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a CIEMAT, Department of Environment, Av. Complutense 40, 28040, Madrid, Spain   

H I G H L I G H T S  

• Synoptic Meteorological Patterns based on sea level pressure fields were obtained. 
• SMP were consistent with values of meteorological parameters in the study region. 
• SMP had strong influence on exceedances of PM10, NO2 and O3 air quality standards. 
• Local high-pollution episodes were strongly associated to specific SMP. 
• SMP help analysing particle size distributions and identifying new particle formation.  
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A B S T R A C T   

A circulation classification technique based on daily sea level pressure fields was applied to classify homogeneous 
synoptic types in the period 2001–2019 for the Iberian Peninsula (IP). The main synoptic meteorological patterns 
(SMP) were thus discriminated and then validated by the analysis of meteorological variables and atmospheric 
stability parameters registered in the Madrid air basin in the year 2015. Then, their utility to characterize at
mospheric processes like air pollution episodes or new particle formation in the study area was evaluated. 
Specific SMP clearly influenced wind circulations and turbulent processes at different spatial scales. At regional 
scale they contributed to discriminate among pollution episodes giving rise to exceedances of air quality stan
dards for particulate matter, nitrogen dioxide and ozone at monitoring stations. For instance, two of the resulting 
SMP, characterized by the presence of intense high pressure systems close to the IP and strong atmospheric 
stability in winter and autumn, produced slightly different urban high-pollution episodes in this region. The 
highest mean levels of nitrogen dioxide, PM10 and PM2.5 (particles lower than 10 and 2.5 μm, respectively) and of 
ultrafine particles number concentration registered at different urban traffic, urban background and suburban 
stations, happened during these specific SMP. Likewise, most new particle formation events took place during 
two other SMP, which mainly occurred in spring and summer. One of them was characterized by high values of 
solar irradiance and surface temperature, which favour nucleation processes. The highest mean levels of ozone 
were also registered at the urban and rural stations during this SMP. The other one represented an unusual 
meteorological scenario in the IP compared to the others obtained in the study, with high pressures displaced 
northwest producing relatively high values of surface wind speed. This fact reduced the condensation sink and 
favoured new particle formation in the midday period. In short, this methodology that considers a large amount 
of interconnected variables can be very useful for characterizing atmospheric situations that have a strong in
fluence on atmospheric pollution processes in other regions.   
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1. Introduction 

Air pollution has a great impact on human health and the environ
ment, especially in big cities, where more than 50% of the world’s 
population lives (United Nations, 2015). According to the World Health 
Organization, chronic outdoors exposure to particulate matter (PM) and 
gases as tropospheric ozone (O3) or nitrogen dioxide (NO2) contributes 
to the risk of developing a large number of different diseases related to 
respiratory or cardiovascular problems, among others. About 4.2 million 
premature deaths worldwide were attributed to ambient air pollution 
exposure in 2016 (World Health Organization, 2018). For these reasons, 
air quality (AQ) plans and abatement measures to reduce air pollutant 
emissions have been implemented in the last decades worldwide. 
Despite these efforts, pollutant emissions and ambient concentrations 
have increased in many regions, especially in developing countries 
(Duncan et al., 2016). 

In Europe, primary emissions and precursors of secondary air pol
lutants from the main source sectors (road transport, energy production 
and industry) have fallen over large areas due to the use of cleaner fuels 
and the development of technology and legislation to protect AQ (Eu
ropean Environmental Agency, 2018). However, sudden increases of 
ambient air pollutants from their background levels still take place with 
a relatively high frequency depending on the geographical location. 
These events, known as high-pollution episodes, are highly conditioned 
not only by the emissions intensity but also by the atmospheric condi
tions produced under some synoptic meteorological patterns (SMP). 

Proof of this is the fact that specific SMP generate long-range 
transport processes of air pollutants, which give rise to high-pollution 
episodes worldwide (Li et al., 2002; Salvador et al., 2004; Marenco 
et al., 2006; Kallos et al., 2007; Querol et al., 2008; Izquierdo et al., 
2014). In recent years, several studies conducted in the Mediterranean 
region have demonstrated that synoptic atmospheric circulations play a 
significant role in O3 formation and transport at the regional and con
tinental scale (Russo et al., 2014) and in the long-range transport of 
African dust towards south European countries (Salvador et al., 2014; 
Russo et al., 2020). Valverde et al. (2015) also demonstrated that syn
optic circulation contributes to explain the spatial distribution of urban 
and industrial NO2 plumes in this region. Otherwise, SMP characterized 
by the stationary presence of high pressure systems over large areas has 
frequently produced typical urban high-pollution episodes in European 
urban areas, due to the accumulation of air pollutant emissions under 
highly stable atmospheric conditions (Artíñano et al., 2003; Kukkonen 
et al., 2005; Reizer and Juda-Rezler, 2016; Largeron and Staquet, 2016; 
Borge et al., 2018). 

Some methodologies can be used to objectively characterize SMP. 
They are known as classifications of atmospheric circulation patterns or 
as circulation classification techniques (Philipp et al., 2014). A circula
tion pattern means a field of a meteorological variable describing at
mospheric circulation, defined for each time instant of the analysis on a 
regular longitude-latitude grid. Circulation classification techniques 
classify a high number of circulation patterns into a smaller group of 
“circulation types” or “synoptic types” according to their similarity and 
frequency of occurrence (Rainham et al., 2005). 

Circulation classification techniques have been used in many fields of 
the atmospheric sciences, from weather prediction to synoptic and sta
tistical climatology (Yarnal et al., 2001; Huth et al., 2008) but less 
frequently in atmospheric pollution studies. Instead, air mass 
back-trajectories computed by numerical models have been the most 
frequent tool used for estimating the origin of air masses arriving at a 
given site and analysing their impact on air pollutant measurements 
registered there (Stohl, 1998 and references therein). Specific trajectory 
statistical methods such as cluster analysis (CA) or residence time 
analysis among others (Belis et al., 2019 and references therein) can help 
to identify potential source regions of air pollutants, which can be 
transported long distances towards the measurement site. However, 
periods of high atmospheric stability that produces the aforementioned 

urban high-pollution episodes, in which the surface layer is decoupled 
from higher tropospheric layers, are hardly characterized by 
back-trajectories (Belis et al., 2019). In that case classifications of at
mospheric circulation patterns using sea level pressure (SLP) data fields 
can be very useful for discriminating stagnant meteorological condi
tions, associated to the presence of high pressure systems. Thus, the 
main goal of this study was to demonstrate the feasibility of this 
approach for performing a classification of atmospheric circulation 
patterns able to identify and characterize specific SMP for different air 
pollution scenarios, including high-pollution episodes. The Madrid air 
basin, which is located in the central region of the Iberian Peninsula (IP) 
was selected as a case study, due to its great metropolitan area and 
vehicular fleet, and the frequent occurrence of exceedances of AQ 
standards for several air pollutants in the last years (MITECO, 2019). 

The study was organized as follows: First, SMP were obtained and 
identified by means of a circulation classification technique using SLP 
daily fields for the period 2001–2019. Next, the year 2015 was selected 
to demonstrate the validity of the procedure because different docu
mented high-pollution episodes (Borge et al., 2016; Artíñano et al., 
2018) and new particle formation processes (Alonso-Blanco et al., 2107) 
occurred in this region. Besides, a number of heterogeneous meteoro
logical and air pollutants data sets were available for the subsequent 
validation process. Then, the SMP were validated by interpreting local 
meteorological variables registered at an instrumented tower, atmo
spheric stability parameters obtained from a numerical model and var
iations of the mixing layer height (MLH) at midday derived from 
radiosondes carried out in the study area this year. Finally, the circu
lation classification obtained was used to evaluate the impact of the SMP 
on the exceedances of AQ standards and characterize specific air 
pollution processes, such as high-pollution episodes and new particle 
formation, produced in this region. To this end, a comprehensive data 
set of levels of air pollutants registered at urban traffic, urban back
ground, suburban and rural background monitoring sites in the Madrid 
air basin were obtained. Different statistical techniques (box-plots, 
non-parametric tests, wind-roses, polar plots and distribution fitting) 
were employed for their analysis. These data sets included not only 
regulated parameters, such as PM10, PM2.5, NO2 and O3 but also ultra
fine particles (UFP, particles lower than 0.1 μm) size distributions and 
number concentrations. 

It should be noted that UFP have a high impact on AQ (Brines et al., 
2015) and human health (Tobías et al., 2018) but do not appear in the 
regulatory frameworks so far. As their mass is not relevant compared to 
other parameters with higher sizes such as PM10 and PM2.5, their study is 
addressed as number concentration and size distribution. The 
complexity in their measurement and the gap of knowledge on their 
sources, chemical speciation and behaviour in urban and suburban en
vironments has prevented their inclusion in these regulations so far 
(Heal et al., 2012). Since UFP number and size distributions evolve with 
time depending on the atmospheric conditions, among other factors, the 
use of SMP may help to characterize and interpret specific atmospheric 
processes affecting them, like nucleation events. The advantage of this 
novel approach to the study of UFP is that it allows for the consideration 
of numerous interrelated variables within a holistic framework and 
represents an alternative to other descriptive and statistical methods 
frequently used to analyse this AQ parameter (Brines et al., 2015; 
Alonso-Blanco et al., 2017). 

2. Methodology 

2.1. Study area 

The Madrid air basin is located in the centre of the IP (Fig. 1). More 
than three million inhabitants are concentrated in its urban core (5000 
persons per square kilometre), although the metropolitan area, which 
includes some surrounding cities, exceeds six million inhabitants. In this 
context, the main source contributing to the emissions of NOx, CO and 
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primary PM10 and PM2.5 is road traffic with about 2 million vehicles 
registered in the municipality, followed by commercial, institutional 
and household activities (Gómez-Moreno et al., 2011; Salvador et al., 
2015; Ayuntamiento de Madrid, 2017). 

In this region, the NO2 hourly limit value (200 μg/m3 not to be 
exceeded more than 18 h per year) and the NO2 annual limit value (40 
μg/m3) established in the 2008/50/EC European Directive have been 
systematically exceeded at many AQ urban traffic monitoring stations, 
since their implementation in the year 2010 (MITECO, 2019). Relatively 
moderate long-term average concentrations are registered in this area 
for some other air pollutants, such as PM10 and PM2.5. However, they 
still reach high concentrations during the occurrence of urban 
high-pollution episodes (Artíñano et al., 2003; Borge et al., 2016). 
Moreover, it has been reported that concentration values of other pol
lutants, which are not commonly measured at the air quality network 
monitoring stations, such as PM1, i.e. particles lower than 1 μm (Borge 
et al., 2016), UFP (Borge et al., 2018) or NH3 (Artíñano et al., 2018) also 
experience significant increases during these episodes. 

From a regional scale, the mountain breeze circulation influences the 
wind pattern and drives the transport of the urban plume produced over 
the city across the Madrid air basin. These circulations are especially 
relevant in summer determining the areas of impact of photochemical 
pollution in that period (Plaza et al., 1997; Querol et al., 2018). From a 
synoptic scale, there are several transboundary influences on the levels 
of air pollutants recorded in this geographical area. Long-range trans
port events of African dust, known as African dust outbreaks, frequently 
taking place in spring and summer, significantly increase regional 
background levels of PM in the Madrid air basin (Salvador et al., 2013; 
López et al., 2019) and consequently in its urban area (Artíñano et al., 
2003; Salvador et al., 2004). Besides, air masses with a European origin 
occasionally transport secondary pollutants that influence their regional 
and urban background levels (Salvador et al., 2008; López et al., 2019). 
Otherwise, the arrival of Atlantic or polar air masses generally reduces 
drastically the levels of all air pollutants in this region (Revuelta et al., 

2012). 

2.2. Circulation classification methodology 

The applied methodology can be described in the following steps: 
First of all, SLP global fields at 12UTC derived from the National 

Centers for Environmental Prediction/National Centre for Atmospheric 
Research (NCEP/NCAR) Reanalysis dataset (Kalnay et al., 1996) pro
vided by NOAA/OAR/ESRL PSD, USA were obtained for all the days of 
the period 2001–2019. SLP fields correctly describe in most of the cases, 
those periods characterized by stagnant meteorological conditions that 
give rise to urban high-pollution episodes (Pujadas et al., 2000). 

Then, a non-hierarchical k-means CA method was applied for clas
sifying the SLP daily fields, into similar groups, each one representing a 
prevalent circulation type (Huth et al., 2008). This is an iterative algo
rithm that partitions the data by comparing each object to each of the k 
cluster centers by a dissimilarity measurement. In this particular case, a 
2.5 ◦ × 2.5 ◦ latitude – longitude regular grid centred over the IP was 
selected, resulting in 861 SLP grid points for each daily situation. Such 
grid was bounded from 20◦N to 70◦N and from 50◦W to 50◦E. The 
method comprises 4 stages (Belis et al., 2019): 

Stage 1: an initial partitioning of the SLP fields is defined: k daily 
fields representing different representative synoptic meteorological sit
uations in the study area are selected as initial seeds or cluster centers. 
The choices of appropriate initial clusters and their optimal number are 
key factors when performing a non-hierarchical k-means CA. In this 
study the initial cluster centers were selected from the most frequent 
atmospheric circulation patterns over the IP, which were identified in 
previous studies (Sánchez, 1993). Then, the elbow method (Kodinariya 
and Makwana, 2013) was used as a criterion for determining the number 
of clusters that will be obtained in the process. 

Stage 2: calculate the change in the clustering criterion that result 
from changes in membership and reassign SLP fields. Hence, the 
euclidean distance from each field j to each cluster-centre k is calculated 

Fig. 1. Geographical location of the monitoring sites located in the Madrid air basin, and zoom to the Madrid metropolitan area (upper-left).  
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for every grid-point value of their 861 SLP observations and summed. 
Finally, the SLP field is assigned to the cluster with the smallest total 
distance from its cluster centre. 

Stage 3: recalculate the cluster centers after all the SLP fields have 
been examined and assigned. The cluster centers are recalculated as the 
arithmetic mean of all members of any cluster. 

Stage 4: repeat the steps 2 and 3 until no SLP field changes its cluster 
assignment. 

A script in the FORTRAN programming language was created to 
implement the non-hierarchical k-means CA, being able to choose the 
initial clusters, as well as obtaining the within-group and between-group 
variance in the output, according to the number of clusters selected. 
Each resulting cluster will portray a synoptic meteorological scenario 
with similar properties over the centre of the IP. Once the CA was per
formed, composite synoptic maps were thus obtained by averaging all 
the SLP fields allocated in each group, grid-point by grid-point. 

It should be emphasized that the non-hierarchical k-means CA pro
cedure is one of the statistical methods most widely used for classifica
tion of atmospheric circulation patterns (Huth, 1996 and references 
therein; Philipp et al., 2007). Specific details on the advantage of using 
this method for circulation pattern classification can be found elsewhere 
(Huth, 1996 and references therein; Huth et al., 2008; Alonso-Pérez 
et al., 2011; Salvador et al., 2014; Valverde et al., 2015). However, each 
method removes the subjectivity inherent in classification procedures 
only to a certain extent. For this reason, a validation procedure on the 
resulting clusters was performed based on the analysis of heterogeneous 
data sets of meteorological variables and atmospheric stability param
eters, obtained from measurements performed in an instrumented 
tower, numerical models and radiosondes carried out in the study re
gion. A careful description of these databases is given below in section 
2.3. This procedure pretended to assure the physical meaning of the SMP 
obtained from the circulation classification methodology employed in 
this study. Such validation process has not been usually carried out in 
this type of studies that used circulation classification techniques and 
should be considered one of the main novel features of this work. 

2.3. Meteorological and atmospheric stability variables 

The main variables that were used for validating the SMP resulting 
from the circulation classification procedure are described as follows. 

Local meteorological variables were recorded in a permanent 
instrumented tower operating at the CIEMAT facilities (Table 1). Pres
sure on ground level (P), relative humidity at 4 m above ground level 
(agl) (HR), solar irradiance (SI) and precipitation at 35 m agl and wind 
speed and direction at 54 m agl (WS and WD, respectively) are currently 
registered with a frequency of 1 min and provided as 10 min average 
values. Such wind measurements were not perturbed by any obstacle, 

thus giving information representative of the regional wind flows pro
duced in the air basin. The vertical difference of temperature (ΔT) was 
obtained as the difference of simultaneous temperature records at 54 m 
(upper temperature (UT)) and 4 m agl (lower temperature (LT)). Posi
tive values of this gradient are indicative of stable atmospheric condi
tions that can be associated to surface thermal inversions, whereas 
negative values indicate atmospheric instability. 

With the aim to characterize the atmospheric stability near the 
ground level, 3 gridded coefficients were also obtained using the 
mathematical routines of the HYSPLIT (HYbrid Single-Particle 
Lagrangian Integrated Trajectory) transport and dispersion model 
(Draxler et al., 1999). This model works with the ARL (Air Resources 
Laboratory) database of the American Agency NOAA (National Oceanic 
and Atmospheric Administration) for performing simulations at a 
particular location using gridded meteorological data. Some atmo
spheric stability parameters such as the subgrid-scale horizontal mixing 
coefficient (Kh), the vertical mixing coefficient (Kz) and the friction ve
locity (U*) can be obtained from them (Rolph et al., 2017). Kh is 
computed from the velocity deformation whereas Kz is a measure of the 
turbulent mixing within the boundary layer. Kz is used by this transport 
and dispersion model to calculate the vertical movement of pollutants, 
which includes the effects of both temperature and wind (thermal and 
mechanical turbulence). Equations used for calculation of Kh and Kz can 
be found in Draxler and Hess (1997) and references there in. U* is 
defined by the surface shear stress and the momentum flux to the surface 
(Britter and Hanna, 2003). The values of these stability variables were 
obtained at the Madrid city centre, every 3 h for any day of the year 2015 
and later daily averaged. 

In combination with the stability parameters, the MLH was calcu
lated for each day of the study period by means of the simple parcel 
method (Holzworth, 1964) and the vertical profiles of pressure (P) and 
temperature (T) from radiosondes launched at 12:00 UTC in the Madrid 
Airport (Fig. 1 and Table 1) by the Spanish Meteorological Agency 
(AEMET). Taking into account that the potential temperature (θ) tends 
to be constant in the mixing layer, the MLH is taken as the equilibrium 
level of an air parcel with θ calculated at ground level. Thus, MLH was 
determined using this method for 351 days in 2015. 

2.4. AQ data sources 

Four monitoring sites that represent different but representative 
environmental features for AQ assessment in the Madrid air basin were 
chosen: CIEMAT, Escuelas Aguirre (EA), Casa de Campo (CC) and El 
Atazar (AT) (Fig. 1 and Table 1). The main natural and anthropogenic 
sources of air pollutants produce different impacts on levels registered at 
rural, suburban, urban background and urban traffic monitoring stations 
(Lenschow et al., 2001; Salvador et al., 2015; López et al., 2019). For this 

Table 1 
Main features of the air quality and meteorological monitoring stations and parameters analysed: P (atmospheric pressure), LT and UT (temperatures at a height of 4 
and 54 m agl), SI (solar irradiance), WS (wind speed), WD (wind direction), RH (relative humidity), RAQN (Madrid Regional Air Quality Network), CAQN (Madrid City 
Air Quality Network), AEMET (Spanish Meteorological Agency).  

Site Coordinates Altitude (m 
asl) 

Type Parameters Temporal 
resolution 

CIEMAT 
Air pollution 
laboratory 

40◦27′23′′N 
03◦43′32′′W 

657 Urban background air quality levels Particle size distribution and number concentration 
(15–660 nm) 

4.5-min 

CIEMAT 
Meteorological tower 

40◦27′23′′N 
03◦43′28′′W 

680 Surface meteorological parameters P, LT, UT, SI, WS, WD, RH, rainfall 10-min 

El Atazar (AT) 
RAQN 

40◦54′32′′N 
03◦28′04′′W 

995 Rural background air quality levels PM10, PM2.5, NO2, O3 Hourly 

Casa de Campo (CC) 
CAQN 

40◦25′10′′N 
03◦44′50′′W 

645 Suburban air quality levels PM10, PM2.5, NO2, O3 Hourly 

Escuelas Aguirre (EA) 
CAQN 

40◦25′18′′N 
03◦40′56′′W 

672 Urban traffic air quality levels PM10, PM2.5, NO2, O3 Hourly 

Madrid Airport 
AEMET 

40◦27′28′′N 
03◦33′29′′W 

609 Vertical profiles of meteorological 
parameters 

Vertical profiles of P and T Daily (12:00UTC)  
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reason, the comparative analysis of the levels of air pollutants registered 
at selected stations under different synoptic atmospheric conditions can 
help to evaluate the influence of the SMP in AQ properties during the 
year 2015. 

The CIEMAT research monitoring site is located in a non-residential 
area, in the Madrid NW city outskirts between natural forested areas and 
the Complutense University campus. This site is considered an urban 
background monitoring station because it is not directly influenced by 
traffic emission sources. Depending on the wind direction it is locally 
influenced by urban emissions from the NE-SE sector (Fig. 1) and oc
casionally by biogenic emissions from vegetated areas from other di
rections. In this site, UFP size distributions and number concentrations 
were measured by a scanning mobility particle sizer (TSI-SMP model 
3936) formed by a differential mobility analyser (DMA; TSI Inc., Model 
3081), a condensation particle counter (CPC; TSI Inc., model 3775) and 
an electrostatic classifier (EC; TSI Inc., model 3080). It provides in-situ 
continuous measurements of the particle size range from 16 to 661 
nm as described by Alonso-Blanco et al. (2017). This instrument is 
included in the European network ACTRIS (Aerosols, Clouds, and Trace 
gases Research Infrastructure Network) and complies with its technical 
QC/DQ quality control requirements (Wiedensohler et al., 2012). Be
sides, it has also participated in some national intercomparison exercises 
through the Spanish Network of Environmental DMAs - REDMAAS 
(Gómez-Moreno et al., 2015). Daily mean number concentration values 
were determined for days with at least 75% of measurements available. 
Finally, 81% of all possible daily mean values were obtained in 2015. 

Additionally, time series of levels of NO2, O3, PM10 and PM2.5 (the 
mass of particulate matter which passes through a size selective 
impactor inlet with a 50% efficiency cut-off at 10 μm and 2.5 μm 
aerodynamic diameter, respectively) registered at EA, CC and AT were 
obtained with hourly resolution. EA and CC, belong to the Madrid City 
AQ monitoring Network (CAQN). EA is an urban traffic station located 
in the city centre, which currently registers very high levels of pollutants 
influenced by the proximity to main urban roads with a great flow of 
vehicles. CC corresponds to a suburban background station surrounded 
by forested areas that presents similar environmental characteristics and 
at the same distance (about 3 km) from the urban core that the CIEMAT 
site. Since the year 2009, when deep changes were performed in the 
CAQN, EA and CC are the urban traffic and suburban monitoring sta
tions, respectively that registered the highest number of AQ parameters 
of this network. Finally AT site was chosen among the stations that form 
part of the Madrid Regional AQ monitoring Network (RAQN). This is a 
rural background station located 60 km away from the city centre at the 
N-NE direction, in a natural area next to a large water reservoir. Hence, 
this station registers the regional background levels of air pollutants in 
the Madrid air basin. Daily mean values of all air pollutants, obtained for 
days with at least 75% of valid hourly measurements, were available for 
more than 90% of the days in 2015. 

Finally, complementary information regarding the occurrence of 
African dust outbreaks during the period 2001–2019 was analysed. This 
information was supplied by the Spanish Ministry for the Ecological 
Transition (MITECO). A procedure is annually performed for evaluating 
the occurrence of African dust intrusions in Spanish regions and quan
tifying its contributions to PM10 and PM2.5 levels (Escudero et al., 2007; 
Viana et al., 2010). This is one of the official methods recommended by 
the European Commission (Commission Staff Working Paper, 2011). As 
a result of this analysis a total of 1337 African dust episodic days were 
confirmed over the IP centre in 2011–2019. In this period, 45% of all the 
African dust episodic days in the Madrid air basin were identified in 
summer, 22% in spring, 21% in autumn and 12% in winter. This is the 
ordinary seasonal mean distribution of African dust outbreaks across 
central Spain, observed in other studies (Querol et al., 2004) and with a 
higher statistical base in Salvador et al. (2013). 

2.5. Data analysis techniques 

The impact of each SMP on meteorological variables, atmospheric 
stability parameters and levels of air pollutants was interpreted by 
means of the study of boxplots. Multivariate analysis was performed 
with the Kruskal-Wallis non-parametric test, to search for statistically 
significant differences between the medians of the time series of the 
parameters evaluated for the resulting SMP for a 95% confidence level. 
Besides, wind roses and polar plot diagrams were obtained using the 
wind time series available from the CIEMAT meteorological tower and 
concentrations of air pollutants registered in the AQ monitoring stations 
in the year 2015. Statistical tools such as Statgraphics Centurion and the 
R statistical software version 3.5.1 together with the OPENAIR package 
(Carslaw and Ropkins, 2012; Carslaw, 2015) were used to perform these 
analysis. 

Moreover, particle size distributions and number concentrations 
were analysed using averages for daily periods. Besides, 4-h periods 
were selected as representative of different situations according previ
ous studies (Gómez-Moreno et al., 2011; Brines et al., 2015): night 
period (00–04 UTC) as a background pollution scenario; morning period 
(05–09 UTC) to take into account the traffic peak emissions during rush 
hours; midday period (11–15 UTC), when it was possible to find 
nucleation events and ultrafine particle size growth; and evening period 
(17–21 UTC), an intermediate situation incorporating also a peak 
associated to traffic emissions. 40 available data were required for 
computing each 4-h period average. 

The classification of the particle size distribution by modes was 
defined as follows: nucleation mode between 16 and 30 nm, Aitken 
mode between 30 and 100 nm and accumulation mode between 100 and 
661 nm. Additionally, average data were fitted to lognormal distribu
tions (Hussein et al., 2005) in order to characterize the two main modes 
of the observed size distributions. An important phenomenon is the new 
atmospheric particle formation by nucleation events. These events were 
identified using the methodology proposed by Dal Maso et al. (2005). 
They usually happen during periods with high levels of SI and a mod
erate particle condensation sink. 

3. Results and discussion 

3.1. Circulation classification 

The optimum number of clusters to be retained for the analysis was 
selected after repeating the CA for 2 to 8 clusters. The application of the 
elbow technique resulted in the grouping of all the SLP daily fields into 6 
clusters, each one representing similar meteorological properties in a 
synoptic context. Composite SLP maps representing the mean SMP 
resulting from each cluster are showed in Fig. 2. The main general 
characteristics of each SMP were summarized as follow: 

SMP-1: A synoptic situation of high atmospheric stability was rep
resented by this cluster, where high pressures over the IP caused a 
blockage of the entrance of air masses from marine or continental re
gions outside. 

SMP-2: Synoptic scenario led by an anticyclone centred on the 
Azores Islands and a low pressure centre situated between the United 
Kingdom and the Scandinavian countries. Isobars were fairly spaced and 
the pressure centre locations suggested the predominant occurrence of 
smooth NW air flows entering from the Atlantic Ocean into the IP. 

SMP-3: This synoptic situation was similar to the one depicted by the 
scenario 2 but presented closer isobars between the high pressure centre 
(displaced towards southern Azores Islands) and the low pressure centre 
(displaced towards the west of the United Kingdom). It denoted a greater 
speed of the air mass flows penetrating into the IP, predominantly with a 
western origin. 

SMP-4: The resulting situation depicted two high pressure systems, 
one over eastern Europe and the other over the Azores Islands, and low 
pressures located west of Iceland. Moderate W-NW air mass flows over 
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the IP should be expected under this SMP. 
SMP-5: A situation with high pressures displaced northwest of the IP 

was determined. This SMP prevented Northern air mass flows over the IP 
from occurring, enabling the advection of air masses from continental 

Europe and the Mediterranean Sea. From this point of view it can be 
considered an unusual SMP, since Atlantic circulations prevails over the 
different regions of the IP (Querol et al., 2004, 2008). 

SMP-6: This cluster showed high pressures extended along the IP, the 

Fig. 2. Composite sea level pressure synoptic meteorological situations (Pa) for each synoptic meteorological pattern (SMP) resulting from the cluster analysis, for 
the period 2001–2019. 

Fig. 3. Frequency of days assigned to each synoptic meteorological pattern (SMP) in the period 2001–2019.  
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western Mediterranean basin, France, Italy and regions of Algeria and 
Tunisia in the North of Africa. This situation was similar to the first 
scenario since both presented high pressures over the IP. Although in 
this case the mean pressure values were lower than in the SMP-1 and the 
high pressure centre was slightly displaced towards the E. This SMP 
coincided with “Scenario 1: NAH-S′′ in the study of Escudero et al. 
(2005). It was one of the prevailing scenarios accounting for the 
occurrence of African air mass intrusions over eastern Spain during the 
winter and the early spring months. It is worth mentioning that most of 
the African dust episodic days that were detected in the winter season in 
this study (46%) corresponded to the SMP-6. Hence, it is found that the 
occurrence of SMP-6 could give rise to the transport of African dust 
towards the central region of the Iberian Peninsula. 

The most frequent synoptic situation was the SMP-2 that took place 
32% of the days of the period 2001–2019, mainly in late spring and early 
summer (Fig. 3). The SMP-5 also happened preferably in the spring and 
summer months but with a lower frequency (21% of all the days). The 
SMP-3 (15% of all the days) and SMP-4 (16% of all the days) were 
detected during all seasons but mostly in autumn and less frequently in 
summer. The high pressures over the IP represented by the SMP-1 (4% of 
all the days) and the SMP-6 (12% of all the days) exhibited a greater 
presence in the winter season (Fig. 3). 

3.2. Validation of the SMP obtained from the circulation classification 
process 

Daily mean values of meteorological variables and stability co
efficients were analysed to characterize the local atmospheric situation 
represented by each synoptic pattern and thus validate the SMP ob
tained in the circulation classification process (Table 2). Boxplots of 
several meteorological and stability parameters are represented in 
Fig. 4. 

3.2.1. Meteorological parameters 
Daily averages of P and ΔT were significantly higher in SMP-1 and 

SMP-6 than in the other SMP (Fig. 4a and b). Besides, significantly lower 
daily mean values of WS, SI and LT were obtained for SMP-1 and SMP-6 
than for the rest of the SMP (Fig. 4c–e). These results agreed with the 

high SLP gridded values over central Spain represented in Fig. 2 for SMP- 
1 and SMP-6 and also with the fact that most days under these SMP 
occurred in the winter period (Fig. 3). In this season the lowest values of 
SI and LT are usually reached in central Spain (AEMET, 2016). More
over, the lowest level of accumulated rainfall was obtained for the 
SMP-1 (Table 2). On the contrary, the SMP with the highest frequency of 
occurrence in the summer months, the SMP-2 (Fig. 3) presented the 
highest levels of SI and LT with statistical significance (Fig. 4d and e). 
Otherwise, the highest statistically significant values of WS were asso
ciated to SMP-3 and SMP-5 (Fig. 4c). It is probably a consequence of the 
advection of relatively fast air masses of Atlantic and continental origin, 
respectively that happened when these circulation types occurred 
(Fig. 2). 

3.2.2. Wind speed and direction 
When it comes to the local wind pattern, it was dominated during the 

period of study by the NE and SW components (Figure Supplementary 
1a). It followed a well-defined daily evolution characterized by a 
clockwise rotation during the day from NE in nocturnal and morning 
hours to SW in the evening period (Figure Supplementary 1b). This is the 
typical regional wind circulation documented in the Madrid air basin in 
previous studies (Plaza et al., 1997; Pujadas et al., 2000). 

Additional wind roses were computed with the 10-min measure
ments for the days associated to each SMP (Fig. 5). As expected, the NE 
and SW wind directions had a great weight in the whole distribution for 
each SMP. However, wind direction frequencies and wind speed in
tensity were not the same depending on the SMP. The SMP-1, SMP-2, 
SMP-4 and SMP-6 presented a wind pattern similar to the one obtained 
for the total period, with higher winds frequencies from the NE and SW. 
However, unusual high wind speed from the SE direction was detected 
for the SMP-6 (Fig. 5). This fact could probably be produced by the 
southern wind flows, generated by the high pressures over the IP and the 
Mediterranean Sea (Fig. 2). Moreover, the SMP-3 had much more counts 
than usual from the third sector, because of the Atlantic synoptic cir
culation induced by the presence of a high and a low pressure centers in 
the Atlantic Ocean (Fig. 2). The SMP-1 showed the lowest wind speeds of 
all the SMP. The anticyclonic situation associated to this SMP probably 
caused the softening of the local wind speeds (Fig. 2). In the case of the 

Table 2 
Summary of statistical coefficients (mean, median, standard deviation− SD, interquartile range-IQR) of the main meteorological parameters analysed for each synoptic 
meteorological pattern (SMP) in 2015: LT (temperature at 4 m agl), RH (relative humidity), WS (wind speed), Rainfall (daily accumulated precipitation), P (atmo
spheric pressure), SI (solar irradiance), ΔT (vertical difference of temperature between 54 and 4 m agl), Kz (vertical mixing coefficient), U* (friction velocity), Kh 
(horizontal mixing coefficient) and MLH (mixing layer height at midday).    

LT (◦C) RH (%) WS (m/s) Rainfall (mm) P (mb) SI (W/m2) ΔT (◦C) Kz (m2/s) U* (m/s) Kh (m2/s) MLH (m asl) 

SMP-1 Mean 9.1 61.2 1.3 0.1 949.4 112.7 1.85 9.3 0.11 1638.0 986.0 
Median 7.9 64.0 0.9 0.0 949.5 100.0 2.00 6.1 0.10 1378.0 875.0 
SD 3.8 12.5 1.2 0.4 5.3 45.9 0.97 8.0 0.07 1220.3 269.7 
IQR 5.9 10.0 1.0 0.0 7.3 27.0 1.40 10.5 0.07 1448.0 295.0 

SMP-2 Mean 20.4 43.1 2.5 0.6 938.6 236.5 0.20 34.3 0.23 9731.7 1820.6 
Median 21.8 37.5 2.1 0.0 939.0 266.0 0.10 29.0 0.22 11413.0 1760.0 
SD 8.3 18.6 1.9 2.4 4.7 86.6 0.52 18.0 0.10 4350.5 562.9 
IQR 13.3 28.0 2.6 0.0 4.8 145.0 0.40 26.3 0.10 7163.0 690.0 

SMP-3 Mean 17.7 61.7 3.2 0.8 938.4 163.3 0.14 41.7 0.28 7388.0 1597.3 
Median 16.9 62.0 3.4 0.0 937.8 135.0 0.10 47.9 0.29 6882.0 1525.0 
SD 5.6 18.4 1.8 1.9 4.2 91.6 0.42 20.0 0.13 4060.2 410.3 
IQR 5.4 30.0 2.7 0.5 4.9 179.0 0.40 30.6 0.19 3357.0 499.0 

SMP-4 Mean 15.3 53.4 2.5 0.6 940.7 169.7 0.43 27.9 0.21 5922.5 1496.0 
Median 15.4 53.0 2.2 0.0 940.1 178.0 0.30 23.4 0.20 5086.0 1404.0 
SD 7.1 17.7 1.7 2.7 4.8 73.3 0.55 17.7 0.09 3660.6 425.5 
IQR 11.6 26.0 2.2 0.0 6.3 90.0 0.70 20.2 0.10 4395.0 546.5 

SMP-5 Mean 16.5 48.4 3.0 0.8 938.4 199.4 0.14 33.6 0.24 8427.6 1721.1 
Median 15.9 45.0 2.8 0.0 938.5 217.0 − 0.05 31.1 0.23 8164.5 1651.0 
SD 7.8 17.9 1.9 2.3 5.0 90.2 0.61 18.8 0.10 4379.3 556.3 
IQR 13.1 21.0 2.6 0.0 6.3 152.0 0.50 27.8 0.12 7879.0 853.0 

SMP-6 Mean 11.5 62.1 1.8 0.7 945.9 114.4 1.06 16.5 0.15 3000.7 1192.0 
Median 11.1 67.0 1.8 0.0 945.7 98.5 0.75 11.0 0.12 2283.0 1052.5 
SD 5.1 16.1 1.3 3.3 5.2 70.4 0.96 15.1 0.09 2537.0 454.7 
IQR 5.6 26.0 1.7 0.0 7.6 68.0 1.50 23.3 0.11 4455.0 587.0  
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Fig. 4. Boxplots of the time series of daily mean values of the meteorological variables surface pressure (a), vertical difference of temperature (b), wind speed (c), 
solar irradiance (d) and surface temperature (e) measured in the CIEMAT meteorological tower and the stability parameters mixing layer height at midday (f), 
friction velocity (g), horizontal mixing coefficient (h) and vertical mixing coefficient (i) for the different synoptic meteorological patterns (SMP). 

Fig. 5. Wind rose plots computed for each synoptic meteorological pattern (SMP) obtained from the wind speed and direction measurements registered at the 
CIEMAT meteorological tower in 2015. Black arrows highlight the main deviations from the usual regional wind cycle in the Madrid air basin, attributed to the 
occurrence of specific SMP. 
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SMP-5, the high pressures located over northern Spain increased the 
relative frequency of the NE winds up to 25% of the total. 

3.2.3. Atmospheric stability parameters 
In relation to the stability variables, statistically significant lower 

values of MLH, U*, Kh and Kz were obtained for SMP-1 and SMP-6 than 
for the other SMP (Fig. 4f–i). It means that the conditions for the 
dispersion of air pollutants in the Madrid air basin were lower during the 
occurrence of SMP-1 and SMP-6 than in the other SMP. This result is in 
good agreement with the high values of ΔT obtained for both SMP 
(Fig. 4b). The SMP-1 was the one that showed lower mean values for all 
the meteorological and stability variables, with the exception of ΔT for 
which it presented the highest mean value and less variability. This 
agrees with the main synoptic features of this SMP, in the sense that it 
included days of very high pressure and atmospheric stability over the 
air basin. 

The highest mean values of MLH were obtained for SMP-2 and SMP-5 
and to a lesser extent for SMP-3 (Fig. 4f). SMP-2 and SMP-5 presented 
the highest daily mean values of SI, LT and Kh (Fig. 4d and e and 4h). 
Otherwise, the highest daily mean records of WS, U* and Kz were ob
tained during days under SMP-3 and SMP-5 (Fig. 4c, g and 4i). Conse
quently, it could be argued that the occurrence of these SMP favoured 
the formation of thermal and dynamic turbulence in the low troposphere 
and also the vertical development of the MLH. 

3.3. Assessment of the influence of the SMP on levels of air pollutants 

Once the validation procedure assured the consistency and physical 
meaning of the SMP resulting from the circulation classification process, 
their influence on exceedances of AQ standards, variability of NO2, O3, 
PM10 and PM2.5 concentration levels and UFP number concentrations 
and size distributions in the study area was carried out. 

3.3.1. Exceedances of AQ standards according to different SMP 
In 2015 a higher annual mean value of NO2 was registered in EA (58 

μg/m3) than in CC (24 μg/m3) and AT (5 μg/m3), (Ayuntamiento de 
Madrid, 2015; CAM, 2019). This reduction in NO2 concentrations was 
related to the distance of the monitoring AQ station to the core of the 
metropolitan area where road traffic emissions are usually higher (Borge 
et al., 2012; Salvador et al., 2015; Becerril-Valle et al., 2017). The NO2 
annual limit value was thus exceeded at EA that also exceeded the NO2 
hourly limit value in 39 occasions. Most of these exceedances were 
registered under the SMP-1 (20 exceedances) and SMP-6 (10 
exceedances). 

By contrast, the highest concentrations of O3 were recorded in AT 
(82 μg/m3) in comparison with those registered at CC (56 μg/m3) and 
EA (40 μg/m3). It is well known that O3 levels are generally higher in 
rural than in urban areas. This fact was related to the transport of NOx, 
which are the main anthropogenic precursors of O3, from the Madrid 
Metropolitan Area towards the rural surrounding areas by the regional 
wind cycle and also to the presence of biogenic organic precursors in the 
rural environments that also favours the formation of O3. Oppositely, 
NO emission titration effect in the city centers consumes O3 in the urban 
areas (Plaza et al., 1997; Querol et al., 2018). The target value of O3 for 
the protection of health (120 μg/m3 as the maximum daily 8-h mean, not 
to be exceeded on more than 25 days/year averaged over 3 years, ac
cording to the 2008/50/EC European Directive) was exceeded in 2015 
at AT (59 exceedances) and CC (56 exceedances) but not at EA (9 
exceedances) (Ayuntamiento de Madrid, 2015; CAM, 2019). The infor
mation threshold for O3 (180 μg/m3, 2008/50/EC Directive) was also 
exceeded 22 h in AT and CC in the same year. Most of them happened 
under the SMP-2 at both sites (86% and 77% of all the exceedances in AT 
and CC, respectively). 

When it comes to PM AQ standards, annual averaged PM10 and PM2.5 
concentrations measured in EA (city centre) reached 25 and 13 μg/m3, 
respectively in 2015. Slightly lower values were registered in CC (19 and 

10 μg/m3, respectively) and well below levels were obtained in AT (13 
and 6 μg/m3, respectively). In 2015, these stations did not exceed either 
the PM10 (40 μg/m3) or the PM2.5 (25 μg/m3) annual limit values 
established in the 2008/50/EC European Directive. Otherwise, the 
number of exceedances of the PM10 daily limit value (50 μg/m3 not to be 
exceeded more than 35 days per year, 2008/50/EC Directive) also 
decreased from EA (15 exceedances) to CC (7 exceedances) and AT (2 
exceedances). Most of them occurred in the July–August period and in 
December at the 3 monitoring stations. The most frequent synoptic sit
uation when the exceedances happened was the SMP-6 (8 out of the 15 
exceedances registered at EA). It is important to note that all the 
exceedances registered at CC and AT and almost all (14 out of 15) 
registered at EA took place during African dust episodic days. This fact is 
in good agreement with the occurrence of the SMP-6. 

3.3.2. Variability of levels of air pollutants according to different SMP 
Figs. 6 and 7 present the boxplots of the time series of PM10 and 

PM2.5, NO2 and O3 levels for each SMP. Fig. 8 shows the same infor
mation for the values of daily mean UFP number concentrations regis
tered at CIEMAT. The Kruskal–Wallis non-parametric tests indicated 
statistically significant differences in the levels of all the pollutants 
among SMP. 

The highest mean levels of PM10 and PM2.5 with statistical signifi
cance were obtained at the urban traffic and suburban stations for the 
SMP-6 closely followed by the SMP-1 (Fig. 6). Otherwise the highest 
statistically significant mean values of NO2 for these stations corre
sponded to the SMP-1 and to a lesser extent to the SMP-6 (Fig. 7). The 
same result was obtained for the UFP number concentrations at the 
CIEMAT monitoring site (Fig. 8). These results illustrate the high levels 
of PM and NOx registered during specific SMP such as the SMP-1 and the 
SMP-6, which favoured the accumulation of these air pollutants from the 
local urban sources due to the development of frequent thermal in
versions, lower convective dynamics and low dispersive local circula
tions (Fig. 4 and Table 2). Besides, the maximum concentrations of PM10 
and PM2.5 that were reached in SMP-6 days at the urban sites, EA and CC 
were probably produced due to the additional contribution of African 
dust registered under many days of this SMP. Proof of it is the fact that 
the highest mean PM10 levels were also registered at the rural moni
toring site during the occurrence of the SMP-6 with statistical signifi
cance. These results are in accordance with the fact showed in section 
3.3.1 that most exceedances of the PM10 daily limit value were regis
tered at EA, CC and AT when SMP-6 occurred. However, the mean levels 
of PM10 registered at AT during SMP-1 were lower than during the other 
SMP. At this rural background monitoring site mean PM2.5 concentra
tions were also slightly higher in SMP-6 than in the other SMP, but 
differences were not statistically significant. 

Moreover, the polar plot diagrams computed for the time series of 
PM10 and PM2.5 hourly data and wind speed and direction 
(Figures Supplementary 2 and 3) showed that during days under SMP-1, 
the highest concentrations at EA and CC were registered at low wind 
speeds without any prevailing wind direction. However, the maximum 
values of PM10 and PM2.5 at AT were identified with origin from the SW 
direction and to a lesser extent from the NE direction, associated with 
relatively high speeds. Hence, the origin of PM10 and PM2.5 at the urban 
sites during SMP-1 was considered local, whereas at the rural site it had 
a prevailing external origin, probably associated to the regional trans
port of the emissions generated by the urban sources in the metropolitan 
area. 

Otherwise, the polar plots for PM10 during days under the SMP-6 
were quite similar at the 3 sites, showing the highest values associated 
to wind from the SE direction and high wind speeds 
(Figure Supplementary 2). Moderate PM10 values were identified with 
winds from the SW direction and high wind speeds at the 3 sites and with 
low wind speeds and therefore no prevailing direction at the urban 
traffic and suburban sites. These results probably indicated the external 
contribution of African dust, associated to southern wind flows, that 
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Fig. 6. Boxplots of the time series of daily mean values of PM10 and PM2.5 registered during each synoptic meteorological pattern (SMP) at the urban traffic, 
suburban and rural background air quality monitoring stations of “Escuelas Aguirre” (EA), “Casa de Campo” (CC) and “El Atazar” (AT), respectively in the Madrid air 
basin during the year 2015. 

Fig. 7. Boxplots of the time series of daily mean values of NO2 and O3 registered during each synoptic meteorological pattern (SMP) at the urban traffic, suburban 
and rural background air quality monitoring stations of “Escuelas Aguirre” (EA), “Casa de Campo” (CC) and “El Atazar” (AT), respectively in the Madrid air basin 
during the year 2015. 

Fig. 8. Boxplots of the time series of daily mean particle number concentrations, registered during each synoptic meteorological pattern (SMP) at the urban 
background air quality monitoring station of “CIEMAT” during the year 2015. 
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increased the PM10 levels registered all around the Madrid air basin. In 
the metropolitan area, the contribution from the local sources in SMP-6 
days was evidenced by the polar plots corresponding to the PM2.5 and 
NO2 time series registered in the urban monitoring sites 
(Figures Supplementary 3 and 4). These diagrams identified the highest 
concentrations for the lowest wind speeds pointing to the local sources 
as the main origin of the high levels of PM2.5 and NO2 at CC and EA 
during SMP-6 days. The differences obtained in the polar plots corre
sponding to the PM10 and PM2.5 values for the SMP-6, probably are 
associated to the fact that African dust outbreaks generally produce a 
higher impact on PM10 than on PM2.5 levels in the Spanish regions due to 
the characteristic coarse size of mineral particles in the range 2.5–10 μm 
(Querol et al., 2008). 

It should also be mentioned that after the SMP-6 days the next 
highest mean levels of PM10 and PM2.5 at AT were registered during the 
occurrence of the SMP-2 instead of the SMP-1 as at CC and EA. In the 
case of the time series of O3 concentrations, statistically significant 
higher levels were obtained at the 3 monitoring sites during the occur
rence of the SMP-2. This SMP was more frequent in the spring and 
summer months (Fig. 3) and had associated the highest mean levels of SI 
and LT (Fig. 4d and e and Table 2). These facts favour the development 
of photochemical reactions and illustrate the higher contribution to the 
regional background levels of secondary pollutants, O3 and also sec
ondary PM, produced under the SMP-2. Besides, the highest number of 
African dust episodic days in the period 2001–2019 happened during 
SMP-2 (44% of all days), which also contributed to increase the regional 
background levels of PM10 and to a lesser extent of PM2.5 in the air basin. 

3.3.3. Variability of UFP number concentrations and size distributions 
according to different SMP 

Fig. 9 depicts the daily evolution of the monthly averaged particle 
size distributions and number concentrations along the year 2015. The 
annual average of the number concentration in the whole size range 
(16–661 nm) of the SMPS registered almost 104 particles per cm3. The 
highest concentrations were reached during the cold months, from 
October to February with values higher than 3 104 cm− 3 in the morning 
traffic peak. In these months, the highest UFP concentrations were 
mostly contained in the nucleation and the Aitken modes. On the con
trary, the predominant peak in the period May–September was at noon, 
and the nucleation range was the predominant mode. It should be noted 
that 59 nucleation events were identified along the year, with its 
maximum frequency during May and June. In the present study, most 
nucleation events (78%) happened during SMP-2 and SMP-5, which 

mainly occurred in spring and summer (Fig. 3). 
The annual average size distribution for every cluster is represented 

in Fig. 10a. The typical size distribution usually showed two peaks. The 
first peak was related to fresh primary emissions from traffic and could 
be found between 20 and 40 nm. The second peak was located around 
80–100 nm, within the Aitken mode, and was related to aged particles. A 
possible third peak corresponding to nucleation particles could appear 
at the lowest detected size and grew up to 40–60 nm along a day. In 
these annual average distributions, all these possibilities were super
imposed. Observing Fig. 10a, it was clear that the nucleation peak was 
almost negligible in average and the other two peaks were predominant. 
SMP-1 and SMP-6 showed similar distributions with an important traffic 
peak associated to the high stability conditions prevalent during these 
situations. The other SMP also showed similar distributions among them 
and different to those corresponding to SMP-1 and SMP-6. 

When it comes to the distribution averaged for the selected day pe
riods, Fig. 10b–e, their behaviors were similar to the general case except 
for the midday period, where the SMP-5 had a different pattern. For the 
traffic peak, this situation is closer to SMP-1 and SMP-6, while for the 
Aitken peak it follows the same pattern than the other clusters. The 
reason for this different size distribution is probably related with the fact 
that the SMP-5 was characterized by high values of SI and LT, which 
favour nucleation processes, but also of high wind speeds. Wind speed 
can help to produce nucleations as it clears the area reducing the 
condensation sink. At the same time, it can remove the semi-volatile 
compounds in the particles reducing their size (Alonso-Blanco et al., 
2017). 

Finally, it is also interesting to pay attention to the mode diameter 
evolution along the day for the different SMP. As already mentioned the 
particle size distributions were fitted to a bimodal size distribution and 
obtained their main characteristic parameters, including the mode 
diameter. In Fig. 11, this diameter was graphed for both modes and the 
six SMP. The traffic emissions produced a reduction in the mode di
ameters for all cases when comparing night to morning periods. How
ever, in the scenarios SMP-2 to SMP-5 the diameters increased in the 
evening period while in SMP-1 and SMP-6 it was not so. Again, these two 
SMP have a different behaviour and because of the same reason, the high 
atmospheric stability conditions associated to their development, as it 
has been previously discussed. 

4. Conclusions 

Recent studies have highlighted the importance of characterizing the 

Fig. 9. Daily evolution of the monthly averaged particle size distributions (a) and particle number concentration (PNC) (b) along 2015. Ntot is the total number 
concentration for particles between particle diameters from 16 to 661 nm, Nnuc between 16 and 30 nm, NAit between 30 and 100 nm and Nacc between 100 and 
661 nm. 
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role of the synoptic circulations in the regional and local atmospheric 
dynamics to evaluate air quality in specific regions (Russo et al., 2014, 
2020; Salvador et al., 2014; Valverde et al., 2015). In this study, more 
than 6900 daily SLP fields at midday for Europe and northern Africa in 
the period 2001–2019 were classified into 6 homogeneous SMP, though 
different from each other. The Madrid air basin, located in the centre of 
the IP, was selected as a case study. Consistency and physical meaning of 
the SMP were assured due to their good agreement with values of 
meteorological variables and atmospheric stability parameters derived 
from measurements carried out in an instrumented tower, numerical 
models and radiosondes in this region, in the year 2015. They also 
explained the SMP seasonal trends. Our results clearly indicate that each 
SMP was well characterized by wind speed and direction, even at the 
regional scale within the air basin, and by stability and turbulent pro
cesses that drive the vertical development of the mixing layer height. 
This type of validation process assures obtaining robust results from the 
circulation classification process, which represent the most important 
SMP over the region of study. Hence, it should be always carried out 
when evaluating circulation classifications. Other authors identified 
similar SMP over the western Mediterranean basin (Sánchez, 1993; 
Escudero et al., 2005; Valverde et al., 2015) but did not perform such 
validation procedure based in the analysis and interpretation of data 

bases of meteorological and atmospheric stability variables obtained 
from different sources. 

The obtained SMP had a strong influence on PM10, PM2.5, NO2 and 
O3 concentrations at monitoring stations and exceedances of air quality 
standards could also be clearly associated to specific SMP. Non- 
regulated parameters such as UFP size and number distributions pre
sented also a marked behaviour depending on the occurrence of 
different SMP. As far as we know, this is one of the first studies in which 
circulation classifications techniques have been successfully used for 
analysing and interpreting UFP number concentrations and size 
distributions. 

When it comes to the development of urban high-pollution episodes, 
two specific SMP were identified. They were characterized by the 
presence of intense high pressure systems close to the IP and strong 
atmospheric stability in winter and autumn. The main differences be
tween them were the magnitude and geographical location of the high 
pressure system. When it was located close to the western border of the 
IP, the highest mean levels of NO2 and UFP number concentrations were 
recorded at urban and suburban monitoring stations due to the accu
mulation of their emissions from local sources. In the other SMP, the 
high pressure system was located over the IP and extended across the 
western Mediterranean basin and the north of Africa. In this case, NO2 

Fig. 10. Annual mean size distribution for each synoptic meteorological pattern (SMP) for the whole day (a) and the night (b), morning (c), midday (d) and evening 
periods of the day. 
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and UFP number concentrations were also relevant, but lower than 
during the former SMP, pointing to a less significant contribution of air 
pollutant emissions from local sources. An additional contribution of 
African dust, due to the favourable synoptic circulation pattern for the 
advection of southern air masses, gave rise to the fact that the highest 
mean PM10 and PM2.5 values were recorded at urban, suburban and 
rural background stations during the occurrence of this SMP. Both SMP 
showed similar annual mean size distributions measured in an urban 
background monitoring station. An important traffic peak was detected 
between 20 and 40 nm, which was associated to the high stability 
conditions prevalent during these situations, which favour the accu
mulation of fresh primary emissions. Another peak that was related to 
aged particles was located around 80–100 nm. Since SLP maps are daily 
forecasted by most numerical weather prediction models that are pres
ently used, all this information can be used for detecting and predicting 
future local high-pollution episodes in this region. 

Moreover, most new particle formation events (78%) happened 
during two other SMP, which mainly occurred during spring and sum
mer. One of them was characterized by high values of solar irradiance, 
surface temperature and wind speed, which favour nucleation processes. 
It showed an unusual mean size distribution for the midday period with 
a peak in the nucleation mode close to those corresponding to the SMP 
that gave rise to the local high-pollution episodes. The usefulness of the 
SMP for analyzing UFP size distributions was thus evidenced. 

In this study, it has been demonstrated the utility of our novel pro
posal for performing classifications of atmospheric circulation patterns 
for characterizing unique atmospheric processes, like urban high- 
pollution episodes and new particle formation. It is important to stress 
that this kind of episodes and processes cannot be accurately identified 
with other techniques like atmospheric back-trajectories. In the last 
decade, the analysis of back-trajectories has been the most frequently 
used tool for characterizing atmospheric circulations and evaluating 
their impact in surface air quality measurements. In this work, meteo
rological patterns based on SLP data fields have demonstrated to be very 
useful for characterizing synoptic circulations and associated atmo
spheric conditions, and hence can be applied to different fields of the 
atmospheric sciences like air quality or particle formation. 
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Artíñano, B., Salvador, P., Alonso, D.G., Querol, X., Alastuey, A., 2003. Anthropogenic 
and natural influence on the PM10 and PM2.5 aerosol in Madrid (Spain). Analysis of 
high concentration episodes. Environ. Pollut. 125 (3), 453–465. 

Ayuntamiento de Madrid, 2015. Annual Air Quality Report Madrid 2015. Technical 
report. Dirección General de Sostenibilidad y Control Ambiental, p. 98. In Spanish., 
Available online. http://www.mambiente.madrid.es/opencms/export/sites/default/ 
calaire/Anexos/Memorias/Memoria2015.pdf. last access Sep. 2020.  

Ayuntamiento de Madrid, 2017. Inventory of Madrid City Air Pollutant Emissions 2017. 
Directorate General for Sustainability and Environmental Control. Technical report 
prepared by: “Fundación para el Fomento de la Innovación Industrial (F2I2) Escuela 
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M., Cristóbal, A., 2018. Application of a short term air quality action plan in Madrid 
(Spain) under a high-pollution episode - Part I: diagnostic and analysis from 
observations. Sci. Total Environ. 635, 1561–1573. 

Brines, M., Dall’Osto, M., Beddows, D.C.S., Harrison, R.M., Gómez-Moreno, F., Núñez, L., 
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Viana, M., Salvador, P., Artíñano, B., Querol, X., Alastuey, A., Pey, J., Latz, A.J., 
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