyl acetone (2–4 pentadione) and ammonia (NH3) producing 3,5-diacetly-
1,4-dihydrolutidine (DDL). This product absorbs light at 410 nm and shows a strong
fluorescence at 510 nm. The use of the Hantzsch reaction in combination with fluorescence
detection increases the sensitivity and selectivity to HCHO determination and decreases
cross-sensitivity to other aldehydes and ketones and other interfering species [38,39]. Ap-
proximately every ten days, when changing the stripping and Hantzsch reagent solutions,
the instrument is calibrated with liquid standards freshly prepared by diluting a 10−2 M
HCHO stock standard with the stripping solution. In addition, daily automated zeroing
measurements are performed for about 20 min by passing the sampled air through an
internal zero catalyst trap [40]. The internal software of the instrument uses the last zero
measurement to evaluate the current measurement. The time response of the instrument is
about 90 s (10% to 90%), with an additional time delay of 300 s due to the time required to
transport the liquid from the coil to the fluorimeter. The detection limit of the instrument,
defined as 2 times the standard deviation, is 100 ppt, and the operativity concentration
range is linear up to 3 ppm. These features made this instrument attractive for the sam-
pling site, which is a rural station, where the expected concentration values can reach very
low levels.

2.3. Additional Measurements

Continuous and simultaneous ozone (O3) measurements were performed every 1 min
by a Teledyne API (Model T400, Teledyne API, San Diego, CA, USA) based on the well-
established European standard technique of absorption of ultraviolet light at 254 nm
(EN 14625:2012) [41]. The quantity of light absorbed over a certain distance at a given tem-
perature and pressure is proportional to O3 concentration according to the Beer–Lambert
law. The detection limit of this analyzer is 0.4 ppb, and the measurement precision is 0.5%.

NOx was monitored in parallel every 1 min using a chemiluminescence analyzer
(Model 200E, Teledyne Instruments, San Diego, CA, USA) with a detection limit of 0.4 ppb
and a measurement precision of 0.5%. The chemiluminescence analyzers use the inten-
sity of the light produced by the reaction of NO with O3 molecules, peaking at 630 nm.
By converting NO2 to NO (molybdenum converter), the total NOx value can be calcu-

https://www.aero-laser.de/fileadmin/downloads/AL4021-manual-Rev.2.2.pdf
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lated, allowing the determination of NO, NO2, and total NOx. The chemiluminescence
method is a European standard technique for measuring atmospheric nitrogen oxides
(EN 14211:2012) [42].

All gas calibrations and gas test quality control concentrations for NOx and O3 mea-
surements were obtained every week by dynamic dilution of gas from cylinders whose
contents are traceable to NIST standards.

During the period investigated, the data were collected by the automatic analyzers on
a minute basis, and then 5 min average values were calculated. To account for data losses
or incompleteness, the time coverage of the timeframe considered (5 min) was taken into
account among the different procedures adopted in the management of the monitoring
station dataset. Meteorological parameters were monitored by a conventional weather
station (Lsi Lastem s.r.l., Milan, Italy). The station, equipped with sensors for temperature,
pressure, relative humidity, global solar radiation, and UVA and UVB light, is located at
about 5.5 m a.g.l upon the roof of a container. Wind speed and direction were monitored by
a sonic anemometer (DMB305, Lsi Lastem s.r.l., Milan, Italy) installed on a ten-meter pole
located near the meteorological station. A datalogger (e-log Lsi Lastem s.r.l., Milan, Italy)
stored the data acquired in real time into a 1 min average. These data were then averaged
on a 5 min basis.

2.4. HYSPLIT Backward Trajectories

The backward trajectories were calculated with a runtime of 24 h at 500 m a.s.l. using
the HYSPLIT transport model (https://www.ready.noaa.gov/HYSPLIT_traj.php (accessed
on 6 December 2023)) [43] and the Global Forecast System (GFS) with a resolution of
0.25 degrees to determine the origin of air masses transported at the sampling site during
this study.

3. Results and Discussion
3.1. Meteorological Conditions during the Study Period

The main meteorological parameters collected at the site are reported in Table 1.
The period under examination comprises almost all of the year 2022 (from 15 January

to 31 of December). The four seasons were all monitored, with two periods missing some
data. Some days are missing in winter since the measurements began on 15 of January, and
in summer from 13 to 21 of August due to technical problems.

From hereafter, the seasonal periods considered will include three months each, start-
ing from January and ending in December 2022. Over the entire period, the temperatures
varied from −2.7 ◦C in January to 41.2 ◦C at the end of June. An opposite trend was ob-
served, as expected, for the relative humidity (RH), which decreased as the season changed,
from 90.5% in December to 55.4% in June, thus remaining, on average, at quite appreciable
levels. The minimum levels of RH were recorded in June, the hottest month of the period
when a value of 14.5% was observed. Generally, on the whole, the year 2022, with a total of
637.4 mm of precipitation, was in line with the mean of the precipitation records in the area
of the last 20 years [44]. The month of May was rainier than the previous months with most
of the precipitation recorded during a single event on 27 of May (42.2 mm of precipitation
recorded). The autumn was, as expected, characterized by more abundant total precipita-
tions (318.6 mm) and an average temperature of 15.1 ◦C. The global radiation showed a
slow decline from 235.6 W/m2 in September to 97.7 W/m2 in December, and the winds
recorded were also weaker than in summer, particularly during October and December.

In Figure 2, the wind roses plots are reported on a seasonal basis. The wind records
showed that the prevailing direction was from the north during all the seasons, accom-
panied by south–southwestern winds during spring and summer, which were then the
dominant directions during the early summer months of June and July (see Figure S1f,g).
These latter are sea breezes coming from the direction of the Tyrrhenian Sea, which is about
50 km far from the measurement site. The advection of air masses due to the periodic
sea–land circulation is of great importance for the transport of polluted air masses from

https://www.ready.noaa.gov/HYSPLIT_traj.php
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Rome [45,46]. From August (see Figure S1h), the prevalent wind direction slowly returned
to be northerly, and during the following autumnal months, it was accompanied by an
easterly component.
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The stronger winds, on an average monthly basis, were recorded during the month of
February, when a wind speed (WS) of 2.4 m/s was observed. More detailed plots regarding
specific events are reported in Section 3.2.

3.2. Formaldehyde Trends and Correlations among Collected Data

The dataset collected was comprehensive of HCHO and other pollutants more widely
monitored as NO2, NO, and O3.

The basic statistical parameters of the whole dataset are reported in Table 2.
The data coverage over the year ranged from 96% for certain meteorological parame-

ters (precipitation and UV radiation) to 90–92% for pollutants data; as mentioned previously,
HCHO data are lacking in two periods in winter and summer, therefore, data coverage in
this case was 84.1%.

The average value of the concentration of HCHO over the whole year was 1.5 ppb,
with a maximum value of 15 ppb recorded in July. Taking into account the different sam-
pling methodologies applied, the concentration ranges found in this study are comparable
with previous assessments. Indeed, former HCHO measurements carried out at the Liberti
Observatory for an 8 h sampling period by means of annular denuders on 23 June 1999
found values of 4.6 ppb (5.8 µg/m3) [47] and later in the period May–June 2002 concen-
trations varying between 2 and 12 ppb were reported [48], for collection periods from 3 to
5.5 h on DNPH cartridges. Successive measurements were performed at the same site in
the periods July–September 2005 and February 2006 by means of cartridges collecting 8 h
samples (from 8.00 to 16.00) [32]. During these more extensive campaigns, in which HCHO
was measured with many other carbonyls, the values found ranged from a maximum of 7
ppb in July to a minimum of 1.1 ppb in February.
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Table 1. Monthly averages of the meteorological parameters during the period investigated.

Month N T
(◦C)

TMAX
(◦C)

Tmin
(◦C) N RH

(%) N P
(hPa) N

Glob.
Rad.

(W/m2)

Glob.
Rad.MAX
(W/m2)

N UVA
(W/m2)

UVB
(W/m2) N WS

(m/s)
WSMAX

(m/s)
WSmin
(m/s) N Rain

(mm)

January (15–31) 4886 7.7 18.0 −2.6 4886 78.2 4886 1025.4 647 380.6 696.36 4886 6.9 0.2 4884 2.0 9.9 <0.5 4886 5.8

February 8055 10.4 20.7 −1.3 8055 73.3 8055 1023.2 4335 238.1 1011.52 8055 8.8 0.2 7983 2.3 13.5 <0.5 8055 26.8

March 8109 10.8 23.8 −1.0 8101 62.9 8106 1024.8 8919 227.9 1050.28 8919 11.3 0.2 8907 2.1 10.4 <0.5 8919 29

April 8009 14.3 26.9 1.34 8009 67.2 8007 1016.5 8639 285.6 1372.78 8637 15.0 0.2 8335 2.4 9.7 <0.5 8639 26.2

May 8923 20.9 35.4 7.2 8915 65.6 8921 1019.4 8919 317.5 1385.08 8919 16.8 0.2 8802 1.8 11.1 <0.5 8919 48.4

June 8639 26.3 41.2 14.8 8639 55.4 8639 1018.0 8639 357.5 1264.78 8639 18.8 0.2 8202 2.0 12.5 <0.5 8639 30

July 6118 27.9 39.8 15.9 6118 55.9 6114 1018.3 8927 374.6 1321.6 8927 19.7 0.2 6375 1.9 16.1 <0.5 8927 46.8

August 8924 27.1 39 16.9 8897 61.4 8924 1015.7 8897 311.2 1242.88 8897 16.8 0.2 8485 2.0 16.0 <0.5 8866 26.8

September 8639 22.4 35.4 9.9 8639 70.8 8639 1016.5 8639 235.6 1149.52 8639 13.1 0.2 8197 2.0 10.4 <0.5 8639 130

October 8928 18.8 29.0 7.9 8928 79.1 8928 1025.4 8928 197.7 1019.74 8928 10.7 0.2 8427 1.0 6.8 <0.5 8928 17.8

November 8639 13.7 26.9 3.3 8639 81.5 8639 1018.0 8639 123.2 801.82 8639 7.3 0.2 8480 1.9 10.5 <0.5 8639 109

December 8926 11.7 20.4 1.5 8926 90.5 8926 1020.2 8926 97.7 666.95 8926 6.1 0.2 5908 1.0 8.6 <0.5 8926 140.8

The data are averaged on the 5 min based data. Max. = maximum; Min. = minimum; N is the number of data (referred to as the successive parameter in the table).

Table 2. Basic statistical treatment on the dataset.

HCHO (ppb) NO2 (ppb) NO (ppb) O3 (ppb)

Month N Ave. St. Dev. Max. Min. N Ave. St. Dev. Max. Min. N Ave. St. Dev. Max. Min. N Ave. St. Dev. Max. Min.

January 4541 1.7 1.1 14.0 0.1 4884 9.0 5.7 44.1 0.4 4884 2.8 5.2 80.6 0.4 4618 16.2 11.8 45.5 0.5
February 7509 1.3 0.8 9.7 0.1 7989 6.8 5.2 35.2 0.4 7984 1.5 3.0 39.1 0.4 7984 23.5 12.7 48.2 0.9

March 8425 1.5 0.8 8.9 0.1 8928 5.2 4.0 35.1 0.4 8928 1.0 1.8 44.8 0.4 8928 31.7 14.1 66.4 1.6
April 8028 0.9 0.6 5.7 0.1 8335 3.2 2.8 24.3 0.4 8335 0.8 1.6 42.5 0.4 8332 32.0 13.5 67.8 1.2
May 8570 1.4 0.9 6.7 0.1 8621 3.4 2.8 22.1 0.4 8621 0.8 1.8 36.9 0.4 8759 32.8 17.4 93.0 1.9
June 7994 2.3 1.0 7.3 0.1 8371 3.2 2.4 20.5 0.4 8371 0.7 0.9 20.8 0.4 8331 37.4 17.5 95.6 2.1
July 8468 2.4 1.0 15.0 0.1 8840 3.6 2.6 19.2 0.4 8840 1.0 1.4 26.4 0.4 8748 39.5 19.5 96.1 1.6

August 5687 1.9 0.9 5.8 0.1 8479 3.7 2.2 18.5 0.4 8479 1.0 1.9 32.0 0.4 8489 38.5 18.9 83.7 1.5
September 8365 1.2 0.7 7.3 0.1 8497 4.3 3.3 28.9 0.4 8497 1.3 2.1 43.7 0.4 8441 29.6 14.8 76.1 1.3

October 8757 1.1 0.8 4.4 0.1 8202 6.4 4.0 37.4 0.4 8202 2.6 4.8 66.8 0.4 8355 19.5 14.0 56.2 0.4
November 8174 1.0 0.7 7.0 0.1 8310 6.7 4.5 38.9 0.4 8304 2.8 4.4 66.5 0.4 8347 17.0 11.3 48.4 0.8
December 3851 0.8 0.6 4.8 0.1 5922 6.1 3.5 29.0 0.4 5892 4.7 5.2 50.2 0.4 7649 11.7 10.1 64.3 0.4

Year 88,369 1.5 0.8 8.1 0.1 95,378 5.1 3.6 29.4 0.4 95,337 1.8 2.8 45.9 0.4 96,981 27.5 14.6 70.1 1.2

Abbreviation key: N = number of data; Ave. = average; St. dev. = standard deviation; Max. = maximum; Min. = minimum. The average value was calculated starting from 5 min
averaged data.
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Analyzing the trends of HCHO and of the other pollutants during the period under in-
vestigation, the correlation of the different species with HCHO was tested, and O3 showed
the highest correlation (R2 = 0.72), followed by NO2 (R2 = 0.46) and NO (R2 = 0.10). In
addition, the correlation between HCHO and O3 was steadily increasing from January
(R2 = 0.34) to August (R2 = 0.90), and this observation could point to a secondary nature of
an increasing portion of HCHO concentration, then gradually decreasing until December
(R2 = 0.52). This finding will be, as mentioned in the introduction, also considered in the
light of meteorological data, backward trajectories, and local observations of particular
events. Nevertheless, the predominant secondary nature of formaldehyde in certain sea-
sonal periods is also supported by the highest average value and the highest maximum
found in the month of July. Furthermore, the availability of a set of parameters, such as
other atmospheric gas concentration and meteorological data monitored at the Liberti
Observatory, allowed the extension of the assessment of the correlation on other parameters
of the dataset, giving a wider perspective on data interpretation.

The correlation among different parameters was tested; the dataset taken into account
included varying numbers of data (winter: 13,901 < N < 21,860; spring: 24,592 < N < 26,197;
summer: 22,520 < N < 26,463; autumn: 20,782 < N < 26,493). By checking Pearson’s
correlation among the data collected, the results reported in Figure 3 were obtained.
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Figure 3. Seasonal correlation patterns (Pearson’s r) of pollutants and main meteorological data.

From the plots reported, it can be observed how both the correlation of HCHO vs.
O3 and HCHO vs. Global radiation increased until the summer period, later decreasing
during the autumnal period. The opposite was observed for the correlation of HCHO vs.
NO2, which was at a minimum during the summer and a maximum in winter. As for O3
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vs. Global radiation, O3 vs. Temperature, and O3 vs. RH, they keep the same correlation
for the whole period. These findings strengthen the hypothesis of two distinct sources of
HCHO, more related to primary sources during cold months and to photochemical patterns
of formation during late spring and summer months.

3.2.1. Daily and Weekly Cycles of the Pollutants

From the analysis of the diel cycles, reported in Figure 4A, obtained by plotting the
average hourly concentration, it is possible to observe how, during the period investigated,
the highest hourly average value of HCHO was found during winter evening hours and
during summer morning hours.
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Figure 4. Seasonal diurnal variations of the pollutants (hourly averages are reported): (A) HCHO vs.
O3, (B) NO2 vs. NO.

The trends of HCHO and O3 were quite different during winter since a bimodal distri-
bution with a less pronounced morning peak at 10.00 UTC, followed by a rapid decrease
to values around 1 ppb, and a second evening broad peak at 20.00–22.00 was observed
for HCHO, whereas a unimodal distribution centered at lunchtime (13.00–14.00 UTC) was
typical of O3.

In spring, the two distributions slowly became more similar, and during the month
of May, a unimodal distribution was found for both, with a wide maximum starting from
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10.00 UTC and declining from 18.00 UTC. HCHO distribution became once again unimodal
in September, peaking at 12.00, and in October, peaking at 14.00, whereas during the
autumn, a bimodal trend could be observed with a second evening peak at 17.00 (see
Figure S2 for monthly daily cycles).

In Figure 4B, the daily trends of NO2 and NO are reported, and the typical bi-
modal distribution with maxima in the early morning (6.00 UTC) and late afternoon
(17.00–18.00 UTC) were observed during winter and early spring, the time of maxima
occurrence varied over the year, gradually shifting to 5.00 UTC and to 19.00–20.00 UTC
in spring and summer. The maxima concentration values gradually decreased during
the late spring and summer periods for both pollutants. Then, during the autumn, the
concentration, as expected, rose again, showing the typical bimodal trend peaking in the
mornings at 6.00 and in the evenings at 17.00.

To better characterize the possible pollution sources, the weekly cycles can be of help
since, as is well known, the vehicular traffic sources can significantly vary on weekdays
(WD) and weekend periods (WE), affecting the overall air quality [49,50]. In Figure 5, it
is apparent that in winter, there is a different behavior of HCHO and NO2 since the latter
decreases during weekends, whereas the former does not.
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to Friday; WE: weekend days Saturday and Sunday).

HCHO’s weekly cycle in spring and in summer shows small differences among the
medians, particularly in summer, whereas NO2 and NO both show a decrease during
the weekends, sharper in spring than in summer. During autumn, the weekend effect
becomes, again, evident for nitrogen oxides, whereas HCHO does not show appreciable
differences between weekends and weekdays. A possible explanation of these findings
is that the sources of HCHO differ during the two seasons, being most likely related to
primary sources in winter and secondary sources in summer, as already hypothesized. It
can be presumed that vehicular traffic is not the main primary source of HCHO during
winter due to the different trends found for NO2 and HCHO and that other emissions, for
instance, the use of domestic heating, probably also by biomass burning appliances, can
be an alternative source during weekends in wintertime. This could likely also explain
the evening peak found in winter daily cycles (at about 21.00). Data dispersion has an
opposite trend for the two pollutants, being greater in the winter period for NO2 and in the
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summer period for HCHO due to the variation in primary emission sources and secondary
formation mechanisms, respectively.

Applying statistical tests, two-sample t-test, and the Kolmogorov–Smirnov test, de-
pending on the assessment of normality of the dataset, to the 5 min based data grouped
according to the day of the week in each season, it was found that at the 0.05 level of
significance no statistically significant differences between the means of WD and WE were
found for HCHO in the whole period dataset, whereas there were always statistically
significant differences for NO2 and NO dataset. The O3 data were also tested, and only in
autumn a statistically significant difference was found.

Other studies also tried to investigate the weekly trend of this compound. Hassan [51]
found a statistically significant (p ≤ 0.001) difference between HCHO mean concentrations
on weekdays and weekends in a suburban area (15 May City), approximately 35 km south
of the center of Cairo, where the weekly trend was such that higher values were observed
on weekdays. Biswas [52] performed a detailed study in Pune using the MAX-DOAS
technique but could not find noticeable differences between weekdays and weekends.

3.2.2. Peak Events Observed during the Study Period

The occurrence of peak events in the period under study requires further investigation
to better understand the mechanisms of emission and formation of this pollutant at the
study site.

From the statistical treatment on the HCHO dataset, comprising 5 min data of the
whole year, the outliers were those values exceeding the maximum of 4.2 ppb found
within the range 1.5 IQR (interquartile range). These exceedances were analyzed, taking
into account both wind direction and speed monitored locally and backward trajectories
relative to the whole area to obtain a wider picture of the synoptic conditions. The backward
trajectory starting height of 500 m was chosen because it ensures that the trajectory starts in
the atmospheric boundary layer (ABL). Moreover, this level is a very common choice as
users enter data in the model.

The location of the sources with respect to the monitoring site was investigated by means
of bivariate polar plots described earlier by Carslaw [53] and reported in Figures S3–S5.

In addition, events impacting the area, such as wildfires, particularly frequent during
the summer of 2022, were considered.

The peaks observed over the different seasons of this year were, in many cases,
attributable to a common origin; several events were caused by local sources lying within
10 km southwest of the site in the Monterotondo area. The discrimination between local
and more distant emissions coming from the metropolitan area was made, taking into
account the provenance and strength of the winds and the concomitant peaks recorded
for other pollutants. After analyzing the data collected over the whole year, the following
causes of peak events were found: 1. Transport from adjacent areas; 2. Transport from
metropolitan area; 3. Photochemical processing of locally emitted VOCs.

In Figure 6, apart from HCHO, other pollutant trends and global radiation are plotted,
and the main events related to photochemical formation or due to transport from nearby or
Rome metropolitan urban areas are reported. The general pattern of transport is described
by backward trajectories reported cumulatively in Figure 7.

Based on the event analysis, it is possible to conclude that in several cases, the peaks
were due to local sources placed in the direction of Monterotondo. This provenance was
observed during winter when the peaks occurred on 15th January, accompanied by NO2
peaks, in the evening hours, between 20.00 and 20.30 (UTC time) (Figures S3a and S4a) and
on 16th of February, at about 19.00 UTC when 9.7 ppb HCHO was observed, mirrored by a
coincident NO2 peak (Figures S3e and S4e).

Some of these events happened during winter evenings, both on weekends and
weekdays, so they could be due to domestic heating during the cold evenings, and possibly
a contribution, especially during weekends, could also come from a “leisure” vehicular
traffic due to recreational and entertainment activities.
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Other events can be likely ascribed to nearby or very local sources located in different
directions with respect to the site. On 30th January at 20.00, a remarkable peak of 14 ppb
was observed, coming from surrounding areas located east of the site (Figures S3b and S4b).
In other winter episodes, as on the 10th and 23rd of February, the sources were placed,
respectively, south and southeast of the site (Figures S3d,f and S4d,f), whereas on 4th of
February, local HCHO sources were present slightly north of the site. On 4th of February,
two peaks were observed, the first of 6.7 ppb at 10.00 and successively at 10.15 a peak of
8.08 ppb (Figures S3c and S4c).
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On 3rd and 14th March, the HCHO peaks were recorded, respectively, at about
20.00 UTC time (7.2 ppb) and at 19.00 UTC (6.5 ppb), simultaneously to a NO2 peak, local
winds were coming from southeastern surrounding areas (see Figures S3g,h and S4h).

On 26th, 27th, and 28th May, the levels of HCHO increased. On average, during
these three days, HCHO levels were higher (2.6 ppb) than the monthly average (1.4 ppb).
The first events happened on 26th at 20.41 when 6.12 ppb of HCHO was measured, and
on 27th May at 16.30, both the peaks overlapped to O3 and also to NO2 and NO peaks
(see Figure 6a). The peak at 16.30 UTC time occurred just before a massive rain event in
conditions of scarce solar radiation. The transport from southwestern nearby areas can
be hypothesized on the basis of Figure 6a, and Figures S3j and S4j for both the events, on
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a local scale, due to the weakness of the winds recorded (respectively of 0.78 m/s and
1.2 m/s). The other events recorded on 27th and 28th May were likely much more caused
by the photochemical production effect and will be discussed later.
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In summer, on 3rd August evening at 19.24, a peak of 5.8 ppb was observed along
with a NO2 peak. From the analysis of the polar plot in Figure S3t and S4t, it is apparent
that the source, likely of primary nature, was in adjacent areas south of the monitoring
site. In autumn, a few events were recorded during the late afternoon and evening, around
17.00 UTC time, on 7th October, 1st November, 3rd November, and 7th December. In
all the cases, the sources were located south with respect to the measurement site (see
Figures S3v–y and S4v–y). The provenance of the air masses, as evident from the backward
trajectories in Figure 7f–i, was in almost all these autumn events from the south (varying
from southeast to southwest). The peaks were always accompanied by NO2 peaks, and
on 1st November, also by NO peak (Figure 6f). The bivariate polar plots show that the
winds during the events were weak (average wind speed and maxima ranging from 0.71 to
0.85 m/s and from 2.49 to 2.78 m/s) and coming from the south; stronger winds were
recorded on 3rd November (average wind speed of 1.16 m/s and maximum 4.8 m/s). The
event of 1st November, when All Saints Day is celebrated, differs from the others since
NO peak was recorded as well. In this case, it is possible that fresh new emissions were
released during the late afternoon also in relation to the celebration, whereas during the
other events, the peaks were likely due to photochemically processed local air masses.
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By considering the late summer and autumn data, it appears that the HCHO follows
the trend of solar radiation as well as ozone, but due to solar radiation weakening over the
whole period since the 1st November event, a bimodal distribution with a more evident
late-afternoon peak was observed (Figure 6f).

The transport from the Rome metropolitan area can be hypothesized for three events
that happened in summer on 27th June when at 16.41, an HCHO 6.6 ppb peak coincident
with a peak of NO2, suggesting a common source, was observed (see Figure 6b). Unfortu-
nately, wind data are not available for the afternoon of 27th after 14.30 to better characterize
the source location, but taking into account the backward trajectories reported in Figure 7b,c,
the airmasses during 27th June were passing in Rome outskirts in the morning and at the
eastern edge, in close proximity to the city, during the afternoon; therefore, the site was
downwind of the city outskirts.

On 4th of July, two peaks were recorded at 11.30 (6.8 ppb), attributable to photochemi-
cal formation as discussed later, and at 19.35 (7.0 ppb). As can be observed in Figures S3q
and S5b, the bivariate polar plots of HCHO and NO vs. the winds, recorded during the
4th of July, show that an increased concentration of both pollutants was likely associated
with the transport from the southwest, from the roman urban area. During the 4th of July,
a wildfire occurred on the northwestern edge of the city of Rome. This event was likely
detectable by HCHO and NO levels.

In September, a single event was recorded on Tuesday the 6th when the HCHO
concentration value reached 4.8 ppb at 13.30 UTC time; unfortunately, NO2 and NO data
during that period are not available. In any case, the event was likely due to transported air
masses coming from southwestern areas with respect to the measurement site, as shown
by the bivariate polar plot (in Figures S3u and S4u), where it is evident that the higher
concentrations were associated with southwesterly winds.

The transport from Rome during the summer was due to the presence of sea breezes,
which, entering inland, gradually decreased in strength [45,46] but could still be effective
in transporting the urban plume downwind in the northeastern rural areas.

A photochemical pathway leading to increasing concentrations and peak events began
on the last days of May, but can be clearly recognized in June and July.

On the 27th May, the evolution of the formaldehyde concentration profile in Figure 6a
followed the trend of UV radiation, hence was likely due to photochemical processes,
and the concentrations steadily grew from 8.30 to 10.30 UTC time. The first peak event
(6.6 ppb) occurred at about 14.00, following the trend of global radiation and ozone trends,
while mild breeze winds (3.9 m/s) were coming from the southwest (see Figure S3j). A
gradual increase was also observed on 28th May when a 4.5 ppb peak was observed at
10.36 UTC time.

During the summer period, several HCHO peaks occurred in the month of June on
days 3rd, 15th, 27th, and 28th. The peaks were in the range 5.9–7.1 ppb, the hour of
appearance varied, on 3rd the maximum, occurred at 10.51 on 15th of June at 12.06 in
both the cases, the trend agreed quite well with the O3 one and with the global radiation,
suggesting a photochemical production of both the pollutants.

The last days of June were, as already mentioned in Section 3.1, the hottest of the
summer of 2022, and temperatures of 41.2 ◦C and 40.8 ◦C were recorded, respectively, on
27th and 28th of June. On 27th June, two HCHO peaks were observed, one in the morning
at 9.06 and one in the afternoon at 16.41 (see Figure 6b). The former was likely due to
photochemical formation, whereas the latter, as previously reported, was due to transport.

An increase during the morning was also observed on 28th of June, with a peak of
7.1 ppb recorded at 7.51. The following HCHO data between 9.26 and 15.26, unfortunately,
are lost, and a more comprehensive discussion of the trends of the day is impossible. As
reported by de Blas [20], the emissions of BVOCs are much more dependent on temperature
than on radiation, so the last days of June were probably affected by two contemporary
sources, one related to the biogenic hydrocarbons increased emissions and the other one to
local, or in some cases, transported anthropogenic emissions.
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In the month of July, HCHO maxima were found, particularly during the first week, on
4th, 5th, and 7th July. On 4th and 5th of July, both at about 11.30, two peaks were recorded,
6.8 ppb and 9.57 ppb, respectively, the latter followed by an almost equivalent 8.45 ppb
peak at 12.00. In this case, the peaks are coincident with the maximum global radiation;
therefore, they can be attributed to a photochemical mechanism of formation.

Other peaks observed were possibly caused by the occurrence of precipitations and
stormy events. On 9th of June, a rain event happened at 8.50, and the presence of moisture
likely increased HCHO concentration levels since this species is quite soluble in water and,
therefore, can be released by the action of moisture on the sampling lines, producing an
artifact peak. On the night of 7th July at 23.00 (UTC time), a sudden sharp peak of HCHO
(15.0 ppb) was accompanied by a broader peak of O3 reaching 54.8 ppb. During that night, a
thunderstorm happened exactly around 23.00. Very strong north/northeasterly winds (see
Figure S3s) were recorded at the site (wind speed maximum 16.1 m/s, average 10.7 m/s
over the period 23.00–23.40), and lightning was reported over the area. Precipitations were
abundant, and 16.2 mm of rain fell in about half an hour (from 23.10 to 23.45); consequently,
the RH value increased rapidly from 62% to 98%. The cause of the two HCHO peaks differs
since the 9th June one was likely an artifact, and it lasted only a few minutes, whereas the
7th July one lasted about 15–20 min during the stormy conditions described. Since there
was a sudden change in wind direction, shifting suddenly from south to north, and speed
within the peak event period, it can be concluded that the combination of the heavy rain
and, on the whole, other meteorological parameters was responsible for the peak observed.

Regarding the effect of moisture in relation to heavy precipitations, apart from the two
cited episodes, it was not really a concern during sampling over the whole year. This is
also confirmed by the low correlation between rain and HCHO concentration (Pearson’s r
varying between −0.07 and 0 in the different seasons).

Nevertheless, in the literature, the issue of rainfall and HCHO atmospheric scavenging
was discussed by Largiuni [25], and details of sampling artifacts due to inlet design were
reported by Wert et al., 2002 [54]. In particular, the former underlines the discrepancy
between HCHO atmospheric concentrations calculated on the basis of gas–liquid equilibria
and actual values measured, concluding that wet deposition largely depends on the amount
of precipitation in a given period of time and also on other factors.

On the other hand, the accidental ingestion of liquid water by inlets may cause
measurement errors. Wert et al. report on the comparison of different inlet layouts used
during aircraft campaigns. Furthermore, it should be considered that the meteorological
conditions encountered during aircraft sampling are more extreme than the ones normally
present on the ground.

On the basis of the analysis performed, it is evident that the occurrence of peak events
was observed mainly during winter and summer, whereas in spring and autumn, very
low and low values of HCHO concentration were measured, respectively. In spring, the
effect of photochemical processes, though the global radiation increased starting from April
(see Table 1), became more evident on the last days of May and July. During the month of
April, the temperature kept showing low values (minimum 2.4 ◦C), particularly during the
first hours of the morning. At the same time, the development of photochemical processes
of the formation of certain species, such as O3 and HCHO, was initiated, but the HCHO
concentration level did not show appreciable peak events. Opposite to what happened
during July, reported earlier in this section, due to the dependence on the temperature of
hydrocarbon emissions by biogenic sources, the evolution of photochemical production at
the Liberti site was partially inhibited during the first two spring months.

3.3. Formaldehyde to Nitrogen Dioxide Ratio as Photochemical Indicator (PI)

The use of photochemical indicators (PI) has been proposed in several studies and widely
employed to associate the ratios of different secondary products with the O3/NOx/VOC bud-
get. Various approaches were attempted, as reported by Liu [55], the ratios of VOC/NOx,
H2O2/HNO3, HCHO/NO2 or HCHO/NOy, or also O3/NOy, O3/HNO3 have been used
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to assess the dependence of O3 formation either by NOx or VOC pollutants. The main
drawback of such indices is that the threshold values given by models will differ de-
pending on the environmental conditions. Therefore, there is no standard value for these
thresholds, and their applicability in certain cases can be restricted only to specific O3
concentration ranges.

Despite these limits and uncertainties, the ratio of HCHO to NO2 was calculated over
the dataset to assess the feasibility of getting some information on the regime governing O3
formation at the site under study.

As is well known, the formation of O3 in clean air is in a stable state [55,56]:

NO2 + hν (<420 nm)→ NO + O(3P) (1)

O(3P) + O2 → O3 (2)

NO + O3 →NO2 (3)

The presence of VOC species of anthropogenic or natural origin changes this stable
state through a series of reactions:

RH + OH· → R· + H2O (4)

R· + O2 → RO2 (5)

RO2· + NO→ RO· + NO2 (6)

In the case of aldehydes:

RCHO + OH· → RCO· + H2O (7)

RCO· + O2 → RC(O)O2 (8)

RC(O)O2· + NO→ NO2 + R· + CO2 (9)

Other important reactions are:

RO + O2 + H2O→ HO2· + R′CHO (10)

HO2· + NO→ OH· + NO2 (11)

Termination reactions can be:

NO2 + OH· → HNO3 (12)

HO2· + HO2· → H2O2 + O2 (13)

RO2· + HO2· → ROOH + O2 (14)

There are two concurrent mechanisms through which the buildup of ozone concentra-
tion can occur: the production of oxygen radicals by NO2 with solar radiation (reaction 1)
and the conversion of NO to NO2 by VOCs through the HO2·and RO2·, which convert NO
to NO2, inhibiting the titration of NO by O3, leading to a further increase in O3. When the
VOC/NOx ratio is low, the termination reaction is the production of nitric acid (HNO3), the
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concentration of OH·, and, as a consequence, the oxidation of NO decreases. Hence, the
formation of NO2 in this regime is due to the NO oxidation by peroxy radicals produced
by VOC precursors. Therefore, an increase in VOCs will correspond to an increment of O3
(VOC-limited chemistry). If the VOC/NOx ratio is high, reaction (13) is the termination
and the lack of NO to be oxidized by peroxy radicals, which brings about the accumulation
of ozone. Thus, the concentration of nitrogen oxides determines the levels of ozone under
this regime (NOx-limited chemistry).

By calculating the ratio HCHO/NO2 on the available data on a seasonal basis, the
relative box plot graphs are reported in Figure 8. It was found that the mean value was
close to 1 in spring and summer, whereas it was 0.38 and 0.25, respectively, during winter
and autumn.
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The data are also represented graphically in Figure 9 for the different seasons examined
on an hourly basis. It is possible to observe that the seasonal daily cycles of the ratio
showed higher values in spring and summer at noon, when ratios ranging from 2.5 to
2.7 were calculated, whereas in autumn and winter, they ranged from 0.5 to 0.6. As
expected, the summer months of June and July (see Figure S6) showed the highest values
at 12.00 UTC, corresponding to 14.00 local time, when the emission of biogenic VOCs was
likely more intense.

As reported by Liu [55] and references therein, the transition between VOC-limited
and NOx-limited regimes usually occurs in summer when the ratio is equal to 1. However,
the same authors also report on the variability of the thresholds, discriminating differ-
ent regimes affecting ozone formation, of some of the photochemical indicators such as
HCHO/NO2 ratio, as well as other concerns raised by Li et al. [57] about the effect of
HCHO primary emissions on this ratio and its susceptibility to meteorological parameters.

As already mentioned, the exact threshold values at which different regimes rule O3
formation depend on many concurrent factors; therefore, it is not possible to indicate the
dominant regime according to the HCHO/NO2 ratio at different times/hours, but it seems
reasonable to conclude that during summer central hours of the day, the formation of ozone
at the rural station was NOx-limited (higher value of the ratio indicate a limitation due
to NOx).



Atmosphere 2023, 14, 1833 20 of 23

Atmosphere 2023, 14, x FOR PEER REVIEW 21 of 25 
 

 

accumulation of ozone. Thus, the concentration of nitrogen oxides determines the levels 
of ozone under this regime (NOx-limited chemistry). 

By calculating the ratio HCHO/NO2 on the available data on a seasonal basis, the 
relative box plot graphs are reported in Figure 8. It was found that the mean value was 
close to 1 in spring and summer, whereas it was 0.38 and 0.25, respectively, during winter 
and autumn. 

 
Figure 8. Box plot graphs of seasonal distribution of HCHO/NO2 ratios. 

The data are also represented graphically in Figure 9 for the different seasons exam-
ined on an hourly basis. It is possible to observe that the seasonal daily cycles of the ratio 
showed higher values in spring and summer at noon, when ratios ranging from 2.5 to 2.7 
were calculated, whereas in autumn and winter, they ranged from 0.5 to 0.6. As expected, 
the summer months of June and July (see Figure S6) showed the highest values at 12.00 
UTC, corresponding to 14.00 local time, when the emission of biogenic VOCs was likely 
more intense. 

 
Figure 9. Trends of HCHO/NO2 ratios hourly averages over the different seasons of the period in-
vestigated. 

As reported by Liu [55] and references therein, the transition between VOC-limited 
and NOx-limited regimes usually occurs in summer when the ratio is equal to 1. However, 
the same authors also report on the variability of the thresholds, discriminating different 
regimes affecting ozone formation, of some of the photochemical indicators such as 

Figure 9. Trends of HCHO/NO2 ratios hourly averages over the different seasons of the period
investigated.

4. Conclusions

The availability of real-time data for HCHO has allowed an extended evaluation
compared to former data [32,47,48] collected at the same site. The comprehensive moni-
toring, which included meteorological parameters and other pollutant concentration data,
merged with information on backward trajectories of airmasses, has provided a quite
complex picture of the occurrence and the mechanisms of formation of HCHO, including
peak events. The data collected suggest a predominance of primary sources impact in the
winter–early spring months (until April) and autumn, whereas a secondary origin was
predominant in the rest of the period investigated. Occasional episodes, such as wildfires
and certain meteorological events, in particular a thunderstorm, had an impact on HCHO
concentrations. The site examined was sometimes impacted by the nearby urban anthropic
pressure of Rome (about 30 km southeast of the station), but in many cases, particularly
during the summer months, the influence of the natural background surrounding the
site was evident. The emission of biogenic VOCs by the vegetation was studied over the
years [58], but due to the changed meteorological conditions, which cause longer hot and
dry periods and more extreme events, the overall characteristics of the site have changed,
as well as in other rural areas.

The regime dominating ozone formation at the site was also investigated through the
calculation of the HCHO/NO2 ratio. The values found in June and July during the central
hours of the day point to a NOx-dominated regime since, during these periods, increased
concentrations of biogenic VOCs can normally be found at rural sites, being likely the
predominant hydrocarbons. Generally speaking, accounting for the vegetation contribution
to the formation of air pollution, especially for photochemically produced species, such as
HCHO and O3, is of increasing importance, and modeling can be a viable tool [59].

A future study concerning the biogenic VOCs load at the site is foreseen, as well as
the extension to other carbonyls, with the view of obtaining a more complete investigation
and providing a more precise description of the local sources.

The possibility of considering these findings and other future data available at the
Liberti Observatory, along with satellite-retrieved data, is envisaged for the future. The
integration of ground-based and satellite (TROPOMI sensor) data, indeed, would be
meaningful if the dataset comprises several seasonal periods. Nevertheless, it should be
mentioned that in the literature, different authors highlight several issues concerning the
calculation of this ratio using satellite data.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/atmos14121833/s1, Figure S1: Wind roses of the period
investigated plotted on a monthly basis; Figure S2: Diurnal variations of the pollutants measured

https://www.mdpi.com/article/10.3390/atmos14121833/s1
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monthly: above HCHO vs. O3, below NO2 vs. NO; Figure S3: Bivariate polar plots of the days with
HCHO peak occurrence vs. wind data (on left axis windspeed in m/s); Figure S4: NO2 Bivariate
polar plots of the days with HCHO peak occurrence (on left axis windspeed in m/s); Figure S5:
NO bivariate polar plots of some of the days with HCHO peak occurrence (on left axis windspeed
in m/s); Figure S6: Trends of HCHO/NO2 ratios hourly averages over the different months of the
period investigated.
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