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Abstract
In this work, based on the existing studies on photochemical reactions in the lower atmosphere, an analysis of the historical 
series of NOx, NO2, and O3 concentrations measured in the period 2015–2019 by two monitoring stations located in the urban 
area of Turin, Italy, was elaborated. The objective was to investigate the concentration trends of the contaminants and evalu-
ate possible simplified relationships based on the observed values. Concentration trends of these pollutants were compared 
in different time bands (diurnal or seasonal cycles), highlighting some differences in the dispersion of the validated data. 
Calculated [NO2]/[NOx] ratios were in agreement with the values observed in other urban areas worldwide. The influence 
of temperature on the [NO2]/[NOx] ratio was investigated. An increase of [NO2]/[NOx] concentration ratio was found with 
increasing temperature. Finally, a set of empirical relationships for the preliminary determination of NO2 concentration values 
as a function of the NOx was elaborated and compared with existing formulations. Polynomial functions were adapted to the 
average concentration values returned by the division into classes of 10 μg/m3 of NOx. The choice of an empirical function 
to estimate the trend of NO2 concentrations is potentially useful for the preliminary data analysis, especially in case of data 
scarcity. The scatter plots showed differences between the two monitoring stations, which may be attributable to a different 
urban context in which the stations are located. The dissonance between a purely residential context (Rubino station) and 
another characterised by the co-presence of residential buildings and industries of various kinds (Lingotto station) leads to 
the need to consider a greater contribution to the calculation of the concentrations emitted in an industrial/residential context 
due to a greater presence of industrial chimneys but also to more intense motorised vehicle transport. The analysis of the 
ratio between nitrogen oxides and tropospheric ozone confirmed that, as O3 concentration increases, there is a consequent 
reduction of NOx concentration, due to the chemical reactions of the photo-stationary cycle that takes place between the 
two species. This work highlighted that the use of an empirical formulation for the estimation of [NOx] to [NO2] conversion 
rate could in principle be adopted. However, the application of empirical models for the preliminary estimation of [NOx] 
conversion to [NO2] cannot replace advanced models and should be, in principle, restricted to a limited area and a limited 
range of NOx concentrations.

Keywords  Air quality · Photochemical smog · Nitrogen oxides · Ozone · Atmospheric pollution

Introduction

The sudden changes in lifestyles, the continuous growth of 
the world population, the progress of technologies applied 
to combustion, industrial and agricultural processes, and the 
indiscriminate use of the territory cause a continuous evolu-
tion of the characteristics of atmospheric pollution, which 
need to be understood in order to intervene with effective 
measures. Thorough knowledge of the behaviour of cer-
tain chemical compounds generating atmospheric pollu-
tion represents the key point for air quality improvement. 
Such knowledge is the basis for the planning of specific 
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interventions that aim to reduce possible repercussions on 
human health and ecosystems (Ravina et al. 2019). Nitro-
gen oxides (NOx) and ozone are among the most important 
pollutants contributing to the worsening of air quality in 
urban areas. Nitrogen oxides are classified according to the 
oxidation state of the nitrogen. The large quantity of dia-
tomic nitrogen present in the atmosphere (N2) undergoes a 
dissociation process when it comes into contact with an O 
radical, according to the reaction described by the Zel’dovic 
mechanism (Zeldovich 1946), giving rise to the formation 
of NOx. Of the seven nitrogen oxides, the most dangerous 
and important ones in the atmosphere are nitrogen monox-
ide (NO) and nitrogen dioxide (NO2). Nitrogen monoxide 
(NO) is a colourless gas; the limit value for the 8-h work-
ing exposure is 5 ppm. The exposure to a concentration of 
200 to 700 ppm can be fatal for humans. Nitrogen dioxide 
(NO2) is yellowish-brown in colour; the limit value for 8-h 
working exposure is 5 ppm. Long exposure times at concen-
trations of 100 ppm can lead to fatal consequences. For O3, 
international limits are between 0.05 ppm for the short-term 
exposure and 0.3 ppm for the long-term exposure (American 
Conference of Governmental Industrial Hygienists (ACGIH; 
U.S. National Institute for Occupational Safety and Health 
(NIOSH)). The health-based limit concentrations in the 
ambient air in Europe, as established by Directive 2008/50/
EU (European Union), are 40 μg/m3 for NO2 (yearly mean) 
and 120 μg/m3 for O3 (maximum daily 8-h mean). Emis-
sion trends, formation, and fate of NOx and O3 have been 
extensively investigated in the last decades (Ravina et al. 
2020a, 2020b). The main anthropogenic sources of NOx are 
identified in motor vehicles and stationary sources such as 
power stations and industries. From 1990 to 2018, accord-
ing to the data provided by the Italian Institute on Protec-
tion and Environmental Research, total emissions of NOx 
in Italy showed a reduction of about 68% (Italian Institute 
on Protection and Environmental Research 2018). Italy 
reached the objectives for 2010 identified by the National 
Directive on Emission Limits, which defined the target value 
of 990 Gg (European Union 2001). The revised European 
Directive on Emission Ceilings set a target for Italy of 35% 
reduction against 2005 emissions in 2030 (European Union 
2016). Despite the positive trend, reducing the presence of 
NOx and O3 still represents a challenge for administrations 
(Magaril et al. 2017).

The authors examined the formation of O3 and NOx in 
the urban environment and found that urban NO2, NOx and 
O3 concentrations are closely correlated. A non-linear rela-
tionship exists between NO2 and NOx (Trebs et al. 2012). 
It is well known that NOx acts as a key catalyst in the 
formation of tropospheric ozone (Crutzen and Lelieveld 
2001). The presence of nitrogen compounds together with 
volatile organic substances, catalysed by solar radiation 
and oxidising compounds such as OH- hydroxyl radicals, 

generate the end products of photochemical smog such as 
ozone O3 and nitrate-diperoxy-acetyl (PAN). The steady-
state concentration of O3 depends on the concentrations 
of NO and NO2. If NO2 concentrations increase, the ozone 
concentrations level off at a higher value, although they 
do not change over time (Seinfeld and Pandis 2016). The 
presence of HO2 peroxydril radicals, which are produced 
by reactions between volatile organic compounds and 
OH-oxydril radicals, causes them to react with nitro-
gen compounds, promoting a second phase of the NOx 
cycle, producing more NO2 and increasing O3 concentra-
tions accordingly. Although at present the mechanisms of 
photo-chemical reactions are well understood, concen-
tration trends and relationships among different players 
in the urban environment are influenced by a series of 
factors, the result of which is still sometimes difficult to 
predict (Degraeuwe et al. 2017). Meteorological factors 
(temperature, radiation, wind conditions, air humidity) are 
the main drivers of reactions equilibrium. Generally, in 
winter, high NO2 episodes can be associated to very low 
wind speeds, temperature inversions and a shallow, stable 
boundary layer. Summer episodes of NO2 are associated 
with ozone episodes, that is with hot, still, sunny days. 
Additional research efforts must then be addressed to the 
joint investigation, in form of monitoring and modelling 
analyses, of the natural and anthropic factors affecting 
photo-chemical reactions. This work, based on the existing 
studies on the formation and reaction of NOx in the atmos-
phere, analysed the historical series of NOx, NO2, NO, and 
O3 concentrations in the period 2015–2019 by two moni-
toring stations (Lingotto and Rubino) of the Regional Air 
Quality Monitoring System of the Piedmont Region, both 
located in the city of Turin, NW Italy. The study exam-
ined the distribution of NOx, NO2, and O3 concentrations 
in different time bands. The relationships between differ-
ent components were analysed, investigating the factors 
that affect the dispersion of the validated data. A set of 
empirical equations was then elaborated for the determi-
nation of NO2 concentration values as a function of NOx 
and temperature, with the aim of developing site-specific 
forecasting relationships to be applied to pollutant disper-
sion modelling. The obtained equations were subsequently 
compared with similar existing formulations developed in 
other urban areas worldwide. The final objective of this 
study was to evaluate the feasibility and limits of devel-
oping and applying a simplified empirical model for NOx 
to NO2 concentration conversion. The deeper knowledge 
of conversion mechanisms is of basic importance for the 
evolution of local air quality planning strategies, as dif-
ferent pollution sources contribute differently in terms of 
quali-quantitative characteristics of the emissions. Such 
analysis could also provide relevant support to the study 
of particular emission scenarios, as occurred during the 
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COVID-19 sanitary emergency when the emission char-
acteristics of different sources varied consistently if com-
pared to ordinary conditions (Marinello et al. 2020).

This manuscript is organized as follows. In the “State of 
the art” section, an analysis of the state of the art on NOx/
NO2/O3 studies and relationships is reported. Data analysis 
methodology of the present study is reported in the “Meth-
odology” section. Results are presented in the “Results” sec-
tion and discussed in the “Discussions” section.

State of the art

NOx, NO2, and O3 concentration relationships

The presence of nitrogen compounds together with volatile 
organic substances, catalysed by solar radiation and oxidis-
ing compounds such as OH hydroxyl radicals, generates the 
end products of photochemical smog such as ozone O3 and 
peroxyacyl nitrates (PAN). Ozone, which in the stratosphere 
is essential for shielding the passage of ultraviolet radia-
tion, is harmful and toxic in the troposphere. The reactions 
involving nitrogen compounds and O3 in the photochemical 
cycle are reported in Eqs. 1 to 3.

The three reactions are practically cyclic: reaction II pro-
duces ozone and reaction III destroys it. The steady-state O3 
concentration depends on NO and NO2 concentrations. If 
NO and NO2 concentrations increase, ozone concentrations 
do not change over time, but level off at a higher value. This 
process is known as the photo stationary cycle.

Investigation of the photo-stationary reactions began 
in the early sixties with the seminal work of Leighton 
(Leighton 2014). In 1993, Bower et al. (Bower et al. 1993) 
summarised the chemistry of urban NOx in eight reactions 
with NO2, NOx, and O3, light (λ ≤ 420 nm), third body M, 
hydrocarbon RH, radical R*, peroxide radical RO2, radical 
RO, and finally, O2 for the slow three-body reaction with 
NO. The main chemical sinks for NO2 include reactions with 
OH, forming HNO3 during the day, and with O3 at night. 
Regarding the O3/NOx ratio in the short term in urban areas, 
the main factor identified was the removal of O3 from emit-
ted NOx, which is a dominant loss process for O3 whenever 
local NO concentrations exceed 35 ppb. A parameter to be 
taken into account when analysing concentrations of nitro-
gen compounds is the total oxidant OX (NO2 + O3), which 
is characterised by lower values at night and higher values 

(1)I NO2 → NO + O

(2)II O + O2 + R → O3 + R

(3)III O3 + NO → NO2 + O2

during the day. In the warmer months of the year, an increase 
in oxidant concentrations is observed, peaking in the mid-
afternoon, due to the oxidation of NO by peroxide radicals 
with a consequent increase in O3 concentrations. The [NO2]/
[NOx] ratio is an important indicator of the state of the 
photo-catalytic equilibrium. Different studies analysed this 
ratio in urban and rural environments. Bower et al. (1993) 
observed that, overall, the [NO2]/[NOx] yield varied from 
0.17 to 0.5 at the kerbside, 0.47 to 0.59 at urban background 
sites, and about 0.85 at rural stations. This reflected the dilu-
tion of NOx as travel distance increases and hence the greater 
availability of O3. Important confirmations were recently 
given by the ESCAPE study (European Study of Cohorts 
for Air Pollution Effects). In this study, the spatial varia-
tion of NO2 and NOx concentrations between and within 36 
study areas across Europe was analysed. The results con-
firmed that [NO2]/[NOx] concentration ratios were higher 
at urban background sites. Variability was in general high 
between the street and urban background (Table 1). This and 
other studies confirm that the increased [NO2]/[NOx] ratios 
in urban areas in Europe are related to the increased NO2 
emissions of road traffic sources (Degraeuwe et al. 2016; 
Kurtenbach et al. 2016). Primary NO2 emissions are mainly 
due to diesel-fuelled vehicles (Anttila et al. 2011; Carslaw 
et al. 2011). In addition, exhaust gas treatment devices (oxi-
dation catalysts) used for reducing particulate matter emis-
sions by diesel vehicles contribute to an increasing fraction 
of primary NO2 in NOx (Williams and Carslaw 2011).

These findings show that air quality planning strategies 
should give privilege to actions that focus on the traffic sec-
tor (Borrego et al. 2012). Considering temporal variability, 
a study conducted in Delhi, India, focused on a short period 
in 2012. Large variations were observed in the NO (<1 ppbv 
to a peak of 295 ppbv), NO2 (<2–47 ppbv) and O3 (4–95 
ppbv) mixing ratios, all of which showed strong diurnal 
variation (Chate et al. 2014). Kasparoglu et al. (2018) also 
analysed the continuous measurements of the hourly O3, NO 
and NO2 concentrations at 7 rural and 15 urban sites in the 
Marmara Region of Turkey during the period from March 
2013 to April 2016. The results showed an opposite behav-
iour among O3 and NOx in both rural and urban sites. Other 
analyses showed that at sites with low O3 concentrations 
and abundant NOx concentrations, the [NO2]/[NOx] ratio 
was about 0.4 over a fairly wide range of NOx. The work of 
Kallend (1995) focused on the dispersion of NOx over large 
distances and the possible causes of oxidant production at 
ground level and O3 generation in the troposphere. Plume 
monitoring was carried out over distances of up to approxi-
mately 100 km, with the aid of special tracers so that the 
chemical evolution of individual plumes could be correlated 
with their emission points. The authors concluded that in 
plumes, NOx can remain unoxidized for long travel times 
and long distances when dispersion is slow and precursor 
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mixing in the plume is limited. Janssen et al. (1988) meas-
ured the [NO2]/[NOx] ratio as a function of downwind plume 
travel distance. They expressed this ratio in terms of O3 con-
centration, wind speed, and downwind distance. However, 
the practical application in real plumes cannot be separated 
from the parameterization of weather conditions.

Analytical and empirical models

In recent years, several methods have been proposed for 
evaluating the amount of NO2 that is formed from NO. These 
include total conversion (U.S. Government Printing Office: 
Washington, D.C. 1996), the ambient ratio method (ARM) 
(Chu and Meyer 1991), the ozone-limiting method (OLM) 
(Cole and Summerhays 1979), and the plume volume molar 
ratio (PVLM) (Hanrahan 1999). This latter is still one of the 
most employed in dispersion modelling, as it better simu-
lates the NO-to-NO2 conversion chemistry during plume 
expansion. More recently, NOx chemistry schemes were also 
implemented in Lagrangian dispersion models. For exam-
ple, Oettl and Uhrner (2011) implemented a hybrid scheme 
in the GRAL-C dispersion model, where the transport and 
turbulent diffusion of primary species such as NO and NO2 
were treated in a Lagrangian framework while those of O3 
were treated in a Eulerian framework. Despite the results 
achieved, the correct estimation of NOx to NO2 conversion, 
especially in urban areas and roadways, is still a challenge 
of dispersion modelling. A study conducted in Las Vegas, 
USA (Kimbrough et al. 2017), showed that under high O3 
conditions, NOx chemistry is driving the [NO2]/[NOx] ratios, 
whereas under low O3 conditions, atmospheric mixing is the 
driving factor. This aspect is not taken into account by the 

chemical formulations implemented in dispersion models. 
Thus, ambient measurements must be analysed and pro-
cessed. As a result, empirical relationships can be derived 
and applied to a restricted spatial or temporal frame. The 
considerable advantage of determining NO2 concentrations 
in relation to NOx using an empirical polynomial function is 
that it provides a rapid estimate of NO2 concentrations that 
can also be useful in assessing possible future scenarios. 
In the following, four different empirical formulations are 
reported. These formulations were employed for comparison 
in the present study. The reported models are all in dimen-
sional form; thus, users must employ the correct units at the 
time of their application.

Derwent‑Middleton curve

The study conducted by Derwent and Middleton (Derwent 
and Middleton 1996) analysed hourly ppb concentrations of 
NOx, sorting the considerable amount of data into 10 classes 
per ppb together with the NO and NO2 concentration values. 
The concentration values were then averaged for each indi-
vidual bin to derive a curve fit to the upper limit of the NOx 
bin. The relationship used is as follows:

where the square brackets indicate the hourly average con-
centration in ppb, and A10 = log([NOx]). This function was 
applied in the range 9.0 ppb < [NOx] < 1141.5 ppb. Below 
9.0 ppb of NOx, the efficiency of [NO2]/[NOx] ratio was 
limited to 0.723. Above 1141.5 ppb of NOx, [NO2]/[NOx] 
ratio was limited to 0.25.

(4)

[

NO2

]

= 2.166 −
[

NOx

](

1.236 − 3.348A10 + 1.933A10
2 − 0.326A10

3
)

,

Fig. 1   Location of the monitor-
ing stations and land use clas-
sification of the area.
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Dixon‑Middleton‑Derwent polynomials

The Dixon et  al. study (2001), on the basis of a larger 
amount of data in the curve fit than that used by Derwent and 
Middleton (1996), investigated the validity of new empirical 
relationships at several sites. The point of significant differ-
ence from previous studies was to consider the ratio between 
NO2 and NOx concentrations as a dimensionless yield:

where [NOx] = [NO] + [NO2] (ppb), and 0 ≤ Y ≤ 1 
(dimensionless). The monitoring data were sorted by 
increasing NOx concentrations in bins 10 ppb. The study 
defines NOx concentrations as the only independent variable, 
thus assuming a significant simplification of dispersion and 
chemical processes to determine NO2 yield. The resulting 
function for defining the yield is reported in Eq. 6:

At urban sites, dimensionless parameters A, B, C, and E 
of the function take on the following values:

The authors indicated a root mean square error (RMSE) 
of about 30 - 50% of the annual mean concentrations. A 
study carried out by Carslaw et al. (2001) focused on hourly 
NO2 curves as a function of NOx. The authors theorised 
that there are three distinct parts to the curve produced by 
averaging each bin according to the Derwent and Middle-
ton method: a region in excess of O3 (where NO2 increases 
rapidly with NOx at low values), a region with limited O3 
(where NO2 increases slowly with respect to NOx), and a 
peak related to a winter episode where NO2 increases again, 
probably due to the three-body NO + O2 reaction.

Clapp

The study conducted by Clapp (2001) investigated the influ-
ence of solar radiation on O3, NO and NO2 concentrations as 
a function of NOx in rural and urban environments. Varia-
tions in O3 concentration at the global level influence O3 and 
NO2 concentrations at the local level, and consequently, the 
response of NO2 to NOx emission reduction is highly non-
linear. In relation to the total concentrations of oxidants OX 
(Eq. 8, ppb unit), Clapp studied how this varies with NOx 
concentrations.

The plot of the OX parameter as a function of NOx 
showed a linear trend characterised by a positive intercept, 

(5)Y =

[

NO2

]

[

NOx

] ,

(6)Y2 = A + BA10 + CA10
2 + DA10

3 + EA10
4
.

(7)Y2 = −3.08308 + 7.472477A10 − 5.11636A10
2 + 1.381938A10

3 − 0.12919A10
4.

(8)[OX] =
[

O3

]

+
[

NO2

]

.

indicating a value that is a function of the region under 
observation, and an upward slope representing local or 
primary NOx emissions. On the basis of this evidence, the 
authors identified two main contributions to diurnal con-
centrations of total oxidants: a regional (or background) 
contribution that is close to O3 and largely independent of 
NOx, and a local contribution that is correlated with (i) the 
primary contribution of local NOx emissions to local NO2, 
(ii) local oxidation of NO to NO2 by O2, and (iii) local emis-
sions of some species, such as HONO that may contribute 
to the conversion of NO to NO2. The study yielded the fol-
lowing relationship (ppb unit):

In the regulatory field, this study could be used to intro-
duce more restrictive limit values for the species under 
study, at certain times of the year, when significant varia-
tions in regional contribution due to photochemical episodes 
are expected.

Jenkin (2004a) also reported an idealised equation to 
determine NO2 concentrations as a function of NOx, given 
the total concentration of oxidants OX (Eq. 10).

where

In Eq. 11, J is the NO2 photolysis rate [s-1] and K is the 
chemical reaction rate constant for NO + O3 [ppb-1 s-1]. The 
author used annual mean values equal to J = 2.2 ∙ 10-3 s-1 
and K = 3.7 ∙ 10-4 ppb-1 s-1, from which a J/K ratio of 5.9459 
ppb derives.

The importance of the parameter OX is highlighted in 
Clapp (2001) where monitoring data were used to define 
the trend of OX concentrations in relation to NOx concen-
trations, resulting in straight graphs with Eq. 12 (ppb unit):

where slope A represents the gradual increase in local OX 
as NOx increases, and intercept B, which is a constant and 
NOx-independent OX value, represents the regional oxidant 
concentration. The results obtained from the study show that 
the values of the slopes vary according to the region under 
study, with most of the values falling in the range 0.1–0.2, 
unlike the values of the intercepts, which are very similar and 
almost all fall in the range 33 ± 1 ppb. Jenkin’s method made 
possible, on the basis of the concentrations of the regional 
oxidant and the local oxidant, to plot the annual average 

(9)[OX] = 0.104
[

NOx

]

+ 31.1

(10)[

NO2

]

=

−Z ±

√

Z2 − 4
[

NOx

]

[OX]

2
,

(11)Z = −

(

[

NOx

]

+ [OX] +
J

K

)

[

ppb
]

,

(12)[OX] = A
[

NOx

]

+ B,
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of NO2 against NOx, and could be used to predict possible 
increases in the regional oxidant in relation to climate change.

Jenkin and Stedman et al.

The Jenkin study (2004a) looked at estimating the annual 
average NO2 and the annual average O3 as a function of 

Fig. 3   Trend of concentra-
tions during the data collection 
period in a Lingotto station and 
b Rubino station

Fig. 2   Wind distribution for the 
year 2019 in Turin
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the annual average local NOx. The sites under considera-
tion relied on the monitoring of the species under study so 
that the OX parameter could immediately be determined. By 
defining the concentrations of the regional oxidant (intercept 
B) and the local oxidant (slope A), it was possible to divide 
the sites analysed into two groups based on the proximity 
of the measuring station to nearby roads. Equation 13 was 
used to include data from sites close to roads. Equation 14 
was used for sites located at a certain distance from roads.

where x is equal to [NOx] (ppb unit);
Jenkin’s formulation for sites that are at a fair distance 

from roads is in agreement with another formulation from a 
study by Stedman et al. (2001, Eq. 15).

where the factor χ (dimensionless) varies according to the 
location of the site (usually 1.58–1.76).

This method was further analysed by Jenkin (2004b), con-
sidering hourly measurements, finding that under conditions 
of low NOx concentrations, typically at night during the sum-
mer period, NO2 was only 25% of the OX. Conversely, under 
conditions of high NOx concentrations, typically during day-
time hours of the winter period, NO2 constituted most of the 
OX. Based on the reported information, it is suggested that 
the variation in NO2 and NOx concentrations depending on 
the time of day and seasonality of the measurements should 
be taken into account for the assessment of limit concentra-
tions in relation to environmental quality standards.

Methodology

This work involved the analysis of the time series of hourly 
averages of nitrogen species concentrations. The data used 
to study the relationships between nitrogen species in the 
tropospheric domain were obtained from the air quality 
monitoring system of the Piedmont Region, Italy (Piedmont 
Region Environmental Protection Agency).

Description of the area

Turin, the capital of the Piedmont region, is a highly indus-
trialized city and densely populated metropolitan area, 

(13)

[

NO2

]

[OX]
= f1

(

NOx

)

= 8.962 × 10
−2 + 1.474 × 10

−2x − 1.290 × 10
−4x2

+ 5.527 × 10
−7x3 − 8.906 × 10

−10x4,

(14)

[

NO2

]

[OX]
= f2

(

NOx

)

= 1.015 × 10
−1 + 1.367 × 10

−2x

− 6.127 × 10
−5x2 − 4.464 × 10

−8x3,

(15)
[

NO2

]

= �
([

NOx

])0.6887
,

enjoying a humid subtropical climate. Turin is the fourth 
largest city in Italy, with around 870, 000 inhabitants and a 
population density of 6, 730 inhabitants/km2 (Figure 1). It 
is located in the Po Valley, northern Italy. Due to the high 
anthropogenic activity and its geophysical conformation, 
the Po valley is presently one of the most polluted areas 
in Europe (Ravina et al. 2017). The city suffers from low 
dissolution of pollutants, since it is surrounded by the Alps 
and hills in the North, West and East. This area is character-
ized by low winds, in particular during summer and winter. 
The average value of wind speed from 1990 to 2004 was 
0.9 m/s. The wind distribution of the year 2019 is reported 
in Figure 2. The average annual number of wind calm days 
was equal to 75 (Piedmont Regional Environmental Agency 
2007). During the cold season, pollutant dispersion is mainly 
regulated by local breeze regimens and soil heat-induced 
turbulence, which is minimum from December to February. 
Precipitations are minimum in January.

According to the data provided by the Regional Emission 
Inventory (Piedmont Region 2015), total NOx emission in 
Turin in 2015 was 7, 671 t, with the following contribu-
tion of emission source typologies: residential combustion, 
13%; industrial activities, 14%, road traffic, 71%; and other 
sources, 2%.

Data acquisition and processing

The observed concentrations cover the period from 2015 
to 2019 at two monitoring stations located in the munici-
pality of Turin, respectively the Turin-Lingotto station and 
the Turin-Rubino station (Figure 1). Both stations are clas-
sified as urban background stations. The instruments used 
to measure the concentrations of nitrogen oxides at the 
Torino-Lingotto and Torino-Rubino monitoring stations are 
the TELEDYNE API 200E and the TELEDYNE API 200A, 
respectively (Teledyne). Both instruments return an hourly 
average concentration value using the chemiluminescence 
measurement method as specified by UNI EN 14211:2012 
(UNI EN 2012). These instruments use a cooled photo-mul-
tiplier tube (PMT), to detect the amount of light created by 
the NO and O3 reaction in the reaction cell. Measurements 
are affected by intrinsic noise. To determine how much 
noise remains, the sample gas flow is periodically diverted 
directly to the vacuum manifold without passing the reaction 
cell, performing an auto-zero corrected reading. The con-
centration of ozone is measured with the TELEDYNE API 
400E instrument in both stations. This system is based on 
the Beer-Lambert law. A 254 nm UV light signal is passed 
through the sample cell where it is absorbed in proportion to 
the amount of ozone present. Measurements were validated 
by the Piedmont Region Environmental Agency. Validation 
efficiency results of 90%, as required by national and EU 
regulations. The mean value of NO2 concentrations was 
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determined for all validated data in relation to the two meas-
urement stations. The method adopted is the one described 
in Carslaw et al. (2001) used to determine the annual mean 
NO2 concentration, adapted to the present case study. The 
average was obtained by sorting the NOx concentrations into 
frequency classes, with a range of 10 μg/m3, and averaging 
the NO2 concentrations for each of the respective classes. 
The class averages were multiplied by the number of obser-
vations in each class. Finally, the average concentration 
[NO2] (μg/m3 unit) was calculated by dividing the sum of 
the product of the averages [NO2(i)] and their frequencies 
F(i) by the number of total observations Ntot (Eq. 16):

The analysis was differentiated considering the hot 
and the cold season. The period from April to September 
was considered for the hot season and the remaining 6 
months of the year for the cold season. With regard to the 
day-night observation interval, hourly average concentra-
tions from 7 a.m. to 7 p.m. were taken into account for 
the daytime period and the remaining twelve hours for the 
nighttime period. The total number of data to be analysed 
is reported in Table 2. An initial assessment showed that 

(16)
�

NO2

�

=

∑n

i=1

�

NO2(i)
�

F(i)

Ntot

.

above a value of 500 μg/m3 for NOx concentrations, the 
number of data decreased significantly. For this reason, it 
was chosen to work on a concentration range of 0 to 500 
μg/m3.

Although some of the NO2 concentrations in the atmos-
phere are related to primary NO2 emissions, ambient NO2 
concentrations are mainly attributed to the secondary pro-
duction of NO2 in the atmosphere through photochemical 
processes. The evolution of nitrogen oxides in relation to 
ozone concentrations at both monitoring stations was thus 
analysed. Several studies showed that, due to the chemical 
interaction of O3 with nitrogen oxides NOx, NO2, and O3 
concentrations are strongly linked to each other (Clapp 
2001). Finally, the relationship between nitrogen species 
and the temperature was analysed. This phase of the study 
considered the concentrations of NOx and NO2 during the 
year 2018 only, in relation to the temperatures measured 
at a meteorological station near the city centre of Turin.

Empirical relationships

Unlike the study produced by Clapp (2001), which takes 
into account not only the total concentrations of oxidants 
present but also the kinetic constant K and the parameter J 
(also improperly a kinetic constant), the model adopted in 

Fig. 4   Average concentra-
tion values over the day in a 
Lingotto station and b Rubino 
station
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this study for the definition of the empirical relationships 
is based on the work carried out by Derwent and Middle-
ton (1996) and by Dixon et al. (2001). In both studies, the 
observed concentration values are arranged in ascending 
order and divided into classes. While Derwent and Mid-
dleton defined a polynomial equation that expressed the 
NO2 concentration as a function of the logarithm of the 
NOx concentration, Dixon elaborated a polynomial func-
tion still related to the logarithmic function of the NOx con-
centration, but which returned a dimensionless value of the 
[NO2]/[NOx] ratio. On the basis of these considerations, the 
polynomial functions were derived on the basis of the aver-
age values returned by the division into classes of 10 μg/

m3 as a function of the NOx species. Polynomial functions 
were evaluated with Matlab software polyfit function, which 
adopts a least-squares approach.

Results

Temporal trends

The trend of the average NOx and O3 concentrations derived 
during the 5 years considered is reported in Figure 3.

Figure 3 shows a downward trend in NOx concentrations 
for both monitoring stations, with a slight upward trend 

Fig. 5   Average OX concentra-
tion over the day in a Lingotto 
station and b Rubino station

Fig. 6   Detection frequency of 
NOx concentrations: a Lingotto 
and b Rubino
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in 2019. With reference to the legal limit for atmospheric 
emissions of 40 μg/m3 for NO2 (Italian Republic 2010), this 
threshold was exceeded in 2016 and 2017 for the Lingotto 
station, and in 2015 for the Rubino station. The trends of the 
other observed chemical species are substantially similar in 
the two graphs, except for a higher NO2 concentration than 
O3 concentration in 2015 for the Rubino station, coinciding 
with the highest averaged NOx value. In order to match the 
relationship between NO2 concentrations and ground-level 
ozone, the validated data were divided according to the time 
of detection and then averaged to report the 24-h trend of the 
chemical species under study.

In Figure 4, a bimodal trend is evident for NOx, with 
concentration peaks in morning hours, around 9 a.m., 
and in the evening hours between 9 p.m. and 10 p.m. The 
close dependence between NO2 and O3 is confirmed by 
the concentration trends of the two species. In fact, in both 
figures, a counter-phase trend of the two curves can be 
observed, which is more evident in the time band between 
10 a.m. and 8 p.m. in which the maximum of O3 concen-
tration corresponds to the minimum of NO2 concentration. 
It should also be noted that the maximum O3 concentra-
tion corresponds to the minimum NOx concentration. This 
shows that, as the concentration of O3 increases, there 
is a consequent reduction of NOx concentrations. This is 
due to the chemical reactions between nitrogenous species 
and tropospheric ozone, belonging to the photo-stationary 
cycle of ozone formation, which is activated by solar radi-
ation and begins with the photolysis of NO2.

A further parameter that is widely used to assess the 
interconnections between nitrogen species and tropo-
spheric ozone is the level of photochemical oxidant OX, 
defined as the sum of O3 and NO2 concentrations. Several 
studies have observed that at low NOx concentrations, the 

main component of OX is O3, while NO2 is the dominant 
component of OX under conditions of high NOx concen-
trations (Jenkin 2004a). In Figure 5, reporting the photo-
chemical oxidant trend for the two monitoring stations, a 
well-defined concentration trend can be observed, char-
acterised by a minimum point around 7 a.m., followed by 
a rise in concentrations culminating around 3 p.m., and a 
gradual decrease until 12 p.m.

Average concentrations of NO2, NOx, and NO (cold/
hot, night/day)

Concentration distributions (Figure 6) show a substantially 
equal trend among the two monitoring stations, with frequency 
peaks in the intervals between 10 and 20 μg/m3 and 20 and 

Fig. 7   Scatter plot of the overall data for a Lingotto station and b Rubino station

Fig. 8   [NO2]/[NOx] trend at the two monitoring stations
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30 μg/m3, followed by a gradual decrease. Marked differences 
are observed at both stations when comparing the frequency 
distributions between the hot and cold seasons. Specifically, 
in the warm season, the data show a marked peak in the inter-
vals between 10 and 20 μg/m3 and 20 and 30 μg/m3, followed 
by a rapid decrease. On the contrary, in the cold season, the 
trend is dissimilar. This can be explained by two factors: the 
increase of NOx emissions due to residential heating and the 
meteorological conditions, i.e., less solar radiation dissociat-
ing NO2 into NO. Lastly, when comparing day and night time 
intervals, during the daytime the peak is distributed over two 
intervals, while, at night, the highest frequency is found in the 
20–30 μg/m3 interval.

[NO2]/[NOx] relationship

On the basis of the validated data of NOx and NO2 concentrations, 
scatter plots and NOx vs NO2 curves for the data were elaborated.

Figure 7 shows an equal distribution of the concentrations 
between the two measurement stations, except for a tail in the 
scatter plot of the Lingotto station, included in the range 600 
÷ 1000 μg/m3 of NOx. This highlights a specific condition in 
which this particular distribution of concentrations occurs, 
i.e., low temperatures and absence of solar radiation, but at 
the same time does not explain why. Given the same boundary 
conditions, this distribution of points is not also present in the 
scatter plot relative to the Rubino station. A possible reason 
can be the presence of more industrial/residential emissions 

Fig. 9   Scatter plot of concentrations observed at the Lingotto station in a daytime and b nighttime

Fig. 10   Measured NOx and NO2 
concentrations in Turin, Italy, 
and related polynomial fit
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and a more intense road traffic close to the Lingotto station. 
Recent studies carried out in various urban areas indicate pre-
cisely how potential emissions from motor vehicles affect NO2 
concentrations (Carslaw and Beevers 2005; Kimbrough et al. 
2013; Richmond-Bryant et al. 2017). These studies show an 
increase in the [NO2]/[NOx] concentration ratio due mainly 
to emissions from road transport, and attributable mainly to 
the use of particulate filters in diesel cars. This increase in the 
[NO2]/[NOx] ratio as a function of motor vehicle emissions is 
reflected in Figure 8 where a different concentration trend is 

observed once the 240 μg/m3 NOx value is exceeded, with a 
higher [NO2]/[NOx] ratio in the Lingotto station with respect 
to the Rubino station. This increase in NO2 concentrations 
at the Lingotto station was observed in all the time periods.

With regard to the analysis of the daytime and nighttime time 
bands, the scatter plots reported in Figure 9 show how concen-
trations are distributed in a similar manner for both stations 
and emphasize that, unlike the nighttime distributions, the con-
centration values measured in the presence of light are mainly 
concentrated below 80 μg/m3 for NO2. This difference between 

Fig. 11   Distribution of concentrations in relation to the different temperature ranges at a Lingotto station and b Rubino station
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daytime and night-time distributions is easily explained by the 
contribution of solar radiation, which dissociates NO2 into NO.

In the final part of this work, empirical relationships were 
derived for the overall dataset and for all the time frames 
considered in the statistical analysis.

Curve fitting was elaborated by using the Matlab software, 
employing the Polyfit function and searching for the adequate 
polynomial degree for the fitting of the empirical curve to the 
input data. The best fitting was selected based on the highest R2 
and lowest RMSE values. The procedure yielded a polynomial 
function of degree 5, with the following general equation:

where y = [NO2] and x = [NOx] (μg/m3 unit). The param-
eters and stats of the equation obtained are reported in 
Table 3. Figure 10, which reports the approximation curves 
of the polynomial function for the Lingotto station and the 
Rubino station, shows a similar trend between the two func-
tions, with a rapid rise in NO2 concentrations in the range 0 
÷ 100 μg/m3 of NOx, followed by a gentler rise in the curve. 
It is interesting to note that, in both graphs, there is a slight 
inflection point in the range of 140–160 μg/m3 NOx. The 
reasons of this trend are not clear and should be investigated 
against additional datasets, to discern if it is due to physi-
cal factors, or rather be fictitious due to a high uncertainty 

(17)y = p1 ∙ x5 + p2 ∙ x4 + p3 ∙ x3 + p4 ∙ x2 + p5 ∙ x + p6,

affecting the concentration observations. The only differ-
ence is found at high concentrations, where the curve for the 
Lingotto station has an upward tail, while the curve for the 
Rubino station ends in line with the trend of the function.

Influence of temperature

The scatter plots of NO2 concentrations as a function of 
NOx, classified on the basis of different temperature ranges, 
are reported in Figure 11.

In Figure 11, it is evident that the range 0 ÷ 100 μg/m3 
for NOx, is characterised by temperature ranges above 20°C, 
with NO2 concentration values increasing as the temperature 
decreases. In the range 100 ÷ 300 μg/m3 for NOx, there is 
a denser distribution that occupies a wider domain of NO2 
concentrations, ranging from 20 to 80 μg/m3, with tem-
peratures mainly between 5 and 20 °C. Above 300 μg/m3 
of NOx, a greater dispersion of the distribution is observed 
with temperatures not exceeding 10 °C. Finally, the best fit 
for the distribution of [NO2]/[NOx] concentration ratios as 
a function of temperature was investigated. Among the pos-
sible solutions, although the application of a polynomial fit 
yielded the best stats, this relationship was best approxi-
mated by applying a sigmoid function in the form of:

Fig. 12   [NO2]/[NOx] ratio as a function of temperature at a Lingotto station and b Rubino station in Turin, Italy. The figures report the measures 
and the data fitting
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In this case, y = [NO2]/[NOx] and x = temperature (°C). 
The application of a sigmoid function was selected because 
it better described the physical phenomena of NOx to NO2 
conversion, which imply the presence of a lower and upper 
limit. The parameters and stats of this second relationship are 
reported in Table 4. Both graphs reported in Figure 12 show 
that for low temperatures, up to 3–5 °C, the [NO2]/[NOx] 
ratio is constant or it increases slightly, staying in the range 
of 0.2–0.3. In the central part (temperatures between 5 and 15 
°C), the ratio increases quite rapidly until a peak. In the final 
part (temperatures above 15 °C), [NO2]/[NOx] tends to an 
upper limit corresponding to a ratio of 0.8–0.9. As expected, 
the complete conversion of NOx to NO2 is never reached.

Comparison of empirical relationships

The empirical relationships obtained in this study were com-
pared with the curves produced by the empirical relation-
ships of previous studies, applied to the concentration values 
measured in Turin. The averaged values were recalculated 

(18)y =
a + b

c + e−dx
and converted from μg/m3 to ppb (parts per billion) using a 
conversion factor of 0.53 for NO2.

The empirical relations compared were the Derwent-
Middleton curve (Eq. 4), the Dixon polynomial (Eq. 7), 
and the Stedman equation (Eq. 15), with parameter χ cho-
sen arbitrarily equal to 1.76 between the different values 
given by Stedman. As shown in Figure 13, the curves are 
perfectly superimposable up to a NOx concentration value 
of 60 ppb. Above this value, the curves start diverging. 
The curve of the Stedman equation tends upwards, wid-
ening this margin in correspondence with the increase of 
NOx concentrations. The Derwent-Middleton curve and 
the Dixon polynomial curve, on the other hand, follow a 
similar trend, with slightly higher values in favour of the 
Dixon equation. For both curves, however, there is a rapid 
increase in NO2 concentrations in the range 0 ÷ 50 ppb of 
NOx, followed by a lower increase, which however con-
tinues steadily up to the final values observed. The curves 
related to the 5th-degree polynomials obtained in this study 
are very close to the other curves, revealing a discrepancy 
of the values in the concentration interval 80 ÷ 230 ppb 
of NOx for the Lingotto station, and 70 ÷ 280 ppb of NOx 
for the Rubino station. In both graphs, once the value of 

Fig. 13   Comparison of overall 
data curves, a Lingotto station 
and b Rubino station
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300 ppb of NOx has been exceeded, the curves tend to be 
closer to the Derwent-Middleton and Dixon curves, with 
only the Lingotto station showing an upward trend at the 
end that exceeds the two curves. The values of polyno-
mial coefficients found in this study show a pattern similar 
to those of previous relationships. Coefficients are higher 
at degrees 1 and 2, indicating the systematic distance of 
the concentration of the two species. At higher degrees, 
the functions show local maxima and minima that fluctu-
ate and tend to a horizontal asymptote around 50–60 ppb 
NO2. This trend confirms the presence of external factors 
(meteorology and variability of emissions primarily) that 
perturbate the equilibrium. The accuracy of the models 
considered in this study is reported in Table 5, which shows 
the R2 and RMSE values for each model against data of 
Turin city. Since it was specifically elaborated with the 
datasets of Turin city, the polynomial model shows better 
fitting than other models for this specific case. However, 
its extended applicability in other urban areas should be 
further evaluated. Regarding the application of the pol-
ynomial model using ppb units, it must be clarified that 
such conversion has to be done after the computation of 
NO2 concentration. If users wanted to directly apply Eq. 17 
using ppb units, they should change coefficients values in 
Table 3 accordingly.

Discussion

This work, analysed the time series of NOx, NO2, NO, and 
O3 concentrations measured in the period 2015–2019 by 
two monitoring stations of the Regional Air Quality Moni-
toring System of the Piedmont Region, both located in the 
city of Turin, Italy. The study examined the distribution of 
NOx and NO2 concentrations in different time frames, high-
lighting some differences in the dispersion of the validated 
data. Specific empirical relationships for the determination 
of NO2 concentration values as a function of NOx concen-
trations were elaborated. The elaboration of the aforemen-
tioned empirical relations was carried out taking inspiration 
from previous studies carried out by Derwent and Middleton 
(1996) and by Dixon et al. (2001). Polynomial functions 
were adapted to the average concentration values returned 
by the division into classes of 10 μg/m3 of NOx. All the 
polynomial functions were derived with a degree 5 approxi-
mation for the various time periods examined. The choice of 
an empirical function to estimate the trend of NO2 concentra-
tions is potentially useful for the preliminary data analysis, 
especially in case of data scarcity. The scatter plots of the two 
monitoring stations describe a different arrangement of the 
points, which may be attributable to a different urban context 
in which the stations are located. The dissonance between 
a purely residential context (Rubino station) and another 
characterised by the co-presence of residential buildings and 
industries of various kinds (Lingotto station), leads to the need 

Table 1   Correlation and ratio between NO2 and NOx ( adapted from 
Cyrys et al. 2012))

Study area Correlation 
between NO2 and 
NOx (R2)

Ratio [NO2]/[NOx]

Regional 
back-
ground

Urban 
back-
ground

Street

Copenhagen 0.94 0.78 0.72 0.58
London / Oxford 0.93 0.39 0.63 0.53
Paris 0.93 0.63 0.64 0.46
Turin 0.94 0.69 0.56 0.52
Rome 0.94 0.59 0.65 0.56
Barcelona 0.93 0.66 0.65 0.57
Athens 0.81 0.62 0.55 0.44

Table 2   Validated data for Turin monitoring stations

Turin-Lingotto Turin-Rubino

Total validated data 40.235 41.818
Hot season 20.214 20.714
Cold season 20.021 21.080
Daytime 20.027 20.797
Nighttime 20.208 21.021

Table 3   Parameters and stats of polynomial fitting (Eq.  17, param-
eters are unitless)

Parameter Lingotto station Rubino station

P1 4.45 10−11 2.8 10−11

P2 −6.30 10−8 −4.5 10−8

P3 3.40 10−5 2.73 10−5

P4 −8.6 10−3 −7.8 10−3

P5 1.12 1.09
P6 0 0
R2 0.993 0.993
RMSE 1.891 1.712

Table 4   Parameters and stats of data fitting of [NO2]/[NOx] ratio 
against temperature (Eq. 18, parameters are unitless)

Parameter Lingotto station Rubino station

a 0.1471 0.1563
b 0.01215 0.005539
c 0.01774 0.00792
d 0.5223 0.6708
R2 0.9097 0.9604
RMSE 0.06864 0.04734
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to consider a greater contribution to the calculation of the 
concentrations emitted in an industrial/residential context due 
to a greater presence of industrial chimneys but also to more 
intense motorised vehicle transport. This theory is confirmed 
by several studies (Carslaw and Beevers 2005; Kimbrough 
et al. 2013; Richmond-Bryant et al. 2017), which highlight 
the incidence of road transport as one of the main causes of 
the increase of the [NO2]/[NOx] concentration ratio in urban 
areas. This is confirmed by the result obtained, which show 
a higher [NO2]/[NOx] ratio at the Lingotto station once the 
240 μg/m3 NOx value is exceeded. Further differences can be 
found in the scatter plots relating to the hot and cold seasons, 
where the distributions are highly dissimilar. The in-depth 
study, dedicated to NOx and NO2 concentrations correlated 
with the temperature variation, revealed a marked increase of 
[NO2]/[NOx] ratio as temperature increases. Higher tempera-
tures are responsible for higher chemical reaction rates (K 
in Eq. 11), which shift the equilibrium towards higher NO2 
concentrations. Some considerations should also be expressed 
on the results obtained from the analysis of the ratio between 
nitrogen oxides and tropospheric ozone (Figures 4 and 5). It 
has been observed that, as O3 concentration increases, there 
is a consequent reduction of NOx concentration, due to the 
chemical reactions of the photo-stationary cycle that takes 
place between the two species. The observations already 
reported previously (Cryrys et  al., 2012; Jenkin, 2004a, 
2004b; Richmond-Bryant, 2017) are confirmed, regarding 
the composition of the photochemical oxidant OX; i.e., the 
O3 fraction prevails under conditions of low NOx concentra-
tions, and the NO2 fraction prevails under conditions of high 
NOx concentrations. Even though temperature and radiation 
are the most important parameters regulating photochemical 
reactions, other meteorological factors, such as wind conditions 
and air humidity, also contribute to the formation, dispersion 
and removal of the concurrent species. In the case of Turin, 
wind speed is generally low and it is not thought to affect the 
average trend. In other cases, the effect of wind might over-
come that of temperature. To account for the whole meteoro-
logical conditions, [NO2]/[NOx] ratios could be analysed as a 
function of stability conditions in the lower atmosphere (e.g., 
stability class, mixing height, Monin-Obukhov length). This 
activity could be the object of future studies.

Regarding the measurement technology, it should be noted 
that the chemiluminescence method is subject to interfer-
ences from a number of sources. The equipment considered 
in this study is compliant with the specifications set by the 

European Directive 2008/50/EU (European Union 2008) and 
its related technical reference standard UNI EN 14211:2012 
(UNI EN 2012). Although this equipment was successfully 
tested for its ability to reject interferences, it is known that 
some gases (HONO, HONO2, PAN, and RONO2) can directly 
alter the amount of light detected by the PMT due to chemi-
luminescence in the reaction cell (Clemitshaw 2004; Heal 
et al. 2019). This can either be a gas that undergoes chemi-
luminescence by reacting with O3 in the reaction cell or gas 
that reacts with other compounds and produces excess NO 
upstream of the reaction cell. Nevertheless, at present, even 
though several new technologies are taking place, chemilu-
minescence is still the reference technique for nitrogen oxide 
monitoring in ambient air (Sobanski et al. 2021).

The empirical formulations produced in this work on the 
basis of the observed concentration values proved to be com-
parable with the empirical relations of previous studies. The 
evident difference observed in the comparison between the 
polynomial curves and the Stedman equation can be attributed 
in the first analysis to a relationship, the latter, which is based 
on a single parameter that varies according to the urban con-
text to which it refers. The study highlighted the consonance 
of the empirical polynomial relationships with the concentra-
tion data collected, potentially apt for a site-specific applica-
tion in the analysis of possible future mitigation scenarios. 
Extending the application of empirical relationships to differ-
ent urban contexts will be the object of future investigations.

Conclusion

The planning of efficient actions for the improvement of 
air quality in urban areas relies on the deep knowledge of 
the chemical and physical processes connected to pollutant 
dispersion. Existing air quality monitoring data must be 
employed in support of such analysis. This study analysed 
the concentration trends of nitrogen oxides and ozone in 
the urban area of Turin, Italy, across a 5-year period. The 
relationships among different species that are involved in 
the photochemical interactions at the low level of the trop-
osphere confirmed that the reaction equilibrium is affected 
by several parameters. The production and consumption 
of NOx, NO2, and O3 may be subject to local changes 
depending on the source typology and the presence of 
light and other species. [NO2]/[NOx] ratio was observed 
to be strongly affected by temperature. The elaboration 

Table 5   Accuracy of the 
analysed models against Turin 
datasets

This study Derwent-Middleton Dixon Stedman

Lingotto Rubino Lingotto Rubino Lingotto Rubino Lingotto Rubino

R2 0.993 0.993 0.929 0.963 0.923 0.960 0.940 0.910
RMSE 1.891 1.712 3.019 2.173 3.627 2.606 6.573 7.927
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and analysis of a set of empirical relationships for the 
determination of the [NO2]/[NOx][NO2]/[NOx] ratio pro-
vided preliminary support for the estimation of nitrogen 
oxides conversion rates. Differences were found between 
two monitoring stations (Lingotto and Rubino) that are 
located close one each other. Such a difference was more 
evident at high NOx concentrations. Thus, the application 
of these equations for the preliminary estimation of NOx 
conversion to NO2 should be, in principle, restricted to a 
limited area and a limited range of NOx concentrations. 
In a second part of the study, the equations obtained by 
previous studies were fitted to the present dataset. Sur-
prisingly, other equations, except for one, showed similar 
patterns to the present one, indicating analogies among 
different urban areas. Starting from the work done in this 
study, a simplified model for the [NO2]/[NOx] concentra-
tion conversion could be developed, taking into account 
day/night and seasonal variations, as well as meteorologi-
cal parameters, temperature and radiation in particular. 
Nevertheless, as a final remark, it must be pointed out that 
the adoption of an empirical approach, like that presented 
in this study, must be considered carefully as it cannot 
guarantee the same level of consistency of more complex 
and analytical formulations.

Availability of data and material  Data of air quality monitoring station 
can be found at: http://​www.​regio​ne.​piemo​nte.​it/​ambie​nte/​aria/​rilev/​
ariad​ay/​ariaw​eb-​new/

Code availability  Not applicable

Declarations 

Ethics approval  Not applicable

Consent to participate  Not applicable

Consent for publication  Not applicable

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

American Conference of Governmental Industrial Hygienists (ACGIH). 
https://​www.​acgih.​org/. Accessed 23 Mar 2021

Anttila P, Tuovinen J-P, Niemi JV (2011) Primary NO2 emissions and 
their role in the development of NO2 concentrations in a traf-
fic environment. Atmos Environ 45:986–992. https://​doi.​org/​10.​
1016/j.​atmos​env.​2010.​10.​050

Borrego C, Monteiro A, Sá E et al (2012) Reducing NO2 pollution 
over urban areas: air quality modelling as a fundamental manage-
ment tool. Water Air Soil Pollut 223:5307–5320. https://​doi.​org/​
10.​1007/​s11270-​012-​1281-7

Bower JS, Broughton GF, Willis PG (1993) Measurements of urban 
photochemical oxidants. In The Chemistry and Deposition of 
Nitrogen Species in the Troposphere. 23–45

Carslaw D, Beevers S (2005) Estimations of road vehicle primary NO 
exhaust emission fractions using monitoring data in London. 
Atmos Environ 39:167–177. https://​doi.​org/​10.​1016/j.​atmos​env.​
2004.​08.​053

Carslaw DC, Beevers SD, Fuller G (2001) An empirical approach for 
the prediction of annual mean nitrogen dioxide concentrations in 
London. Atmos Environ 35:1505–1515

Carslaw DC, Beevers SD, Tate JE et al (2011) Recent evidence con-
cerning higher NOx emissions from passenger cars and light duty 
vehicles. Atmos Environ 45:7053–7063. https://​doi.​org/​10.​1016/j.​
atmos​env.​2011.​09.​063

Chate DM, Ghude SD, Beig G et al (2014) Deviations from the O 3 
–NO–NO 2 photo-stationary state in Delhi, India. Atmos Environ 
96:353–358. https://​doi.​org/​10.​1016/j.​atmos​env.​2014.​07.​054

Chu S, Meyer EL (1991) Use of Ambient Ratios to Estimate Impact of 
NOx Sources on Annual NO2 Concentrations.

Clapp L (2001) Analysis of the relationship between ambient levels of 
O3, NO2 and NO as a function of NOx in the UK. Atmos Environ 
35:6391–6405. https://​doi.​org/​10.​1016/​S1352-​2310(01)​00378-8

Clemitshaw K (2004) A review of instrumentation and measurement 
techniques for ground-based and airborne field studies of gas-
phase tropospheric chemistry. Crit Rev Environ Sci Technol 
34:1–108. https://​doi.​org/​10.​1080/​10643​38049​02651​17

Cole HS, Summerhays JE (1979) A review of techniques available for 
estimating short-term NO 2 concentrations. J Air Pollut Control 
Assoc 29:812–817. https://​doi.​org/​10.​1080/​00022​470.​1979.​10470​
866

Crutzen P, Lelieveld J (2001) Human impacts on atmospheric chemis-
try. Annu Rev Earth Planet Sci 29:17–45. https://​doi.​org/​10.​1146/​
annur​ev.​earth.​29.1.​17

Cyrys J, Eeftens M, Heinrich J et al (2012) Variation of NO2 and 
NOx concentrations between and within 36 European study areas: 
results from the ESCAPE study. Atmos Environ 62:374–390. 
https://​doi.​org/​10.​1016/j.​atmos​env.​2012.​07.​080

Degraeuwe B, Thunis P, Clappier A et al (2017) Impact of passenger 
car NOX emissions on urban NO2 pollution – scenario analysis 
for 8 European cities. Atmos Environ 171:330–337. https://​doi.​
org/​10.​1016/j.​atmos​env.​2017.​10.​040

Degraeuwe B, Thunis P, Clappier A et al (2016) Impact of passenger 
car NOx emissions and NO2 fractions on urban NO2 pollution – 
scenario analysis for the city of Antwerp, Belgium. Atmos Envi-
ron 126:218–224. https://​doi.​org/​10.​1016/j.​atmos​env.​2015.​11.​042

Derwent RG, Middleton DR (1996) An empirical function for the ratio 
NO2:NOx. UK Clean Air 26:57–602

Dixon J, Middleton DR, Derwent RG (2001) Sensitivity of nitro-
gen dioxide concentrations to oxides of nitrogen controls in the 
United Kingdom. Atmos Environ 35:3715–3728. https://​doi.​org/​
10.​1016/​S1352-​2310(00)​00476-3

http://www.regione.piemonte.it/ambiente/aria/rilev/ariaday/ariaweb-new/
http://www.regione.piemonte.it/ambiente/aria/rilev/ariaday/ariaweb-new/
http://creativecommons.org/licenses/by/4.0/
https://www.acgih.org/
https://doi.org/10.1016/j.atmosenv.2010.10.050
https://doi.org/10.1016/j.atmosenv.2010.10.050
https://doi.org/10.1007/s11270-012-1281-7
https://doi.org/10.1007/s11270-012-1281-7
https://doi.org/10.1016/j.atmosenv.2004.08.053
https://doi.org/10.1016/j.atmosenv.2004.08.053
https://doi.org/10.1016/j.atmosenv.2011.09.063
https://doi.org/10.1016/j.atmosenv.2011.09.063
https://doi.org/10.1016/j.atmosenv.2014.07.054
https://doi.org/10.1016/S1352-2310(01)00378-8
https://doi.org/10.1080/10643380490265117
https://doi.org/10.1080/00022470.1979.10470866
https://doi.org/10.1080/00022470.1979.10470866
https://doi.org/10.1146/annurev.earth.29.1.17
https://doi.org/10.1146/annurev.earth.29.1.17
https://doi.org/10.1016/j.atmosenv.2012.07.080
https://doi.org/10.1016/j.atmosenv.2017.10.040
https://doi.org/10.1016/j.atmosenv.2017.10.040
https://doi.org/10.1016/j.atmosenv.2015.11.042
https://doi.org/10.1016/S1352-2310(00)00476-3
https://doi.org/10.1016/S1352-2310(00)00476-3


	 Air Quality, Atmosphere & Health

1 3

European Union DIRECTIVE 2008/50/EC OF THE EUROPEAN 
PARLIAMENT AND OF THE COUNCIL of 21 May 2008 on 
ambient air quality and cleaner air for Europe.

European Union (2001) Directive 2001/81/EC of the European 
Parliament and of the Council of 23 October 2001 on national 
emission ceilings for certain atmospheric pollutants

European Union (2016) Directive (EU) 2016/2284 of the European 
Parliament and of the Council of 14 December 2016 on the 
reduction of national emissions of certain atmospheric pollut-
ants, amending Directive 2003/35/EC and repealing Directive 
2001/81/EC (Text with EEA relevance )

Hanrahan PL (1999) The Plume Volume Molar Ratio Method for 
Determining NO 2 /NO x Ratios in Modeling—Part I: Methodol-
ogy. J Air Waste Manag Assoc 49:1324–1331. https://​doi.​org/​
10.​1080/​10473​289.​1999.​10463​960

Heal MR, Laxen DPH, Marner BB (2019) Biases in the measurement 
of ambient nitrogen dioxide (NO2) by Palmes passive diffusion 
tube: a review of current understanding. Atmosphere 10:357. 
https://​doi.​org/​10.​3390/​atmos​10070​357

Italian Institute on Protection and Environmental Research (2018) 
Emission Inventory 1990-2018

Italian Republic (2010) Legislative Decree 13 August 2010, n. 155 
Implementation of Directive 2008/50 / EC on ambient air qual-
ity and cleaner air in Europe. (10G0177). http://​bit.​ly/​3dp4l​dp. 
Accessed 17 Feb 2020

Janssen LHJM, Nieuwstadt FTM, Donze M (1990) Time scales of 
physical and chemical processes in chemically reactive plumes. 
Atmos Environ Part Gen Top 24:2861–2874. https://​doi.​org/​10.​
1016/​0960-​1686(90)​90174-L

Janssen LHJM, Van Wakeren JHA, Van Duuren H (1967) Elshout 
AJ (1988) A classification of no oxidation rates in power plant 
plumes based on atmospheric conditions. Atmos Environ 
22:43–53. https://​doi.​org/​10.​1016/​0004-​6981(88)​90298-3

Jenkin ME (2004) Analysis of sources and partitioning of oxidant 
in the UK—Part 1: the NOX-dependence of annual mean con-
centrations of nitrogen dioxide and ozone. Atmos Environ 
38:5117–5129. https://​doi.​org/​10.​1016/j.​atmos​env.​2004.​05.​056

Jenkin ME (2004) Analysis of sources and partitioning of oxidant in 
the UK—Part 2: contributions of nitrogen dioxide emissions and 
background ozone at a kerbside location in London. Atmos Environ 
38:5131–5138. https://​doi.​org/​10.​1016/j.​atmos​env.​2004.​05.​055

Kallend AS (1995) Studies of the atmospheric chemistry of air pollut-
ants using aircraft. National Power Publication, Swindon, pp 22–25

Kasparoglu S, Incecik S, Topcu S (2018) Spatial and temporal varia-
tion of O3, NO and NO2 concentrations at rural and urban sites 
in Marmara Region of Turkey. Atmos Pollut Res 9:1009–1020. 
https://​doi.​org/​10.​1016/j.​apr.​2018.​03.​005

Kimbrough ES, Baldauf RW, Watkins N (2013) Seasonal and diur-
nal analysis of NO 2 concentrations from a long-duration study 
conducted in Las Vegas, Nevada. J Air Waste Manag Assoc 
63:934–942. https://​doi.​org/​10.​1080/​10962​247.​2013.​795919

Kimbrough S, Chris Owen R, Snyder M, Richmond-Bryant J (2017) 
NO to NO 2 conversion rate analysis and implications for dis-
persion model chemistry methods using Las Vegas, Nevada 
near-road field measurements. Atmos Environ 165:23–34. 
https://​doi.​org/​10.​1016/j.​atmos​env.​2017.​06.​027

Kurtenbach R, Vaupel K, Kleffmann J et  al (2016) Emissions 
of NO, NO<sub>2</sub> and PM from inland shipping. 
Atmos Chem Phys 16:14285–14295. https://​doi.​org/​10.​5194/​
acp-​16-​14285-​2016

Leighton P (2014) Photochemistry of Air Pollution. Elsevier Sci-
ence, Saint Louis

Magaril E, Magaril R, Panepinto D et al (2017) Production and 
utilization of energy and climate adaptation: global tasks and 
local routes. Int J SDP 12:1326–1337. https://​doi.​org/​10.​2495/​
SDP-​V12-​N8-​1326-​1337

Marinello S, Lolli F, Gamberini R (2020) The impact of the COVID-
19 emergency on local vehicular traffic and its consequences for 
the environment: the case of the city of Reggio Emilia (Italy). 
Sustainability 13:118. https://​doi.​org/​10.​3390/​su130​10118

Oettl D, Uhrner U (2011) Development and evaluation of GRAL-C 
dispersion model, a hybrid Eulerian-Lagrangian approach cap-
turing NO–NO2–O3 chemistry. Atmos Environ 45:839–847. 
https://​doi.​org/​10.​1016/j.​atmos​env.​2010.​11.​028

Piedmont Region (2015) Regional emission inventory. http://​www.​
siste​mapie​monte.​it/​fedwi​nemar/​elenco.​jsp. Accessed 6 Dec 2020

Piedmont Region Environmental Protection Agency. http://​www.​
arpa.​piemo​nte.​it/. Accessed 6 Feb 2021

Piedmont Regional Environmental Agency (2007) Wind in Piedmont 
region. Series on climate studies in Piedmont, volume 5 (In Italian)

Ravina M, Gamberini C, Casasso A, Panepinto D (2020) Environ-
mental and health impacts of domestic hot water (DHW) boil-
ers in urban areas: a case study from Turin, NW Italy. IJERPH 
17:595. https://​doi.​org/​10.​3390/​ijerp​h1702​0595

Ravina M, Panepinto D, Zanetti M (2019) Air quality planning and 
the minimization of negative externalities. Resources 8:15. 
https://​doi.​org/​10.​3390/​resou​rces8​010015

Ravina M, Panepinto D, Zanetti M (2020) District heating networks: 
an inter-comparison of environmental indicators. Environ Sci 
Pollut Res. https://​doi.​org/​10.​1007/​s11356-​020-​08734-z

Ravina M, Panepinto D, Zanetti MC, Genon G (2017) Environmen-
tal analysis of a potential district heating network powered 
by a large-scale cogeneration plant. Environ Sci Pollut Res 
24:13424–13436. https://​doi.​org/​10.​1007/​s11356-​017-​8863-2

Richmond-Bryant J, Chris Owen R, Graham S et al (2017) Estimation 
of on-road NO2 concentrations, NO2/NOXratios, and related road-
way gradients from near-road monitoring data. Air Qual Atmos 
Health 10:611–625. https://​doi.​org/​10.​1007/​s11869-​016-​0455-7

Seinfeld JH, Pandis SN (2016) Atmospheric chemistry and physics: 
from air pollution to climate change, 3rd edn. John Wiley & 
Sons Inc, Hoboken, New Jersey

Sobanski N, Tuzson B, Scheidegger P et al (2021) Advances in high-pre-
cision NO2 measurement by quantum cascade laser absorption spec-
troscopy. Appl Sci 11:1222. https://​doi.​org/​10.​3390/​app11​031222

Stedman JR, Goodwin JWL, King K et al (2001) An empirical model 
for predicting urban roadside nitrogen dioxide concentrations in 
the UK. Atmos Environ 35:1451–1463. https://​doi.​org/​10.​1016/​
S1352-​2310(00)​00363-0

Teledyne Company website. https://​www.​teled​yne.​com/​en-​us. 
Accessed 17 Feb 2021

Trebs I, Mayol-Bracero OL, Pauliquevis T, et al. (2012) Impact of 
the Manaus urban plume on trace gas mixing ratios near the 
surface in the Amazon Basin: implications for the NO-NO 2 -O 
3 photostationary state and peroxy radical levels: PHOTOSTA-
TIONARY STATE IN THE AMAZON. J Geophys Res 117:n/a-
n/a. https://​doi.​org/​10.​1029/​2011J​D0163​86

UNI EN (2012) Standard 14211:2012. Ambient air - standard method 
for the measurement of the concentration of nitrogen dioxide 
and nitrogen monoxide by chemiluminescence. https://​bit.​ly/​
37oNA​v0. Accessed 17 Feb 2020

U.S. Government Printing Office: Washington, D.C. (1996) Guideline on 
air quality models. Federal Register; 40 CFR, Part 51, Appendix W

U.S. National Institute for Occupational Safety and Health (NIOSH)
Williams ML, Carslaw DC (2011) New directions: science and policy 

– out of step on NOx and NO2? Atmos Environ 45:3911–3912. 
https://​doi.​org/​10.​1016/j.​atmos​env.​2011.​04.​067

Zeldovich YB (1946) Acta Physicochimica, U.R.S.S.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1080/10473289.1999.10463960
https://doi.org/10.1080/10473289.1999.10463960
https://doi.org/10.3390/atmos10070357
http://bit.ly/3dp4ldp
https://doi.org/10.1016/0960-1686(90)90174-L
https://doi.org/10.1016/0960-1686(90)90174-L
https://doi.org/10.1016/0004-6981(88)90298-3
https://doi.org/10.1016/j.atmosenv.2004.05.056
https://doi.org/10.1016/j.atmosenv.2004.05.055
https://doi.org/10.1016/j.apr.2018.03.005
https://doi.org/10.1080/10962247.2013.795919
https://doi.org/10.1016/j.atmosenv.2017.06.027
https://doi.org/10.5194/acp-16-14285-2016
https://doi.org/10.5194/acp-16-14285-2016
https://doi.org/10.2495/SDP-V12-N8-1326-1337
https://doi.org/10.2495/SDP-V12-N8-1326-1337
https://doi.org/10.3390/su13010118
https://doi.org/10.1016/j.atmosenv.2010.11.028
http://www.sistemapiemonte.it/fedwinemar/elenco.jsp
http://www.sistemapiemonte.it/fedwinemar/elenco.jsp
http://www.arpa.piemonte.it/
http://www.arpa.piemonte.it/
https://doi.org/10.3390/ijerph17020595
https://doi.org/10.3390/resources8010015
https://doi.org/10.1007/s11356-020-08734-z
https://doi.org/10.1007/s11356-017-8863-2
https://doi.org/10.1007/s11869-016-0455-7
https://doi.org/10.3390/app11031222
https://doi.org/10.1016/S1352-2310(00)00363-0
https://doi.org/10.1016/S1352-2310(00)00363-0
https://www.teledyne.com/en-us
https://doi.org/10.1029/2011JD016386
https://bit.ly/37oNAv0
https://bit.ly/37oNAv0
https://doi.org/10.1016/j.atmosenv.2011.04.067

	Air quality and photochemical reactions: analysis of NOx and NO2 concentrations in the urban area of Turin, Italy
	Abstract
	Introduction
	State of the art
	NOx, NO2, and O3 concentration relationships
	Analytical and empirical models
	Derwent-Middleton curve
	Dixon-Middleton-Derwent polynomials
	Clapp
	Jenkin and Stedman et al.


	Methodology
	Description of the area
	Data acquisition and processing
	Empirical relationships

	Results
	Temporal trends
	Average concentrations of NO2, NOx, and NO (coldhot, nightday)
	[NO2][NOx] relationship
	Influence of temperature
	Comparison of empirical relationships

	Discussion
	Conclusion
	References


