
Citation: Petrus, M.; Popa, C.; Bratu,

A.-M. Determination of Ozone

Concentration Levels in Urban

Environments Using a Laser

Spectroscopy System. Environments

2024, 11, 9. https://doi.org/10.3390/

environments11010009

Academic Editors: Valerio Paolini and

Francesco Petracchini

Received: 14 November 2023

Revised: 15 December 2023

Accepted: 31 December 2023

Published: 2 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

environments 

Article

Determination of Ozone Concentration Levels in Urban
Environments Using a Laser Spectroscopy System
Mioara Petrus * , Cristina Popa and Ana-Maria Bratu

National Institute for Laser, Plasma and Radiation Physics, Laser Department, 409 Atomistilor St.,
P.O. Box MG 36, 077125 Magurele, Romania; cristina.popa@inflpr.ro (C.P.); ana.magureanu@inflpr.ro (A.-M.B.)
* Correspondence: mioara.petrus@inflpr.ro

Abstract: In urban areas, there has been a recent rise in ground-level ozone. Given its toxicity to both
humans and the environment, the investigation of ozone pollution demands attention and should not
be overlooked. Therefore, we conducted a study on ozone concentration in three distinct locations
within the city of Magurele, Romania. This investigation considered variations in both structure
and location during the spring and summer seasons, specifically at a breathing level of 1.5 m above
the ground. Our analysis aimed to explore the impact of different locations and meteorological
variables on ozone levels. The three measurement points were strategically positioned in diverse
settings: within the city, in a forest, and within an industrial area. For these measurements, we used
a laser spectroscopy system to determine the system’s sensitivity and selectivity and the influence
of humidity in the detection of ozone in ambient air, which is a mixture of trace gases and water
vapor. During the March–August campaign, the mean values in the three measuring points were
24.45 ± 16.44 ppb, 11.96 ± 3.80 ppb, and 95.01 ± 37.11 ppb. The peak concentrations of ozone were
observed during the summer season. A diurnal analysis revealed that the atmospheric ozone levels
were higher in the latter part of the day compared to the earlier part. These measurements suggest that
the atmospheric temperature plays a significant role in tropospheric ozone production. Additionally,
meteorological variables such as wind speed and direction were found to influence the ozone
concentration. Remarkably, despite substantial traffic, the ozone levels remained consistently low
throughout the entire period within the forested area. This observation may suggest the remarkable
ability of trees to mitigate pollution levels.

Keywords: ambient air; pollution; ozone; photoacoustic spectroscopy

1. Introduction

Ozone is a toxic gas that is part of the atmosphere and a main component of photo-
chemical smog. Its negative effects are amplified by climate change. Ground-level ozone
pollution poses a threat to both the environment and human health. This harmful gas is
generated in the atmosphere through the interaction of other pollutants in the presence
of sunlight. Volatile organic compounds (VOCs) and nitrogen oxides (NOxs) are the key
pollutants responsible for ozone formation, and their generation is influenced by various
factors, including meteorological variables and the quantity of solar radiation [1–4].

As can be seen in Figure 1, there is an entire process in ozone (O3) formation that
involves photochemical reactions between VOCs and oxides of nitrogen (NO and NO2), but
also PM2.5 (particulate matter with a diameter of 2.5 µm) which reacts with free radicals
(e.g., HO2), forming ozone [5]. Ground-level ozone, a highly reactive gas, is prevalent in
urban and suburban environments. A study conducted from 2015 to 2017, encompassing
258 million people across 70 cities in China, revealed a correlation between ozone air
pollution and an upswing in hospitalizations for heart disease [6]. The findings indicated
that each increment of 10 µg of ozone per m3 of air was associated with a 0.75% rise in
heart attack hospitalizations and a 0.4% increase in strokes. While these percentages may
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seem modest, the impact becomes “magnified to more than 20 times” when ozone levels
exceed 200 µg during the summer. The study suggests that exposure to ozone could be
linked to 15% of heart attacks and 8% of strokes [6].
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and individuals. To determine the concentration of ozone in the atmosphere, which is a 
mixture of many gases, traces of gases, and water vapor, it is necessary to use a very sen-
sitive and selective system. Laser spectroscopy successfully detects specific gases with 
high sensitivity, providing a fast response. Using infrared-based spectroscopic tech-
niques, such as photoacoustic spectroscopy, molecular gases can be detected at and below 
the ppb level (part per billion by volume, 1:109). For ultimate performance, optical detec-
tion techniques have to operate in the so-called “molecular fingerprint region”. The detec-
tion of gases at low concentrations is the strength of laser spectroscopy. Therefore, the 
detection of pollutants or other trace gases in ambient air is one of the key applications of 
this technique [10–14]. 

The primary objective of this study was to evaluate the efficacy of a laser spectroscopy 
system in accurately quantifying the concentration of O3 within the complex gas mixture 
present in the ambient air of Magurele, Romania. Additionally, the research sought to ex-
amine the influence of meteorological variables on ozone levels. Measurements of ambient 
air were taken at 1.5 m above the ground. The study was conducted in both the spring and 
the summer seasons and involved three distinct locations characterized by differences in 
architectural structure. The laser spectroscopy system served as the analytical tool, offer-
ing precise and detailed data on ozone concentrations in the specified locations and sea-
sons. 

2. Materials and Methods 
2.1. Sampling Sites 

The measurements to determine the ozone concentration at ground level were part 
of a campaign to determine several polluting gases in the ambient air. The campaign took 
place in the city of Magurele, Romania (44°20′58″ N 26°01′47″ E, 93 m altitude), from 
March to August 2021 [11]. Magurele serves as a satellite city to the country’s capital, Bu-
charest. Ozone measurements were realized in three distinct locations, which were chosen 
to exhibit variability in road configuration and environment characteristics. The location 
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Tropospheric ozone, with its capacity to oxidize other atmospheric gases, plays a
pivotal role in shaping the distribution of trace gases in the troposphere. It is recognized as
one of the six major pollutants, notable for its toxicity to ecosystems, human health, and
buildings [7–9]. While recent attention has been directed towards monitoring suspended
particles, particularly PM2.5 and carbon dioxide, it is essential to underscore that atmo-
spheric pollution involving ozone poses a tangible threat to the well-being of ecosystems
and individuals. To determine the concentration of ozone in the atmosphere, which is
a mixture of many gases, traces of gases, and water vapor, it is necessary to use a very
sensitive and selective system. Laser spectroscopy successfully detects specific gases with
high sensitivity, providing a fast response. Using infrared-based spectroscopic techniques,
such as photoacoustic spectroscopy, molecular gases can be detected at and below the
ppb level (part per billion by volume, 1:109). For ultimate performance, optical detection
techniques have to operate in the so-called “molecular fingerprint region”. The detection
of gases at low concentrations is the strength of laser spectroscopy. Therefore, the detec-
tion of pollutants or other trace gases in ambient air is one of the key applications of this
technique [10–14].

The primary objective of this study was to evaluate the efficacy of a laser spectroscopy
system in accurately quantifying the concentration of O3 within the complex gas mixture
present in the ambient air of Magurele, Romania. Additionally, the research sought to
examine the influence of meteorological variables on ozone levels. Measurements of
ambient air were taken at 1.5 m above the ground. The study was conducted in both the
spring and the summer seasons and involved three distinct locations characterized by
differences in architectural structure. The laser spectroscopy system served as the analytical
tool, offering precise and detailed data on ozone concentrations in the specified locations
and seasons.

2. Materials and Methods
2.1. Sampling Sites

The measurements to determine the ozone concentration at ground level were part of
a campaign to determine several polluting gases in the ambient air. The campaign took
place in the city of Magurele, Romania (44◦20′58′′ N 26◦01′47′′ E, 93 m altitude), from
March to August 2021 [11]. Magurele serves as a satellite city to the country’s capital,
Bucharest. Ozone measurements were realized in three distinct locations, which were
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chosen to exhibit variability in road configuration and environment characteristics. The
location were called P1, P2, and P3 (P1: 44◦21′02.7′′ N 26◦01′42.0′′ E; P2: 44◦21′10.4′′ N
26◦02′31.0′′ E; P3: 44◦22′09.6′′ N 26◦02′34.2′′ E, see Figure 2). Location P1 is situated within
the city, nestled in a circuitous path, encompassed by residential structures, and close to
both a kindergarten and a primary school. P2 is positioned within a forest, approximately
150 m from the Bucharest city ring road and 100 m from another thoroughfare. P3 is situated
in an industrialized zone, adjacent to the road linking the city of Magurele with Bucharest,
within an open field.
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of multicomponent analysis. The scheme of the photoacoustic (PA) detector used in deter-
mining the ozone concentration in ambient air is presented in Figure 3. This system com-
prises a CO2 laser, a PA cell, the detection unit, and a vacuum/gas handling system. 

Figure 2. Air quality monitoring in Magurele. (a) The 3 locations P1, P2, and P3 in Magurele for
ozone monitoring; (b) the position of Magurele city on the Romania map.

Ambient air samples were collected at a height of 1.5 m above the ground using
specialized containers/bags. Sampling occurred exclusively on working days, Monday
through Friday, within the time window from 8:30 am to 8:30 pm. At each location, a total
of six samples were collected, with three samples obtained during the morning period
between 8:30 and 11:30 am and another three samples collected during the evening period
between 5:30 and 8:30 pm. This sampling strategy provided a comprehensive representation
of the environmental conditions at different times of the day, allowing for a more thorough
analysis of variations in trace gases or other relevant parameters over the day. The dual-
sampling timeframes helped capture potential diurnal fluctuations and ensure a more
robust understanding of the environmental characteristics at each specific location.

2.2. Methodology

Passive ozone concentration measurements were conducted using a laser-based pho-
toacoustic spectroscopy (LPAS) system. This highly sensitive technique is capable of
detecting gas molecules at the ppb level [15–18]. The LPAS technique offers multiple
advantages such as high accuracy and selectivity, a large dynamic range, and the possibil-
ity of multicomponent analysis. The scheme of the photoacoustic (PA) detector used in
determining the ozone concentration in ambient air is presented in Figure 3. This system
comprises a CO2 laser, a PA cell, the detection unit, and a vacuum/gas handling system.
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stainless-steel PA cell with a volume of 1 dm3 was utilized. The PA cell design, including 
dimensions (300 mm length and 7 mm inner diameter), acoustic resonator tube, windows, 
gas inlets/outlets, microphones, and acoustic filter, was optimized to achieve an optimum 
signal. Therefore, the photoacoustic signal could be obtained at a given frequency, which 
in this case was 564 Hz, as follows: 𝑉 =  𝛼𝐶𝑆 𝑃 𝑐 (1)

where V (V)—photoacoustic signal; α (cm−1 atm−1)—absorption coefficient; C (Pa cm 
W−1)—cell constant; SM (VPa−1)—microphone sensitivity; PL (W)—laser; and c (atm)—gas 
concentration. 

Equation (1) suggests that the photoacoustic signal exhibits a linear dependence on 
the laser power. Additionally, the signal is directly proportional to the quantity of mole-
cules within the optical path, serving as an indicator of gas concentration. Consequently, 
employing this method yields no signal generation in the absence of the target molecules 
within a sample gas mixture, signifying a “zero-base” approach. At a signal-to-noise ratio 
SNR = 1, a minimum measurable signal V = Vmin is obtained, and the minimum concentra-
tion that can be detected by our photoacoustic system c = cmin is: 𝑐   /  (2)

The sensitivity of the LPAS system is susceptible to various types of noises, including: 
electrical noise; this noise is related to random fluctuations, whether electronic or acoustic. 
To mitigate the electrical noise, a lock-in amplifier set at a detection bandwidth of 0.25 Hz 
(1 s time constant) was employed in all measurements. The measured electrical noise (𝑉 ) 
was reduced to 0.15 µV/√Hz; coherent acoustic background noise; this noise can arise due 
to laser beam modulation. The LPAS system effectively addressed this type of noise dur-
ing the measurements; coherent background signal arising from the heating of the photo-
acoustic (PA) cell’s windows and walls, attributed to the reflection or scattering of light. 
This is frequently triggered by imperfections in the focusing lens, windows, or internal 
cell walls. 

All these noises were measured with the LPAS system at the resonance frequency 
and atmospheric pressure. The electrical noise was 𝑉 = 0.15 μV/√Hz, and the acoustic 
background noise was 𝑉 = 2.6 μV.  A background signal was also detected when the 
photoacoustic cell was filled with pure nitrogen of 99.9999% purity, 𝑉 = 2.7 μV or 9.6 × 
10−5 Pa/W. 
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concentrations.

The range of wavelengths in which the CO2 laser emitted in the LPAS system was
9.2–10.8 µm, grouped in the 9R, 9P, 10R, and 10P branches, covering 54 different vibrational–
rotational lines with a maximum power of 6.5 W. In this range, ozone molecules, in
particular, demonstrate significant absorption on the 9P(14) laser line at a wavelength (λ) of
9.5 µm, with an absorption coefficient (α) of 12.7 cm−1atm−1 [19].

In CO2LPAS (CO2 laser photoacoustic spectroscopy), the laser beam was modulated
by a mechanical chopper, and a dual-phase lock-in amplifier (Standford Research Systems
model SR 830) was employed for signal detection. To address outgassing problems, a
stainless-steel PA cell with a volume of 1 dm3 was utilized. The PA cell design, including
dimensions (300 mm length and 7 mm inner diameter), acoustic resonator tube, windows,
gas inlets/outlets, microphones, and acoustic filter, was optimized to achieve an optimum
signal. Therefore, the photoacoustic signal could be obtained at a given frequency, which
in this case was 564 Hz, as follows:

V = αCSMPLc (1)

where V (V)—photoacoustic signal; α (cm−1 atm−1)—absorption coefficient; C
(Pa cm W−1)—cell constant; SM (VPa−1)—microphone sensitivity; PL (W)—laser; and
c (atm)—gas concentration.

Equation (1) suggests that the photoacoustic signal exhibits a linear dependence on the
laser power. Additionally, the signal is directly proportional to the quantity of molecules
within the optical path, serving as an indicator of gas concentration. Consequently, employ-
ing this method yields no signal generation in the absence of the target molecules within a
sample gas mixture, signifying a “zero-base” approach. At a signal-to-noise ratio SNR = 1,
a minimum measurable signal V = Vmin is obtained, and the minimum concentration that
can be detected by our photoacoustic system c = cmin is:

cmin=Vmin/αPLR (2)

The sensitivity of the LPAS system is susceptible to various types of noises, including:
electrical noise; this noise is related to random fluctuations, whether electronic or acoustic.
To mitigate the electrical noise, a lock-in amplifier set at a detection bandwidth of 0.25 Hz
(1 s time constant) was employed in all measurements. The measured electrical noise
(Ve

N) was reduced to 0.15 µV/
√

Hz; coherent acoustic background noise; this noise can
arise due to laser beam modulation. The LPAS system effectively addressed this type of
noise during the measurements; coherent background signal arising from the heating of
the photoacoustic (PA) cell’s windows and walls, attributed to the reflection or scattering
of light. This is frequently triggered by imperfections in the focusing lens, windows, or
internal cell walls.

All these noises were measured with the LPAS system at the resonance frequency
and atmospheric pressure. The electrical noise was Ve

N = 0.15 µV/√Hz, and the acoustic



Environments 2024, 11, 9 5 of 14

background noise was Vac
N = 2.6 µV. A background signal was also detected when the

photoacoustic cell was filled with pure nitrogen of 99.9999% purity, Vb
N = 2.7 µV or

9.6 × 10−5 Pa/W.
The acoustic waves were detected using four microphones, each with a sensitivity

of 20 mV/Pa, mounted flush with the wall. The PA cell was characterized by a quality
factor (Q) of 16.1, a cell constant C of 4375 Pacm/W, and a responsivity R of 350 cmV/W,
representing its sensitivity to pressure changes. The CO2LPAS system is employed for
multicomponent analysis within the CO2 laser spectral range. Water vapor and carbon
dioxide fall into the category of absorbent interference from the atmosphere. To mitigate
the interference from carbon dioxide and water vapor and enhance the precision of the
photoacoustic (PA) signal, we integrated an enclosure with a potassium hydroxide (KOH)
scrubber between the sampling cell and the PA cell [20]. Following each measurement, a
thorough washing cycle with nitrogen 6.0 (purity 99.9999%) was conducted to uphold the
measurement quality (given nitrogen transparency to CO2 laser radiation). The background
signal was measured post-cleaning, with effective cleaning indicated by a signal of a
maximum of 35 µV (see Figure 4).
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Figure 4. The absorption spectra of CO2 laser radiation in pure nitrogen 6.0.

Air samples were gathered in specialized aluminum-coated bags and subsequently
introduced into the PA cell at a regulated flow rate by the gas handling system. This system
serves multiple functions, including monitoring both the total and the partial pressures of
gas mixtures, as well as evacuating the gas sample from the cell.

2.3. Meteorological Data

Meteorological variables, encompassing air temperature, relative humidity, atmo-
spheric pressure, wind speed, and direction, were gauged employing a Eurochron WS1080
meteorological station model. The external sensors utilized in the measurements wirelessly
transmitted the collected data to the central unit for further analysis and monitoring.
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3. Results

In the campaign to assess atmospheric ozone concentrations utilizing a laser spectroscopy-
based system, the measurements revealed levels on the order of ppb. During this timeframe,
the lowest ozone concentration was identified at the P2 location, corresponding to 7 ppb.
Conversely, the peak of ozone level was recorded at the P3 location, reaching 185.5 ppb.
Thus, during the entire period of measurement, the average value of ozone concentration
was 24.45 ± 16.44 ppb in point P1, 11.96 ± 3.80 ppb in P2, and 95.01 ± 37.11 ppb in point
P3. The mean ozone concentration values from March to August in the three measuring
points are presented in Figure 5.
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According to the European Union (EU), the ground-level ozone concentration should
be 120 µg/m3 (∼=61 ppb) [21] as the daily maximum 8 h mean, while the World Health
Organization (WHO) recommends a maximum of 100 µg/m3 (∼=51 ppb) [22]. To have an
overview of the frequency of the ozone concentration values throughout the measurement
period, their dispersion in the three points P1, P2, and P3 was examined, as shown in
Figure 6. In this figure, it can be seen that approximately 48% of the determined ozone
values exceeded the limit value of 51 ppb. To investigate and identify the meteorological
factors impacting ozone production from the surrounding air, we examined a temporal and
seasonal model of ozone levels. In our scenario, temperature emerged as a key influencer
of ozone levels, as illustrated by the concentration values depicted in Figure 7 monthly.

During the six-month period presented in Figure 7, the concentrations of ozone varied,
with the highest ozone values measured in July and August, and the peak in July. The
observed variations in the mean weekly ozone concentrations could be attributed to the
elevated temperatures recorded during the summer of 2021. In Magurele, this period
was marked by hot days, with maximum temperatures ranging between 31 ◦C and 40 ◦C,
tropical nights in July and August, and an exceptionally limited rainfall regime. The
temperature variations from March to August in Magurele are presented in Figure 8.
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The ozone concentrations exhibited variation during two distinct time intervals: the
first part of the day (8:30–11:30 am) and the second part (5:30–8:30 pm), as depicted in
Figure 9. The objective of our analysis was to juxtapose the ozone levels between the early
morning and the evening periods. This comparative assessment aimed to ascertain whether
ozone production was influenced by photochemical reactions in the surrounding air, under
the combined influence of temperature and solar radiation.
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Observing Figure 10 reveals a correlation between ozone concentrations and wind
direction, specifically, correlations with wind from the east (E) and northeast (NE) within
the range of 54 to 91.5 degrees, as well as from the south (S) and southwest (SV) within the
range of 180 to 273.9 degrees. Figure 11 shows the distribution of the ozone concentrations
in the P1, P2, and P3 points as a function of wind speed. In this figure, it can be seen that it
seems that part of the ozone concentrations were distributed in the range of 2.5–4 m/s.
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The results obtained indicated that environmental conditions, including landforms and
the area surrounding the monitoring LPAS, exerted a notable influence on the ozone values.

Based on the statistical analyses, our technique identified where the ozone limit levels
were exceeded (8 h maximum daily average ≥120.4 µg/m3). According to regulatory
standards, there was an exceedance of the ozone limit, accounting for approximately 48%
of occurrences in the year 2021. When we evaluated the period March–August 2021 using
statistical analyses, we observed that the ozone limit was exceeded in July, while when we
evaluated by statistical analyses the zones P1, P2, and P3, we observed that the target level
of ozone was exceeded in the P3 zone. With the help of the gas concentration measurement
system based on laser photoacoustic spectroscopy, the ozone concentrations at ground level
were determined, thereby also determining ozone values that exceed the imposed limits.

4. Discussion

In this investigation, laser spectroscopy was utilized to determine ozone concentra-
tions in ambient air. While sensors are commonly employed for detecting ozone levels, they
pose challenges as they may be inaccurate in detecting low ozone levels and are sensitive
to humidity changes [23–25]. Notably, a study conducted by Anthony Puga et al. in 2023
enhanced ozone measurement parameters using a cavity-enhanced absorption spectro-
scopic instrument, leveraging the deep-ultraviolet output of a broadband laser-driven
light source [26]. While various methods, such as optical, gas chromatographic, and mass
spectrometric techniques, have proven effective in detecting environmental trace gases [13],
laser spectroscopy has emerged as a promising and successful alternative. In comparison
with other ozone detection instruments [27–32], the LPAS instruments demonstrated a
distinctive advantage. They operate over a broader spectral region, mitigating interfer-
ence effects from other absorbing species like water [20]. This characteristic makes the
LPAS system well suited for applications requiring the detection of various species such as
benzene, toluene, methanol, carbon dioxide, acrolein, acetonitrile, and ammonia, among
others, where alternative instruments may be less readily available [33]. Although it is
acknowledged that instruments with superior parameters exist, their selection depends on
the specific application details [17].

In our study, we specifically measured ozone concentrations at a height of 1.5 m above
ground level, a significant level that corresponds to the breathing zone for both children and
adults. This measurement is essential because ozone exhibits low solubility in water. Once
inhaled through the upper respiratory tract, it cannot be easily cleansed and instead reaches
the lower respiratory tract, including the lungs. Upon reaching the lungs, ozone undergoes
reactions with proteins and lipids present in fluids, triggering lung inflammation [10]. This
underscores the importance of monitoring ozone concentrations at the breathing level to
better understand and address its potential health impacts, particularly the inflammatory
responses in the respiratory system associated with elevated ozone exposure. Ozone, a
significant toxic air pollutant at ground level in the troposphere, coexists with background
ozone, which is present at concentrations ranging from 10 to 20 ppb [5]. In the P2 point,
the ozone levels were in the 7–21.10 ppb range. These low levels of ozone were due to the
presence of trees that reduce the level of pollutants in the atmosphere, having a protective
role for humans [34]. In the P1 point, the ozone concentrations varied from 7.35 ppb to
52.92 ppb. This point is situated inside the city, surrounded by residential buildings, very
close to a primary school and a kindergarten. In the summer season, on days with high
temperatures, the ozone concentration values were higher, very close to the limit imposed
by the WHO of 51 ppb. The studied location is positioned in an area characterized by a high
traffic density, featuring buildings of varying shapes and heights ranging from one to three
levels. Despite occasional spikes in ozone concentrations, the overall mean concentration
remained low, closely resembling the background ozone level. The street morphology in
these areas plays a crucial role in influencing the volume of air in which pollutants emitted
by road traffic are dispersed. As Martin and Adnes highlighted, the dispersion of pollutants
in urban environments is significantly impacted by the interplay of buildings with diverse
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shapes and heights along with the layout of roads [35]. If the surrounding buildings are low,
then there is a higher potential for air dispersion and dilution. At the P3 location, situated
in an industrial area, the ozone concentrations ranged from 25.55 ppb to 185.50 ppb. In
both P1 and P3, the highest ozone concentrations were observed on days characterized by
elevated temperatures.

Ground-level ozone is produced through a photochemical reaction accelerated by
sunlight, particularly in the absence of wind or rain to disperse the air pollution. This
reaction involves the combination of two primary pollutants, NOxs and VOCs. These
pollutants are commonly emitted from various sources, including industrial plants, electric
utilities, vehicle exhaust, wildfire smoke, and activities related to oil and gas extraction.
The interaction of NOxs and VOCs in the presence of sunlight leads to the formation
of ground-level ozone, a key component of smog. In the cities, ozone formation and
destruction are complex processes and depend on solar radiation and pollutant emissions
from traffic. According to other studies, the ozone concentrations at the ground level present
seasonal, episodic, and diurnal fluctuations [36–39]. Zhang et al., in their study, highlighted
that the ozone concentrations tended to rise during periods of elevated temperatures in
the northeastern United States [40]. Their findings indicated that during the summer
season, as much as 84% of the variation in long-term peak ozone concentrations could
be attributed to changes in seasonal maximum average daily temperature and seasonal
average wind speed. Additionally, they noted that approximately 70% of the short-term
variation in ozone concentrations was influenced by the maximum daily temperature and
the average daily wind speed. This underscores the significant impact of temperature
and wind conditions on ozone levels in this region. This relationship between ozone
concentration and meteorological variables was also observed in our measurements, where
the highest ozone concentrations were determined in the days of July and August when the
air temperature reached and even exceeded 40 ◦C, with tropical nights and low wind speeds
between 2 m/s and 4 m/s. According to several studies, solar radiation and temperature
play a very important role in the chemical reactions that lead to the formation of ozone in
the atmosphere, having a positive correlation with ozone concentrations [41–45]. Indeed,
some studies demonstrated that the production of ozone in the environment can increase
with rising ambient temperatures even in cases where the concentrations of VOCs or NOxs
remain unchanged [46,47]; if the episodes of high temperatures are accompanied by low
winds that lead to the stagnation of air at the ground level, an increase in the concentration
of ozone will occur [48]. So, ozone concentration depends not only on the concentrations of
its precursors but also on certain meteorological variables such as elevated temperature,
low wind speed, wind direction, solar radiation, and the period during which a heat wave
persists [49,50].

From our ozone measurements, a high ozone concentration was found in the P3 point.
A significant influence on ozone concentration was observed to be exerted by the wind
speed, with a high wind speed associated with a low ozone concentration in ambient air.
The wind direction is an important variable of pollutant dispersion [51]. Wind speed and
direction represent meteorological factors that impact the concentration of ground-level
ozone, as indicated by our measurements. Bucharest is home to numerous power plants,
predominantly fossil fuel-based, which serve as significant contributors to particulate air
pollution [52]. The Romanian Ministry of Environment reported that the total annual
fuel consumption per power plant consists of 93.59% of natural gas, 6.4% of fuel oil, and
0.01% of diesel fuel [53]. Also, in the afternoon hours, there were big differences in ozone
concentrations compared to the first part of the day in all three locations in the spring and
summer seasons. This difference is consistent with the appearance of the most intense
photochemical processes in the second part of the day under the influence of solar radiation
and temperature [2].

The formation of O3 is acknowledged to be contingent on both sources and precur-
sors, as well as the chemical composition of the surrounding air. The chemical pathway
leading to the creation of tropospheric ozone commences with solar radiation catalyzing
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the photo-dissociation of NO2. The ensuing oxygen atoms subsequently engage with the
hydrocarbons present in ambient air, giving rise to the formation of ozone. Therefore, the
observed fluctuation in ozone concentration, with higher levels noted in the latter part of
the day, is attributed to the photochemical process [54].

As was mentioned above, the ozone level limit recommended by the EU is 61 ppb,
and that indicated by the WHO is 51 ppb. Thus, in location P3, the ozone concentrations
far exceeded the limits imposed by the WHO and the EU, especially in the summer season.

5. Conclusions

This study revealed the results of measuring ambient air ozone concentrations at 1.5 m
above the ground in three distinct areas with different architectural structures, utilizing
a CO2LPAS detector. The ozone levels showed a robust positive correlation with meteo-
rological variables and key human activities like road traffic and industry. The findings
indicated that the air quality standard was exceeded in the developing industrial area,
which is also undergoing residential expansion. The industrial zone recorded the highest
ozone concentrations, especially during the summer season. Meteorological variables, such
as increased solar radiation in the afternoon, contributed to higher concentrations during
summer compared to spring. Additionally, the wind direction and speed played a role in
altering the ambient air composition. Remarkably, the forested area consistently exhibited
the lowest ozone concentrations, underscoring the remarkable pollution-reducing capacity
of trees, despite heavy traffic within it.

This study emphasizes the intricate interplay between ozone levels, meteorological
conditions, and human activities, shedding light on critical considerations for air quality
management in the studied suburban setting. The objective of this study was to model the
climate within a small, yet highly significant, region, acknowledging the potential presence
of uncertainties in the projections. Various statistical approaches and combinations of
meteorological variables were explored. Future research should delve into dissecting the
distinct roles of climate change and variability on ozone levels. This is crucial for a more
comprehensive understanding of how climate influences surface ozone pollution.
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