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Abstract
This work presents a new methodological approach to evaluating the long-term performance of an existing air quality moni-
toring network (AQMN). The AQMN is essential in controlling human beings’ exposure to air pollutants, and the perfor-
mance should be assessed over time. Still, there is not a harmonised method at the legislative level. In this work, 2008–2016 
NO2 data recorded by the Community of Madrid’s AQMN were used for developing the suggested methodology, and 2007, 
2017, and 2020 NO2 data were involved in testing the aptitude of the proposed methodology to check the performance along 
the time. Chemometric techniques were employed to suggest the most representative non-redundant fixed stations within 
the target AQMN, reducing up to ~ 80% of the original number of fixed monitoring stations (from 23 to 5 fixed stations). 
The influence of the temporal frame used in developing the exposed methodology showed a variability lower than 5%. The 
spatial NO2 distribution pictured by the current versus recommended fixed stations showed a higher than 95% similarity. 
This recommended approach can also be applied to short-time data. The exhibited methodology is a valuable tool for sup-
porting AQMN managers in decision-making concerning AQMN management and complementing European Legislation 
guidelines concerning air pollutants monitoring using AQMN.

Keywords  Air quality · Ambient air measurement network · Optimization · Non-redundant stations · Environmental 
applications

Introduction

In the last decades, numerous scientific studies established 
links between human health and harmful impacts of air pol-
lution exposure (Zhu et al. 2019; Ghaffarpasand et al. 2020; 
Lamphar et al. 2022), which point to atmospheric pollution 

as the principal environmental risk to the human being 
at a global level (Kolasa-Więcek and Suszanowicz 2019; 
Madruga et al. 2019). For this reason, the European Union 
develops Air Quality Directives (Directive 2004/107/EC; 
Directive 2008/50/EC) for laying down air quality objectives 
to reduce toxic effects on human health and the environment. 
In this context, the European Union urge the Member States 
to monitor the air quality within their territories to control 
exposure to air pollutants. In this sense, the Member States 
establish air quality monitoring networks (AQMNs) in their 
regions to verify compliance with those air quality objec-
tives. AQMN performs a principal function in the improve-
ment of monitoring strategies (Mofarrah and Husain 2010; 
Galán-Madruga 2021a, b) and for assisting authorities in 
decision making, clarifying local/regional specific sources 
and sinks of air pollutants, studying the dynamic behaviour 
of air pollutants, verifying dispersion models, and check-
ing compliance of statistical models (Benis and Fatehifar 
2015). Therefore, they are an essential part of environmental 
management, particularly regarding air quality and control-
ling air pollutant exposure (Chen et al. 2006). An adequate 

 *	 D. Galán‑Madruga 
	 david.galan@isciii.es

1	 Department of Atmospheric Pollution, National Center 
for Environment Health, Health Institute Carlos III. Ctra. 
Majadahonda a Pozuelo, km 2.2, 28220 Madrid, Spain

2	 Laser Chemistry Research Group, Department of Analytical 
Chemistry, Faculty of Chemistry,  Complutense University 
of Madrid, Plaza de Ciencias 1, 28040 Madrid, Spain

3	 Department of Civil and Environmental Engineering, School 
of Engineering and Digital Sciences, Nazarbayev University, 
Nursultan (Astana), Kazakhstan

4	 Department of Environmental Management and Protection, 
Faculty of Geo‑Data Science, Geodesy and Environmental 
Engineering, AGH University of Science and Technology, 30 
Mickiewicza Av, 30‑059 Krakow, Poland

http://orcid.org/0000-0002-7890-4611
http://crossmark.crossref.org/dialog/?doi=10.1007/s11869-022-01254-4&domain=pdf


	 Air Quality, Atmosphere & Health

1 3

installation would lead to support the high efficiency of the 
network, which consists of fixed monitoring stations for 
measuring air pollutants, such as nitrogen oxides (NOx), 
carbon monoxide (CO), sulphur dioxide (SO2), benzene 
(C6H6), and particulate matter (PM), including PM10 and 
PM2.5, and provide relevant spatial information regarding a 
target area (Gómez-Losada et al. 2014).

In this frame, primordial features in the AQMNs design 
are the (i) distribution of the fixed monitoring stations within 
the target area and (ii) determination of a sufficient and reli-
able number of sampling points for air quality measure-
ments. Relative to point (i), the passive methodology has 
been demonstrated to be a helpful tool for selecting the most 
representative locations within a determined area for meas-
uring air pollutants, given that it allows tracking a vast target 
territory (Chakraborty et al. 2017). However, as a limitation, 
passive samplers only apply to gaseous pollutants. Regard-
ing point (ii), air quality directives have criteria, in terms 
of the number of inhabitants, to help the Member States 
set a minimum number of sampling points to measure tar-
get air pollutants in their territories. Nevertheless, the air 
quality networks usually have more locations of measure 
than the minimum number assigned by the directives due to 
the efforts of governments to control air pollutant exposure. 
Broadly, the networks could include redundant fixed moni-
toring stations within their setup, which would be translated 
into a reduction in AQMN efficiency. On the other hand, the 
emergence of new emission sources could change the gradi-
ent of the spatial distribution of air pollutants within a target 
territory. Consequently, the non-redundant stations could 
become redundant ones and vice versa, thereby modifying 
the possible effectiveness of each fixed monitoring station.

Based on the previously mentioned arguments, AQMN 
performance should be assessed along the time regarding 
the representativeness of fixed stations within the AQMN to 
optimise the network layout. It is relevant to highlight that 
there is currently no harmonised methodology for estimating 
the representativeness of the fixed stations belonging to an 
AQMN (Martin et al. 2015), confirming the development of 
those studies as a priority subject.

Within the described frame, scientific literature exhib-
its a highly limited number of studies. Some studies pro-
posed approaches for optimising AQMNs layout (Rizzo 
et  al. 2004; Ibarra-Berastegi et  al. 2009; Dincer et  al. 
2016; Baca-López et al. 2021; Zeydan and Pekkaya 2021). 
Karppinen et al. (2000), at the European level, evaluated 
the AQMN performance by comparing predicted NOx 
and NO2 levels vs those concentrations measured by the 
fixed stations included in the Helsinki AQMN. Sarigian-
nis et al. (2007) designed a new method based on satellite 
remote sensing of the troposphere for multiobjective opti-
mising air quality monitoring networks. They applied this 
approach in Brescia (Italy), showing significant potential 

for enhancing the cost-effectiveness of air quality networks 
at the urban and regional levels. In Spain, Ibarra-Berastegi 
et al. (2010) combined self-organising maps and cluster 
analysis to evaluate the capability of a concrete network. 
This methodology was applied to the Bilbao network. In 
the same context, pollution data and social and economic 
indicators were used by Munir et al. (2019) to propose 
an integrated air quality monitoring network in Sheffield. 
At the Asian level, prestigious research groups provided 
valuable solutions to this issue. In this sense, a Shanghai 
University research group in China exposed a performance 
assessment and adjustment program for Shanghai’s AQMN 
using historical data for several air pollutants from January 
1 to August 22, 2014, to identify redundant fixed stations 
(Zhao et al. 2015). They used a combination of principal 
components analysis and assignment method, as clustering 
analysis to verify the previous two techniques’ outcomes. 
Wang et al. (2018) extended the previous work to optimise 
the AQMN layout, employing correlation analysis, prin-
cipal component analysis, assignment method, clustering 
analysis, and correspondence analysis. This approach was 
implemented in Xi’an city’s AQMN using historical data 
series from January 1 to December 31, 2016. Huang et al. 
(2019) used a combined technique based on a Gaussian 
model and source area to assess long-term AQMN per-
formance using the surveillance efficiency for hydrogen 
sulphide (H2S) in a chemical industrial park in Shanghai, 
China. In America, Silva et al. (2003) applied a multivari-
ate effectiveness index to an existing AQMN at Santiago 
de Chile, based on the Shannon information index, to 
exclude the least informative fixed stations within the target 
AQMN. Austin et al. (2013) engaged clustering analysis to 
identify spatial patterns based on the composition of PM2.5 
particles. Within the same objective, Soares et al. (2018) 
employed hierarchical clustering techniques based on asso-
ciativity analysis for optimising AQMN design.

The valuable research previously cited works supposed a 
remarkable advance in assessing AQMN design to identify 
redundant stations. Nevertheless, they were not addressed 
a validation process concerning pragmatic enforcement of 
the developed approaches using ambient air pollution data 
non-incorporated in creating these. In this context, studies 
were not conducted to assess the time impact and loss of 
spatial information derived from removing redundant sta-
tions within the target AQMN.

This research aims to provide a stepwise-developed meth-
odological framework to assess the long-time performance 
of existing air quality networks and improve their design. 
This novel approach could serve as a benchmark framework 
to elaborate a harmonised methodology, given that it is cur-
rently unavailable. Then, a case study is addressed to offer 
a practical application in its implementation once defining 
the methodological framework. For that, the performance 
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of a specific AQMN is appraised for a determined air pol-
lutant, although the leading objective of this work is not to 
improve the design of the attended network. For achieving 
that objective, air quality data recorded by the Community 
of Madrid’s AQMN between 2008 and 2016 were examined, 
and ambient air pollution data measured in 2007, 2017, and 
2020 were used to test the practical application of the pro-
posed methodology. Among all polluting compounds meas-
ured by the target AQMN, nitrogen dioxide (NO2) data were 
attended to avoid repeating the approach with the rest of the 
pollutants. NO2 is highly important because it is manda-
tory in the European Member States. Directive 2008/50/EC 
sets a limit value for ambient air of 40 µg /m3 on average 
in a calendar year, a concentration also supported by the 
World Health Organization (WHO 2006). For this reason, 
we attended annual average NO2 concentrations to develop 
the proposed methodology, which aligns with other scientific 
studies on the covered subject (Galán-Madruga and García-
Cambero 2022). The annual approach was tested using a 
minor temporal scale (daily mean NO2 levels). NO2 pollut-
ant is responsible for about 92% of asthma cases and plays a 
crucial role in forming other major pollutants, such as ozone 
and particulate matter (Bhardwaj et al. 2020).

Materials and methods

Area of study and reference data package

This work was conducted in the Community of Madrid 
(Spain). It has over 6,751,251 inhabitants in 2021, according 
to the Spanish National Institute of Statistics and a surface of 
802,180 hectares (ha) (INE 2021). It is located in the centre 
of the Iberian Peninsula; therefore, it is an interior region 
of Southern Europe with 179 districts. It has a population 
density of ~ 800 people per km2 of land area, one of the 
most densely populated South European regions (Eurostat 
2022). The Community of Madrid is characterised by stable 
atmospheric conditions at the meteorological level, with a 
warm temperature as the main climate, summer hot and dry 
at the precipitation level, according to the World Map of 
Köppen − Geiger Climate Classification (Kottek et al. 2006). 
The selected study time for achieving the proposed objective 
encompassed 2008 to 2016. Over this period, meteorologi-
cal values of 15.0 °C (minimum and maximum: 14.0 and 
16.0 °C, respectively) of average temperature, 184.8 W/m2 
(173–191 W/m2) of solar radiation, 57.9% (54–61%) relative 
humidity, 932.4 mbar (928–939 mbar) of barometric pres-
sure and 2.70 m/s (2.0–3.1 m/s) wind speed.

The original air quality dataset was recorded by the Com-
munity of Madrid’s AQMN between 2008 and 2016 and was 
acquired from the Community of Madrid’s open data portal 
(Comunidad de Madrid 2022). For the picked period, the 

AQMN was conformed of 23 fixed measurement stations for 
measuring ambient air NO2 levels, distributed in six homo-
geneous zones within its territory; three are agglomerations, 
and three are rural areas.

The agglomeration zones include Henares Corridor 915 
km2, South Urban Area 1413 km2, and Northeast Urban 
Area 1016 km2, while Tajuña basin 942 km2, Alberche basin 
1,181 km2, and North Mountain 1,951 km2 correspond to 
rural zones. Two criteria supported the organisation of the 
fixed stations included in the network: location and primary 
pollution focus. In the site’s function, urban, suburban and 
rural stations were accounted for, while that traffic, industrial, 
or background stations correspond to the primary pollution 
focus (see Fig. 1). The location of all fixed stations complies 
with the macro- and micro-implantation requirements in cur-
rent European Legislation. The regional government control 
and manages the AQMN by securing its maintenance and 
validating monitored air quality data. The NO2 levels were 
measured in all fixed stations with automatic analysers. The 
chemiluminescence was the measuring method used in all the 
analysers (it is the normalised reference method according 
to EN 14,211:2012 Standard). In order to offer an overview 
of the stability of the values obtained by the automatic NO2 
analysers included in the target network, the measurement 
uncertainty in all analysers was lower than 15%, defined as an 
expanded uncertainty. The ambient air mass concentrations 
were expressed in µg/m3.

Description of the methodological framework

As background information, an AQMN is constituted by 
fixed measurement stations furnishing pollution informa-
tion at the sampling points and surroundings. To evaluate the 
spatial representativeness of fixed stations in terms of moni-
tored pollution information, Santiago et al. (2013) developed 
an approach based on computational fluid dynamics simu-
lations applied to two urban areas (Pamplona and Madrid, 
Spain) as a case study. Based on their results, the spatial 
representative area of a concrete fixed station corresponds 
to the domain where concentrations fall within an interval 
of ± 20% of measured levels at that monitoring station. Simi-
larly, Righini et al. (2014) supported the same conclusion. 
Within this research area, a highlight investigation group 
conducted a study to assess the representativeness of a spe-
cific fixed station using a methodology relying on statistical/
geostatistical analyses in the city of Varese (Italy). More 
information in Yatkin et al. (2022).

Furthermore, given that each fixed station provides air 
pollution information in a concrete area, the spatial dis-
tribution gradient across a target region may be known by 
combining the pollution information generated by all sta-
tions. In this sense, the AQMN performance depends on 
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the efficiency of fixed stations (the greater the number of 
redundant stations, the lower the network’s performance).

The analysis techniques’ sequence used in developing the 
suggested methodology is listed below:

1.	 A correlation analysis (CA) is addressed, using the origi-
nal database, to assess the connection degree between 
pairs of fixed monitoring stations within the target 
AQMN to prove whether they report similar air pollu-
tion information, resulting in redundant fixed stations.

2.	 A clustering analysis was used with the original database 
to identify non-redundant fixed measurement stations 
within the target AQMN.

3.	 Position measures and population data are applied to 
outcomes reached by the clustering analysis to recom-
mend the most representative non-redundant fixed sta-
tions within the AQMN to measure the target air pollut-
ant in the studied domain.

4.	 Geostatistical estimation techniques were employed to 
test the practical application of the suggested methodo-
logical framework using a database not included in its 
development. For that, a geographic information system 
(GIS) was used. In this sense, and as innovative scien-
tific contributions, this work quantifies the (i) impact of 

the temporal range covering the proposed approach and 
(ii) loss of spatial information reported by AQMN by 
removing all redundant stations and those non-proposed 
non-redundant stations.

Based on the previous sequence, Fig. 2 shows a flow dia-
gram representing the step succession addressed for assess-
ing and improving the AQMN performance.

Investigating the presence of redundant fixed 
stations within the target AQMN

As a first step for assessing existing AQMN performance, 
the possible presence of fixed stations measuring similar 
pollution information within the network context should be 
studied. In this regard, a CA between pairs of fixed stations 
would provide knowledge on the association degree between 
them, given that the correlation defines the existing relation-
ship between study variables that change, associate, or take 
place in a not awaited way (Merriam-Webster Dictionary). 
Therefore, this analysis type assists in considering the com-
plex relation among diverse datasets, supplying informa-
tion concerning the weight of each variable (Mikheev and 
Kazakov 2017). The correlation grade relied on Pearson’s 

Fig. 1   Location, type of fixed 
monitoring station and agglom-
eration, and rural zones within 
the Community of Madrid’s 
AQMN (2008–2016). Note: The 
white surface corresponds to 
Madrid City (It has its own air 
quality monitoring network)
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coefficient of correlation (Galán-Madruga et  al. 2022), 
which establishes the linear dependence between two target 
variables, and its calculus is sustained by Eq. 1.

where r is Pearson’s correlation coefficient, mx and my are 
equivalent to the mean value of x and y variables. Here, mx 

(1)r =

∑
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and my correspond to annual average NO2 concentrations 
monitored in the x and y fixed measurement stations.

Identifying the non‑redundant fixed monitoring 
stations

Once redundant fixed stations were confirmed within the 
target AQMN, a study was conducted to identify the non-
redundant fixed stations. A clustering analysis based on 
k-means algorithms was performed in this study (k-means 
clustering with ten maximum iterations). It is widely used 
in different science areas due to its efficiency and simplicity 
(Jain 2010), and it is catalogued as an exclusive partitional 
clustering algorithm (Salem et al. 2018). The execution 
of the k-means clustering analysis was widely described 
by Govender and Sivakumar (2020). Briefly, the cluster-
ing k-means algorithm minimises the total sum of squared 
distances between each component and its nearest cluster 
centre (Maione et al. 2019). It aims to group diverse ele-
ments with similar intrinsic features. In this work, the fixed 
stations included in the AQMN constitute the components 
of the clusters, and the annual average NO2 concentration 
monitored in each station sustains the standard feature.

Before running clustering analysis, indicative variables 
need to be set. In this regard, those reported by Galán 
Madruga et al. (2018) were employed in this work. In addi-
tion, the cluster standard deviation was used as a cluster 
membership identifier, and the Euclidean distance was 
selected as a spatial indicator.

Once running the clustering analysis, several homogene-
ous clusters are generated. Each cluster is represented by 
a mean NO2 value averaged from the annual average NO2 
concentration recorded by each fixed station included within 
this cluster. Each station of the cluster assumes this mean 
NO2 value. Applying the clustering technique to this work 
aims to identify the non-redundant fixed stations.

Proposal of the most representative non‑redundant 
fixed monitoring stations for measuring ambient 
NO2 levels in the target AQMN.

The outcomes reported by applying the clustering analysis 
to the original pollution database allowed recognising the 
set of non-redundant fixed stations within the target AQMN. 
Among all non-redundant stations, those most representative 
ones displayed the lowest Euclidean distance value. Then, it 
is summed along the covered years the number of times each 
station has achieved this scale criterion (lowest Euclidean 
distance value), obtaining the total representativeness for 
each fixed station for the studied period.

An analysis of position measures was applied to the results 
of total representativeness, classifying it in the function of the 
quartiles scale. Then, using quartile outcomes and population 

Fig. 2   Flowchart picturing stepwise suggested methodological frame-
work
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data, the most representative non-redundant fixed stations were 
proposed as a function of station type. The population data 
were obtained from the 2019 Census (INE 2021). Note that 
this research does not aim to propose new measuring NO2 
sites within the target AQMN but to evaluate the long-time 
performance of the existing target AQMN.

Testing the proposed methodological approach

As a primordial aspect within research studies aiming to pro-
vide methodologies for improving any science scope, develop-
ing a validation process supposes a highly relevant exercise, 
which will offer certainty concerning the practical application 
of the proposed methodological tool.

The methodological framework exhibited in this study was 
submitted to a rigorous validation once proposing the most rep-
resentative non-redundant fixed monitoring stations for measur-
ing NO2 in the Community of Madrid’s AQMN. Therefore, it 
quantified the (i) temporal influence of the original dataset (air 
quality data from 2008 to 2016) on the suggested methodology 
and (ii) loss of information of the spatial pollution gradient 
reported by the new AQMN design regard with the original.

The methodological development was tested using pollu-
tion NO2 levels recorded by AQMN in 2007, 2017, and 2020. 
Note that the elaboration of the recommended methodology 
did not include these years.

Data treatment and elaboration of isolines 
concentration maps

Original dataset treatment was performed with the software 
IBM SPSS Statistics v28.0 (IBM Corp., Armonk, NY, USA). 
On the other hand, Surfer for Windows (Win32): Surface 
Mapping System, v.6.04 (Golden Software, Inc., Golden, 
CO, USA) was used as a geographic information system for 
building NO2 iso-concentrations maps. According to previous 
environmental studies, the kriging method was employed as a 
geostatistical estimation tool for the spatial interpolating NO2 
levels in those points not measured within the target domain 
(Park et al. 2020; Araki et al. 2021). This interpolation method 
is also known as the spatial self-covariance optimal interpola-
tion method. It is based on the relationship of the (i) measured 
sample points and their spatial locations, (ii) the non-moni-
tored points needing to be evaluated, and (iii) the structural 
information supplied by the variating function (Meng 2021). 
Therefore, the application of the kriging method requires the 
semivariogram calculus, which was defined as:

where Var is the variance, Ai and Bj correspond to two 
points where the target variable has been measured and asso-
ciated with spatial data (Wackernagel 2003).

(2)�(Ai,Bj) =
1

2
Var

[

ZAi
− ZBj

]

In order to execute the kriging method, next parameters 
were set: variogram model: lineal type, variogram anisot-
ropy: ratio = 1 and angle = 0, nugget effect: error variance = 0 
and drift type: No drift.

Results and discussion

Air quality status in the target territory 
over the studied period

Given that sources of pollution and meteorological condi-
tions may vary along the annuities involved in this work, a 
general investigation describing air quality over the stud-
ied period will provide relevant information. Regarding 
health, the AQMN plays a primordial role in evaluating 
human beings’ exposure to air pollutants. Within this 
frame, the annual NO2 level averaged for each studied 
year was lower than the limit value of 40 µg/m3 estab-
lished in the current Legislation (see Fig. S1). Broadly, 
it exhibited a downward trend in NO2 levels, reaching a 
decrease of 3.5 µg/m3 (13%, expressed as a relative value) 
from 2008 to 2016, mainly sustained by the successive 
environmental policies implanted by the regional govern-
ment to reduce or limit the polluting emissions into the 
atmosphere. In this regard, the Community of Madrid has 
conducted an outstanding effort, setting up several air 
quality plans, such as Air Quality and Climate Change 
Strategies, from 2006 to 2012 and from 2013 to 2020.

In the function of the type of environment, a more 
detailed analysis reported that the highest annual aver-
age NO2 levels over the studied period were observed in 
urban stations, followed by suburban and rural stations, 
respectively (Fig. S2). Nonetheless, the urban environ-
ment evidenced the highest pollution declines (13.8, 5.0, 
and 2.5 µg/m3 at the urban background, urban traffic, 
and urban industrial sites, respectively). In contrast, the 
suburban and rural environments practically kept pollut-
ing levels. This fact may be explained by the emission 
sources being more numerous in urban environments 
than at suburban and rural sites, which translated into 
the highest NO2 urban levels (Domínguez-López et al. 
2014; Núñez-Alonso et al. 2019; Oleniacz and Gorzelnik 
2021). The leading polluting sources in urban locations 
drive road traffic, public and private transport networks, 
industrial activities, and domestic heating systems. Over 
time, implementing environmental plans to reduce the 
pollution released into the atmosphere generate higher 
NO2 levels decrease in urban environments. They are 
shown the outcomes reached when applying development 
exposed in the “Materials and methods” section on the 
original air-quality dataset.
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Investigating the presence of redundant fixed 
stations within the target AQMN

Table S1 shows Pearson’s coefficients of correlation 
obtained when applying CA to the original air quality 
database. To interpret the outcomes exhibited in Table S1, 
the approach proposed by Dancey and Reidy (2007) was 
addressed. They set a rating for Pearson’s coefficient of cor-
relation in the function of the relationship value between 
study-correlated variables. Based on that, they established 
five categories, named: zero (when the value of the coef-
ficient of correlation is 0), weak (when the scaling value 
falls into interval ± 0.1¸0.3), moderate (interval ± 0.4¸0.6), 
strong (interval ± 0.7¸0.9), and perfect (scaling value equal 
to ± 1.0). In this context, to further ease the understanding of 
correlation study outcomes, Fig. 3 pictures the distribution, 
in relative scale, of the correlation coefficient in the function 
of the type of fixed station and for all stations.

Considering a cut-off level for Pearson’s coefficient of 
correlation of 0.5, a deeper study evidenced that Pearson’s 
coefficients of correlation > 0.5 explained more than 50% 
of the distribution in urban traffic and background stations 
(57.14 and 100.00%, respectively). This finding is highly 
relevant because the fixed stations catalogued as urban traffic 
and background stations represent almost 50% of the total 
number of measuring NO2 sites within the target AQMN. 
Pearson’s coefficients > 0.5 accounted for 20 and 30% distri-
bution for suburban and rural background stations. Finally, 
the lower distribution levels for Pearson’s coefficients > 0.5 
pointed toward the urban industrial stations.

Considering all stations, the application of CA revealed a 
moderate correlation between the pairs of fixed stations for 
measuring ambient air NO2, with a distribution close to 40% 

for the selected cut-off level. These findings suggest that 
several fixed monitoring stations within the AQMN may be 
redundant, providing reasonably similar polluting informa-
tion concerning NO2 levels. Therefore, several zones in the 
covered territory might have a similar pollution behaviour.

Identifying the non‑redundant fixed monitoring 
stations

The CA enforcement allows laying down the connectivity 
degree between two study variables potentially correlated, in 
this case, pollution data measured by pairs of fixed monitor-
ing stations. Nevertheless, this analysis technique does not 
allow identifying the non-redundant fixed stations within 
AQMN to upgrade the network layout and enhance its per-
formance and efficiency. Therefore, a study in this sense is 
fully justified.

In this regard, a k-means clustering technique was 
applied to annual average NO2 concentrations measured at 
the twenty-three fixed monitoring stations belonging to the 
target AQMN to point to the non-redundant fixed stations. 
When executing a k-means clustering analysis, the number 
of clusters (value of k) is essential. In this sense, the indi-
vidual k values used to implement the clustering technique 
were k = 20, 15, 10, and 5, respectively.

Once the previously listed four clusters were executed, 
the coefficient of determination for each cluster was com-
puted when correlating current annual average NO2 con-
centrations versus those estimated by clustering analysis. 
Among all outcomes, the cluster selected for identifying the 
non-redundant fixed stations (hereafter conceptualised as the 
nominated cluster, NC) presented a coefficient of determi-
nation equal to or higher than 0.95. As shown in Fig. S3, 
cluster number 5 was the first group meeting this premise 
for all researched years, thereby appointing cluster 5 as NC. 
The average value of the coefficient of determination (for 
cluster 5) along the investigated period was 0.967 ± 0.076 
(range: 0.958–0.977). Within cluster number 5, Euclidean 
distance and standard deviation attained maximum values of 
4.330 ± 0.725 and 1.594 ± 0.305 μg/m3, respectively.

Within this frame, Table S2 reported Euclidean distance 
values corresponding to the NC. The non-redundant fixed 
stations by studied year are linked to the lowest Euclidean 
distances. This parameter is a distinctive variable among 
components included in the same group (Penkova 2017). 
According to the outcomes, the non-redundant fixed stations 
are displayed in Table 1. The stations encompassed within 
the same cluster are highly dissimilar from stations associ-
ated with other clusters (Maione et al. 2019).

Note the wide variability of obtained outcomes regarding 
the number of non-redundant fixed stations. More than 15 
fixed stations were designated as non-redundant at least once 

Fig. 3   Distribution of Pearson’s coefficient of correlation classified 
by fixed station category (2008–2016). Note: The code ES1811A sta-
tion (suburban traffic, N = 1) has been included in the suburban back-
ground category
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during the studied time, which brings out the complexity of 
air quality network management.

By counting the number of times that urban, suburban, and 
rural fixed stations were labelled as non-redundant between 
2008 and 2016, the urban stations displayed a higher repre-
sentativeness degree than suburban and rural ones (Fig. S4). 
In concrete, the urban representativeness ranged between 43 
(2014) and 86% (2012), while stations placed at suburban 
sites oscillated between 0 (2012 and 2016) and 33% (2009), 
and finally between 9 (2011) and 29% (2014) in the case of 
fixed stations located at rural sites (see Fig. S5).

Proposing the most representative non‑redundant 
fixed monitoring stations for measuring ambient 
NO2 levels in the target AQMN

According to the approach reported in the “Materials and 
methods” section, the total representativeness for each sta-
tion was calculated along the covered period. Then, posi-
tion measures and population data were applied to propose 
the most representative non-redundant fixed stations within 
the set of non-redundant stations. Figure 4 represents the 
total representativeness for each station along the respected 
study period grouped by quartiles (hereafter Q, results for 
Q4, 3, 2, and 1: 6.0, 4.5, 3.0, and 2.0, respectively) and 
type of station.

As previously mentioned, the following requirements were 
regarded to propose one non-redundant fixed station in the func-
tion of the station type: All quartiles should be represented.

1.	 The station with the larger representative scale in each 
quartile should be picked.

2.	 The station covering a higher inhabitant number should 
be selected whether several stations within the same 
quartile reach a similar representativeness value.

Based on those criteria, the first selected relevant station 
leads toward ES1869A station (Coslada, urban traffic sta-
tion). Due to that, this one sustains a higher representative-
ness level (Q4) during the covered years. However, several 
stations share the highest representativeness level for the 
rest of the quartiles; therefore, the number of inhabitants 

Table 1   Non-redundant fixed 
monitoring stations in the 
function of the studied year 
(Note: They are assigned by 
station code. No common part 
is included to reduce the station 
code)

Station code 2008 2009 2010 2011 2012 2013 2014 2015 2016

1563 X X
1564 X X X
1565 X X
1567 X X X X X X
1568 X X X
1611 X X X X X X
1612 X X X
1613 X
1801 X X X X
1803 X X
1806 X X
1807 X X X
1808 X X X X X
1810 X X X X X
1811 X
1838 X X X X
1869 X X X X X X X X
1890 X X X
2028 X X X X

Fig. 4   Total representativeness of fixed monitoring stations of the 
Community of Madrid for measuring ambient air NO2 concentrations 
from 2008 to 2016
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criteria will decant the suggested measuring site (Table S3). 
In this frame, within the Q3, the ES2028A station (Getafe) 
has a higher number of inhabitants than ES1801A station 
(Arganda del Rey) and ES1838A station (Algete), respec-
tively. Nonetheless, the ES2028A station (Getafe) was not 
recommended because an urban traffic station had already 
been selected in a quartile of a larger scale (ES1869A sta-
tion, Coslada). Instead, the ES1801A station (Arganda del 
Rey, urban industrial station) was recognised as a primor-
dial location for measuring NO2 (population higher than 
ES1838A station, Algete).

Within Q2, five fixed stations accomplished the same 
number of representativeness. Nevertheless, the ES1568A 
station (Móstoles, urban background station) is a main meas-
uring NO2 point because it has a higher number of inhabitants 
than the rest of the stations with similar representativeness 
in this quartile. Finally, the fixed station with higher repre-
sentativeness and the number of inhabitants within the Q1 
drives to an urban traffic station (ES1613A station, Colmenar 
Viejo). Despite that, this site was not regarded as a relevant 
monitoring point because the ES1869A station (Coslada) was 
already recognised within the category of urban traffic sta-
tion. Therefore, the ES1811A site (Villarejo de Salvanés) was 
selected in the category of suburban traffic station.

Up to here, the non-redundant stations proposed for meas-
uring NO2 in the target atmosphere sum up a total of four 
stations, encompassing the following types: urban traffic 
(ES1869A, Coslada), urban-industrial (ES1801A, Arganda 
del Rey), urban background (ES1568A, Móstoles), and sub-
urban traffic (ES1811A, Villarejo de Salvanés). However, 
given that the initial objective was to propose a non-redun-
dant measuring site per station type, the category of rural 
background station should be advanced. In this sense, within 
the rural background station’s category, the monitoring sta-
tion with a higher representativeness degree and population 
is the ES1808A station (San Martín de Valdeiglesias), cover-
ing the five stations classes.

Since each atmospheric pollutant has its peculiarity in 
terms of emission sources, atmospheric chemical reactions, 
dispersion rate, and lifetime (Tuck 2021), the suggested 
methodology should be employed in a particular way. To 
offer evidence regarding this consideration, research carried 
out in the same AQMN used in this study for optimising the 
monitoring of PM10 particles identified eight fixed stations 
as the more representative non-redundant fixed stations for 
measuring PM10 within the target region (Galán-Madruga 
2021a, b). However, comparing the fixed stations selected 
for measuring PM10 with those proposed ones for NO2 in 
this study, only two stations coincided (ES1568A, Móstoles, 
and ES1811A, Villarejo de Salvanés).

Based on the previous development, it is relevant to 
highlight that fixed monitoring NO2 sites in the target terri-
tory declined from twenty-three to five fixed stations, with 

a percentage decrease of nearly 80%. Other authors also 
reported outcomes in this sense. For example, in 2008, a 
relevant Portuguese research group evaluated the Oporto 
Metropolitan Area’s AQMN layout using principal compo-
nent analysis and clustering techniques. They used ambi-
ent air pollution data (SO2 and PM10) monitored at fourteen 
fixed stations from January 2003 to December 2005. The 
outcomes displayed that six and two stations were enough 
to measure SO2 and PM10 (decrease of 57 and 85%, respec-
tively) (Pires et al. 2008). Similarly, Hao et al. (2018) devel-
oped a method to optimise the network size and the meas-
uring points’ locations for Shijiazhuang city (China). The 
results showed an improvement of 60.99% (SO2) and 76.06% 
(NO2) within the target urban area.

Other research studies developed approaches based on 
distinct analysis techniques to identify redundant fixed moni-
toring stations within AQMN (see Table S4). All studies 
provided a significant advance in the AQMN optimisation 
and design. Many of these studies identified redundant fixed 
stations (Pires et al. 2009), while others reported alternative 
measuring sites (Munir et al. 2019) or identified appropriate 
sites in a target territory to locate fixed stations in order to 
set up an AQMN (Hacıoğlu et al. 2016; Kollati and Deb-
nath 2021). Gorzelnik and Oleniacz (2019) assessed the suit-
ability of new air quality monitoring stations in Krakow’s 
AQMN regarding spatial and temporal variability of PM10 
concentrations. In this frame, Verghese and Nema (2022) 
conducted a comprehensive literature review study covering 
the relevant conventional and contemporary approaches in 
the field of AQMN optimization over the last four decades, 
highlighting major drawbacks and advantages.

The recommended strategy in this work may offer sig-
nificant applications within the environmental management 
field, particularly in air quality management. This strat-
egy may be combined with other techniques of air quality 
assessment, such as atmospheric pollution forecasting stud-
ies (Videnova et al. 2006), to easy identification the most 
appropriate sites for locating fixed monitoring stations for 
measuring air pollutants. Although the proposed method has 
been applied to a specific AQMN as a case study, this one 
may be implemented in any air quality network at the global 
level to optimise its design by restructuring the network. 
The enhancement in the layout of an existing network would 
drive the most accurate measurements, given that redundant 
fixed stations would influence data validity (Kao and Hsieh 
2006). The AQMN optimisation would carry beneficial 
consequences assuming different sceneries concerning the 
removed fixed monitoring stations:

Scenery 1 (They are not relocated). It would be obtained 
a significant reduction in expenses derived from the net-
work maintenance, in terms of investment for acquiring 
automatic observation analytical instrumentation used in the 
AQMN, data quality assurance activities, such as calibration 
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operations of measurement instruments and acquisition of 
reference materials. This fact results in highly pertinent 
within a frame of limited economic resources.

Scenery 2 (They are relocated). The target surface 
covered by AQMN would be increased by relocating the 
removed fixed stations to new sampling points to measure 
the same pollutant or new compounds not previously meas-
ured in the AQMN.

In any case, reducing the number of fixed stations would 
not carry a decline in AQMN performance, being sustained 
by the body of findings reported in this work.

Given that the European Legislation is a pertinent and 
necessary instrument to control atmospheric pollution and 
improve air quality, the methodology proposed in this work 
also has a potential application at a legislative level. The cur-
rent air quality European legislation lays down considera-
tions at the macro-and microscale level about the location of 
fixed stations and the minimum number of measurement sites 
within an AQMN. This last consideration is established in 
function of the zone’s population needing to be controlled 
(Directive 2008/50/EC). Nevertheless, this Legislation does 
not include considerations or methods allowing (i) identify-
ing non-redundant fixed stations within an AQMN and (ii) 
proposing the most representative non-redundant fixed sta-
tions. Therefore, implementing the methodological framework 
recommended in this work would quickly solve this environ-
mental issue, complementing the guidelines set by European 
Legislation on air pollutants monitoring using AQMN. Simi-
larly, the developed approach may serve as a benchmark frame 
to devise a harmonised methodology to evaluate the AQMN 
performance, given that it is currently unavailable.

On the other hand, the suggested methodology may serve 
competent authorities as a helpful instrument for assess-
ing the impact of air quality plans implemented in a con-
crete region for a long-time period. A particular emphasis 
deserves urban and suburban environments accounting for 
its potential growth in population, transport networks, town 

planning, and industries, which would be translated into 
alterations of the spatial air pollutants pattern.

Testing the proposed methodological approach

Since the proposed methodology severely reduces the num-
ber of measuring NO2 points in the target AQMN, a vali-
dation study must be conducted to sustain the validity and 
reliability of the reported methodological development. In 
this sense, temporal and spatial variables were tested, using a 
GIS for building maps of NO2 iso-concentration. To execute 
the validation process, two groups of data packages were 
regarded: pack 1 (formed by the current 23 fixed stations) 
and pack 2 (constituted by the proposed non-redundant 
5 fixed stations). To equal the number of stations in both 
packs, those included in pack one but not in pack two were 
incorporated into pack 2. The fixed stations included in pack 
1 sustained the current annual average NO2 concentrations, 
and those stations of pack 2 assumed the estimated annual 
average NO2 concentrations derived by clustering analysis.

At the temporal level, the impact of the period used in 
developing the suggested methodology was addressed using 
NO2 pollution data averaged between 2008 and 2016 (see 
Fig. 5).

The pollution information pictured by the NO2 spatial dis-
tribution gradient in both environmental sceneries displays a 
high connection grade, achieving 96.7%. Therefore, it can be 
concluded that the influence of the time range employed in 
developing the proposed methodological framework exhib-
its a highly acceptable value. At the annual level, a more 
detailed study confirmed the finding found in the global 
study (see Fig. S6), showing slightly higher similitudes 
(between 97.9 and 98.9%). However, they did not find sig-
nificant differences at the global and annual levels (t-test).

At the spatial level, the loss of information regarding the 
spatial distribution pictured by current (pack 1) versus pro-
posed fixed stations (pack 2) is researched using ambient 

Fig. 5   Iso-concentration map 
for average NO2 levels (2008–
2016). A Currently fixed sta-
tions (pack 1, 23 fixed stations) 
and B Proposed fixed stations 
(pack 2, 5 fixed stations)
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air NO2 data recorded by target AQMN in 2007, 2017, and 
2020. The outcomes will allow the investigation of poten-
tial discrepancies concerning spatial gradients obtained from 
both postulates for the three studied years. Figure 6 repre-
sents the spatial annual NO2 distribution for those years.

The concentration gradient drawn by fixed stations included 
in pack one versus pack 2 provides practically the same pollu-
tion information (95.4, 96.9%, and 96.5% for 2007, 2017, and 
2020, respectively), thereby exhibiting a spatial discrepancy 
lower than 5%. Therefore, significant differences were not 
observed at the temporal and spatial levels, which sustains the 
advised methodological framework as a helpful tool for assess-
ing AQMN performance and improving its design.

To examine the influence of resolution of pollution data 
used in developing the suggested methodological frame-
work (annual average levels), short-time data (daily aver-
age) were tested. The outcomes reached by the approach 
developed using annual average NO2 concentrations were 
respected (the nominated cluster, K = 5 and the non-redun-
dant five fixed stations proposed). Given that an existing 
AQMN should be evaluated in a concrete time, Decem-
ber 12 was considered to examine the impact of the data 

resolution. In this sense, Tables from S5 to S12 display the 
results of Euclidean distance observed when running clus-
ter number 5 using daily average NO2 data from December 
12, 2008–2016. In addition, the spatial distribution gradi-
ent reported by current vs proposed fixed stations for the 
selected target day was compared, according to the “Results 
and discussion” section. As shown (Fig. 7), the spatial infor-
mation reported by both sceneries reaches a likeness level 
higher than 95% (minimum and maximum value: 95.1 and 
99.4% for 2013 and 2015, respectively). Therefore, the meth-
odological framework proposed using long-time pollution 
data is also valid by employing short-time data.

Conclusions

Since air quality networks’ efficiency should be evaluated 
over time because of the variation influencing agents in pol-
luting compounds in the air matrix, this research aims to 
furnish a stepwise methodological framework for assessing 
the performance of air quality networks. Currently, a harmo-
nised method is unavailable at the legislative level.

A combined study involving chemometric analysis, posi-
tion measures, and population data was conducted to achieve 
the proposed previously objective. In this sense, the body of 
outcomes exhibited in this work supports the validity of the 
suggested methodological framework for optimising AQMN 
layout by developing the following sequence: (i) evaluation 
of the existence of redundant fixed stations, (ii) detection of 
the non-redundant fixed stations, and (iii) proposal of the 
most representative non-redundant fixed stations within the 
AQMN. This approach is also adequate for assessing fixed 
monitoring sites’ representativeness within an AQMN.

As an innovative aspect, this work is the first to conduct 
a testing process using pollution NO2 data not included in 
the development of the proposed methodology, which is fun-
damental for securing the validity of the methodology. For 
that, a consistent validation of the suggested approach was 
addressed using GIS, including analysing the spatial distri-
bution gradient of air pollutant concentrations. It is quanti-
fied the impact of (i) the temporal frame employed in devel-
oping the suggested methodology (variability < 5%) and (ii) 
removing redundant stations and non-redundant stations 
non-proposed on the spatial distribution gradient regard-
ing original AQMN capacity (similitude > 95%), thereby 
sustaining the practical application of the recommended 
methodological sequence. The proposed methodological 
framework (based on annual average NO2 concentrations) 
also applies to lower resolution NO2 data.

The methodology reported in this study can serve as 
a helpful tool, within the air quality field, for managing 
AQMN, especially in the case of a dense network of meas-
uring stations working with the use of expensive reference 

Fig. 6   Iso-concentration map for annual average NO2 levels (2007, 
2017, and 2020). A Currently fixed stations (pack 1) and B Proposed 
fixed stations (pack 2)
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methods. Therefore, potential applications are highly rel-
evant for existing AQMN and implementing new AQMN 
in a concrete territory. In the first case, this methodological 
procedure would nominate the most representative non-
redundant fixed stations within an existing AQMN. In the 
second case, it would identify the most representative moni-
toring sites for measuring air pollutants using previous air 
pollution information, reducing the required investment. On 
the other hand, this methodology would support the evalu-
ation of long-term air quality management plans and help 
decision-making by the competent authorities.

Finally, the methodological framework would comple-
ment the guidelines set by European Legislation on air pol-
lutants monitoring at fixed stations, acting as a benchmark 
for developing harmonised methodology.
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