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A B S T R A C T   

This paper analyses the dependency of regional air pollution in Europe on the atmospheric circulation as rep-
resented by a set of 8 weather regimes (WRs). For this purpose, daily average PM2.5 concentrations and daily 
maximum concentrations of O3, NO2 and CO obtained from an atmospheric composition reanalysis have been 
used. The results indicate that the pollutant concentrations change substantially with the occurrence of each WR 
according to the associated circulation patterns. In the extended winter, the responses of PM2.5, NO2 and CO are 
quite similar, with zonal circulation regimes leading to better air quality than anticyclonic regimes linked to 
steady flows over Europe. On the other hand, the spatial patterns of O3 anomalies under most WRs resemble 
those of temperature in the extended summer as temperature enhancements favour the photochemical pro-
duction of O3. The WR characterized by anticyclonic anomalies over Scandinavia leads to the highest concen-
trations at continental scale and is concurrent with an increased probability of exceeding the poor air quality 
limits of winter PM2.5 and summer O3 in most European countries. It is also found that a multiple linear 
regression model on the monthly frequency of WRs can explain a considerable fraction of the intermonthly 
variability of concentration anomalies over large parts of Europe regardless of the pollutant, with R2 values 
around 0.6–0.8 over large regions. Overall, the application of these models to sub-seasonal weather forecasts 
does not seem to bring major improvements to the prediction of month-ahead concentration anomalies as 
compared to the climatology. The poor skill of sub-seasonal forecasts in predicting the WRs for lead times beyond 
15 days limits the forecast capability. However, these results open the possibility of extending current air quality 
forecast to scales of 5–10 days at a low cost in a near future.   

1. Introduction 

Air pollution is among the most important threats for human health 
across the world. The Global Burden of Diseases, Injuries and Risk 
Factors Study 2019 (Murray et al., 2020) analysed up to 87 risk factors 
in 204 countries and determined air pollution as the fourth one with 
most associated deaths (~6.67 million deaths only in 2019). In addition, 
air pollution is linked to many environmental problems causing large 
economic losses and affecting wildlife and plants. These include the 
occurrence of acid rain and haze, eutrophication of freshwater, crop and 
forest damage, low visibility events and changes in the radiative balance 
of the atmosphere (Manisalidis et al., 2020). 

While anthropogenic emissions are the main source of air pollutants, 
observational studies have illustrated that the variability of their con-
centrations is closely related to changes in weather conditions (Fiore 
et al., 2015). In particular, the dependence of air pollution on the large- 
scale circulation has been subject of comprehensive analyses (Pausata 

et al., 2013; Chang et al., 2016; Webber et al., 2017; Xu et al., 2017; 
Ordóñez et al., 2019; Maddison et al., 2021). Recent reports have evi-
denced that air pollution over Europe is quite sensitive to the location of 
anticyclonic systems. Sitnov et al. (2017) demonstrated the large 
contribution of persistent atmospheric blocks to the ozone (O3) anom-
alies observed over Eastern Europe during spring and summer of 2010. 
Garrido-Perez et al. (2017) found that high-latitude blocking events lead 
to enhanced concentrations of particulate matter (PM) over north-
western/central Europe in winter, while subtropical ridges yield below 
average PM concentrations over the same region. Ordóñez et al. (2017) 
showed that the occurrence of European blocks raises the O3 concen-
trations over large parts of central Europe in spring and northern Europe 
in summer. Otero et al. (2021) explored the influence of atmospheric 
blocking on the compounding effect of O3 and temperature events, 
finding increases by above 20% for a large number of locations over 
central Europe. However, as the frequency of occurrence of blocks and 
ridges is limited, a more detailed classification of the large-scale 
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atmospheric circulation is required to get a full picture of its relationship 
with air pollution. 

Several classification methods of circulation weather regimes (WRs) 
have already been developed for different European domains and are 
currently used in a wide range of environmental issues such as wind 
power (Grams et al., 2017), droughts (Lavaysse et al., 2018), atmo-
spheric rivers (Pasquier et al., 2019), extreme temperature episodes 
(Kyselý, 2008) or forest fires (Kassomenos, 2010). A number of studies 
have also employed classifications of WRs to assess the dependency of 
some air pollutants on the atmospheric circulation, but they have been 
confined to specific regions of the continent, including the Iberian 
Peninsula (Russo et al., 2014; Santurtún et al., 2015; Valverde et al., 
2015; Hertig et al., 2020; Cavaleiro et al., 2021; Salvador et al., 2021), 
the Mediterreanean basin (Gkikas et al., 2012; Salvador et al., 2014), 
northwestern/central Europe (Demuzere et al., 2009, 2011; Buchholz 
et al., 2010; Demuzere and van Lipzig, 2010; Hertig et al., 2019, 2020), 
Sweden (Tang et al., 2009; Grundström et al., 2015b, 2017; Pleijel et al., 
2016), Hungary (Makra et al., 2007) and the United Kingdom (Pope 
et al., 2014, 2015, 2016; Graham et al., 2020). This work aims to provide 
the first quantitative analysis of the relationship of Euro-Atlantic WRs 
with air pollution at continental scale. 

WRs can be used to extend the forecast capability of current air 
quality forecasting systems beyond the typical short time scales (usually 
up to 5 days). Such scales are essential to anticipate pollution events and 
to avoid exposure and mitigate health risks. On the other hand, poli-
cymakers would benefit from longer-term forecasts to plan effective 
measures that may reduce the impacts of air pollution on agriculture and 
ecosystems. The extension of the lead time of air quality forecasts re-
quires high computational power, new developments in data assimila-
tion and in operational modelling procedures as well as improved 
understanding of the relevant atmospheric processes driving predict-
ability. Conversely, WRs provide an alternative simple approach 
because they can be computed from sub-seasonal meteorological fore-
casts, which usually predict atmospheric circulation better than local 
weather variables (Vitart, 2014). Given the dependence of air pollution 
on the atmospheric circulation, the potential of WRs to predict month- 
ahead concentration anomalies is explored in this study. 

To accomplish these goals, we have used a set of eight WRs designed 
to capture year-round flow variability over the North Atlantic-European 
sector. Air pollution is characterized in this work by PM2.5 (particulate 
matter with aerodynamic diameter ≤ 2.5 μm), O3, NO2 (nitrogen diox-
ide) and CO (carbon monoxide). To represent the near-surface concen-
trations of these pollutants we have used data at the lowest model layer 
from a reanalysis that presents better spatial coverage than current 
observational networks. Section 2 introduces the meteorological and air 
quality data, the WRs, and the methodology. Section 3 addresses the 
relationship of WRs with the pollutant concentrations and with the 
exceedances of poor air quality limits. Section 4 analyses the day-to-day 
evolution of pollution and WRs during specific case studies. Section 5 
introduces a statistical model to reproduce the monthly concentrations 
of pollutants as a function of the occurrence of WRs and evaluates its 
potential as a forecast tool. Finally, the main findings are summarized 
and discussed in Section 6. 

2. Data and method 

2.1. Weather regimes 

To capture the large-scale flow over the North Atlantic-European 
sector, the eight year-round WRs defined in Garrido-Perez et al. 
(2020), based on daily geopotential heights at 500 hPa (Z500) from the 
ERA-Interim reanalysis (Dee et al., 2011) over the [30◦W – 25◦E, 30◦N – 
65◦N] domain, have been employed. First, eight recurrent patterns of 
the atmospheric circulation are extracted from the climatological period 
1981–2010 by applying a k-means clustering algorithm to area- 
weighted Z500 anomalies. The anomalies were previously 

reconstructed by means of an empirical orthogonal function (EOF) 
analysis to smooth the data. In a second stage, each day t from January 
1979 to December 2018 was classified into one of the 8 WRs based on 
the minimum Euclidean distance of the daily Z500 anomaly fields to the 
different cluster centroids c (defined as the average Z500 anomaly for all 
the days with a specific WR during the 1981–2010 period). The 
Euclidean distance D is computed over maps of Z500 anomalies as 
follows: 

D(t, c) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑

x
(Z500(x, t) − Z500(x, c) )2

√

(1)  

where x spans the ensemble of grid points over the mentioned domain. A 
small Euclidean distance on a given day t indicates a good degree of 
similarity between the atmospheric circulation pattern of that day and 
that of the centroid c. 

Fig. 1 displays the sea level pressure (SLP) anomaly composites for 
each WR. While four of the eight WRs are dominated by a blocked flow 
over different regions of the domain (European Blocking (EB), Atlantic 
High (AH), Scandinavian Blocking (SB) and East Atlantic (EA)), other 
three WRs are predominantly cyclonic (Atlantic Low (AL), Zonal Regime 
(ZR) and Scandinavian Low (SL)). EB and AH are characterized by an 
anticyclonic anomaly over north-western and western Europe, respec-
tively. SB exhibits a SLP dipole anomaly with a low over the North 
Atlantic and a high over Scandinavia, whereas EA presents the reverse 
situation. AL, ZR and SL are characterized by deep lows with their 
centres over the British Isles, the North Atlantic and Scandinavia, 
respectively. The remaining regime (CL) represents days with undefined 
atmospheric flow patterns and small anomalies of SLP. Full details of the 
methodology and a brief overview of the main features of each WR can 
be found in Sections 2.2 and S4 of Garrido-Perez et al. (2020). 

2.2. Meteorological and air quality data 

Daily meteorological and air quality data have been obtained from 
the Copernicus Atmosphere Monitoring Service (CAMS) atmospheric 
composition reanalysis (expver = eac4) (Inness et al., 2019), provided 
by the European Centre for Medium-Range Weather Forecasts (ECMWF) 
at 0.75◦ × 0.75◦ horizontal resolution for the 2003–2018 period. 

Current European legislation (EU, 2008) sets the legally binding 
limits for concentrations in outdoor air on the basis of the daily average 
for PM2.5, the maximum daily 1-h running average (MDA1) for NO2 and 
the maximum daily 8-h running average (MDA8) for O3 and CO 
(https://ec.europa.eu/environment/air/quality/standards.htm). As 
CAMS reanalysis data are available 3-hourly, in this work the daily 
values of O3, NO2 and CO correspond to the daily maximum concen-
trations at the lowest model level. These daily maxima are obtained 
among the eight values provided for each day (00, 03, 06, 09, 12, 15, 18 
and 21 UTC). On the other hand, the daily means of the PM2.5 concen-
trations and the meteorological variables are calculated by averaging 
the eight values provided by CAMS within each day. 

The analyses are separately done for the extended summer (AMJJAS) 
in the case of O3 and the extended winter (ONDJFM) for PM2.5, NO2 and 
CO. These cover the periods with the highest concentrations of these 
pollutants over large parts of the continent. The background shadings of 
Fig. 2 illustrate the seasonal average concentrations for each pollutant. 
The spatial distribution is similar for PM2.5, NO2 and CO, with the 
highest concentrations over northern Italy and, to a lesser extent, around 
Benelux and some parts of central Europe. These are among the regions 
with the highest anthropogenic emissions in the continent. On the other 
hand, O3 is characterized by a strong latitudinal gradient, with higher 
concentrations in southern than in northern Europe as a consequence of 
the strong association of this pollutant with photochemical production. 
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2.3. Statistical model 

Multiple linear regression models (MLRMs) are effective tools to 
explore the potential linear relationship between a set of explanatory 
variables and a chosen response variable. This statistical technique is 
applied here to evaluate the skill of the large-scale circulation in 
reproducing air pollution. For that purpose, the monthly frequencies of 
occurrence of the WRs (WRi) are used as explanatory variables and the 
monthly time series of concentration anomalies (C) as the response 
variable. In order to minimise the influence of changing anthropogenic 
emissions on the pollutant concentrations, these have previously been 
detrended by subtracting the day-to-day change expected from a linear 
trend (using ordinary least squares regression). Note also that, as 
mentioned in Section 2.2, the pollutant concentrations still exhibit 

seasonal cycles. Both the frequency of occurrence of the WRs (Fig. S1) 
and their intra-cluster variability (Cortesi et al., 2019) also vary ac-
cording to the time of the year. Taking this into account, the MLRMs 
have been computed separately for each month and grid cell in order to 
optimize their skill. This way the length of the concentration time series 
equals the number of years with data (1 month × 16 years = 16 data 
points). 

To avoid overfitting due to a high number of predictors (8) relative to 
the number of data points (16), a stepwise procedure has been used for 
the selection of the WRs that account for the largest variance of the 
pollutant concentrations. The resulting number of predictors ranges 
from two to seven and is around five on average over the whole domain 
for all pollutants. The stepwise algorithm employed in this study is the 
same as in Garrido-Perez et al. (2021) and Maddison et al. (2021) (see 
details in their methods sections). This algorithm ensures non- 
collinearity between the explanatory variables, which is an essential 
assumption of MLRMs. In particular, it restricts collinearity by impeding 
that any pair of selected variables has a Variance Inflation Factor (VIF; 
Freund and Wilson, 1998) above 2.5. This threshold is rather restrictive 
compared to the values used by other analyses (e.g. VIF = 10 in Otero 
et al., 2016). Additional analyses have been carried out to ensure that 
the other assumptions associated with MLRMs are not violated (Wil-
liams et al., 2013). In particular, the variance of the residuals is constant, 
and the residuals are normally distributed for most pollutants and lo-
cations (not shown). 

The general form of the model used in this work is as follows: 

C = a0 +
∑N

i=1
ai • f (WRi) (2)  

where N: number of WRs selected by the stepwise approach; a0: inter-
cept of the model; ai: monthly regression coefficients; f(WRi): monthly 
frequency of WRi. 

Then the monthly concentration time series are re-computed with 
the estimated coefficients and the observed monthly frequency of WRs. 
The resulting time series (one per month of the period considered, i.e. 
AMJJAS for O3 and ONDJFM for PM2.5, NO2 and CO) are grouped to 
obtain the final reconstructed time series (6 months × 16 years = 96 
data points). Subsequently, the coefficient of determination (R2) of the 
regression between the monthly concentration time series from the 
statistical model and CAMS is used to evaluate the skill of the model in 
Section 5. 

2.4. Seasonal forecast 

We have explored the potential of seasonal forecasts to predict 
monthly concentration anomalies using the MLRMs described above. 
For that purpose, daily Z500 fields are extracted from the fifth opera-
tional version of the ECMWF seasonal forecasting system (SEAS5; 
Johnson et al., 2019) for the 2003–2018 period (hindcast for 2003–2016 
and forecast for 2017–2018). This has 25 ensemble members that are 
available at https://cds.climate.copernicus.eu/cdsapp#!/dataset/seas 
onal-original-pressure-levels?tab=overview. The set of hindcasts start 
on the first day of every month, extending up to 7 months, although we 
only use Z500 data up to 1-month lead time. For instance, lead time is 
respectively 1 and 31 days for the first and last days of January, 1 and 28 
(or 29 in the case of leap years) for the first and last days of February, 
and so on. 

Z500 data are used to generate 25 time series of WRs (one per 
ensemble member). Climatological daily means of Z500 are computed 
for the 1981–2010 period as 15-day centred running means in the ERA5 
reanalysis (Hersbach et al., 2020). Daily Z500 anomalies for the 
2003–2018 period are calculated as departures of the SEAS5 daily data 
from the ERA5 climatology. Then each day from January 2003 to 
December 2018 of the 25 ensemble members has been classified into one 
of the 8 WRs based on the minimum Euclidean distance of the daily Z500 
anomaly fields to the eight centroids. Finally, we forecast the time series 

Fig. 1. Composites of sea level pressure (hPa) for each WR during the 
2003–2018 period. The WRs are, from left to right and from top to bottom: 
Climatology (CL), European Blocking (EB), Atlantic Low (AL), Atlantic High 
(AH), Zonal Regime (ZR), Scandinavian Blocking (SB), Scandinavian Low (SL) 
and East Atlantic (EA). The colour shading and black contour lines respectively 
represent the average anomalies and average patterns. Daily anomalies have 
been computed as the differences of each daily value and the climatological 15- 
day running means for the corresponding calendar day in 2003–2018. 
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of monthly concentration anomalies with the estimated coefficients of 
the previous MLRMs computed from the ERA5 reanalysis (see the Sec-
tion 2.3) and the monthly frequency of WRs obtained from the SEAS5 
seasonal forecasts. 

Two verification metrics are used to assess the performance of the 
ensemble forecasts: the three-category ranked probability score (RPS) 
and the continuous ranked probability score (CRPS) (Wilks, 2011). RPS 
quantifies how well the set of 25 model forecasts predict above-normal, 
near-normal or below-normal pollutant concentrations (the upper, 
middle and lower terciles of the corresponding month-ahead anomalies, 
respectively). This score is defined as the sum of squared differences 
between the m components of the cumulative forecast and observation 
vectors (named Y and O, respectively): 

RPS =
∑3

m=1
(Ym − Om)

2 (3)  

where the pollutant concentrations from the CAMS reanalysis are 
considered as observations. For example, if there is a 20% chance that an 
air pollution forecast is “clean”, a 40% chance of “near-normal”, and a 
40% chance of “polluted”, then the vector Y would be (0.2, 0.6, 1.0). If 
the corresponding air pollution observation is in the “near-normal” 
category, then the vector O would be (0,1,1). This way, RPS = [(0.2 −
0)2 + (0.6 − 1)2 + (1 − 1)2] = 0.2. This score ranges from 0 and 2, being 
0 a perfect forecast and 2 no skill. 

On the other hand, CRPS assesses the forecast probability distribu-
tion of a continuous variable y. It is defined as: 

CRPS =

∫∞

− ∞

[F(y) − F0(y) ]2dy (4)  

where F(y) is the cumulative distribution function (CDF) of the pre-
dictand y and F0(y) is a cumulative-probability step function that jumps 
from 0 to 1 at the point where the forecast variable y equals the 
observation: 

F0(y) =
{

0, y < observed value
1, y > observed value 

This score is 0 for perfect forecasts, while those that are less than 
perfect receive scores that are positive numbers. Therefore, small values 
of CRPS indicate that the forecast has a high skill. 

In both cases, skill scores are constructed considering the CAMS 
climatology as a reference forecast to know if the new methodology 
improves what already exists. This way, the three-category ranked 
probability skill score (RPSS) and the continuous ranked probability 
skill score (CRPSS) can be expressed as: 

RPSS = 1 −
RPS

RPSclim
(5)  

CRPSS = 1 −
CRPS

CRPSclim
(6) 

In particular, 1/3 of probability is considered for each tercile in the 
case of RPSS, i.e. Yclim = (1/3,1/3,1/3), and the climatological distri-
bution of the observed monthly concentration anomalies in the case of 

Fig. 2. Relative anomalies (%) of the pollutant concentrations 
with respect to the average during the 2003–2018 period by 
country. Each bar corresponds to a WR coloured as follows: 
yellow (CL), red (EB), dark blue (AL), green (AH), light green 
(ZR), orange (SB), light blue (SL) and purple (EA). The grey 
shading represents the average pollutant concentrations in the 
same period. Panels a, b and c respectively display PM2.5, CO 
and NO2 during the extended winter (ONDJFM), while panel 
d is for O3 during the extended summer (AMJJAS). For the 
sake of clarity, the concentration anomalies are only displayed 
for some representative countries (Spain, United Kingdom, 
France, Norway, Germany, Italy, Poland and Greece). 
Tables S1 and S2 show the relative anomalies for the 22 Eu-
ropean countries considered in this study. (For interpretation 
of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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CRPSS. Note that the overbars indicate the average of all months during 
the extended winters or extended summers of 2003–2018. Skill scores 
below 0 are defined as unskilful, those equal to 0 are equivalent to the 
climatology forecast and anything above 0 is an improvement upon the 
climatology, with 1 indicating a perfect forecast. 

3. Relationships between WRs and air pollution 

To understand the pollutant responses to the large-scale atmospheric 
circulation, we have first examined how their concentrations change 
with the occurrence of each WR. Fig. 2 displays the relative concentra-
tion anomalies (defined as the percentage differences of the concentra-
tions on days with a given WR and on all days) for some representative 
countries, while Figs. S2-S5 present the absolute anomalies separately 
over all continental reanalysis grid cells. In the extended winter, sig-
nificant changes in PM2.5 concentrations are found over large parts of 
Europe for most WRs (Figs. 2a and S2). In particular, the strongest effect 
at continental scale occurs for EB, SB, AL, SL and EA, with anomalies up 
to around ±10–15%. The two WRs with anticyclonic anomalies over 
continental Europe (EB and SB) yield an increase in the PM2.5 concen-
trations, whereas the opposite response is found for those characterized 
by a cyclonic flow (AL, SL and EA). This result is consistent with the 
meteorological conditions that characterize these WRs (see Fig. S6). The 
reduced flow over Europe associated with EB and SB explains the high 
concentrations of PM2.5, while the strengthening of the westerlies under 
AL and SL and the presence of northerly flow under EA lead to strong 
negative anomalies. ZR and AH are also characterized by strengthened 
westerlies over northern Europe as well as by reduced flow over 
southern and western Europe, respectively, leading to contrasting PM2.5 
responses across the continent. Overall, the patterns of absolute (Fig. S2) 
and relative (Fig. 2) anomalies are similar, although relative anomalies 
become particularly large over some regions with low PM2.5 concen-
trations (e.g. Scandinavia). 

The responses of CO and NO2 to WRs are quite similar to those of 
PM2.5, but there are regions where the magnitude of these responses 
differs substantially. As an illustration, the strengthening of the west-
erlies under AH and ZR leads to moderate PM2.5 anomalies over the UK 
(− 4 and − 6%, Fig. 2a) compared to those found for CO (− 10 and −
22%, Fig. 2b) and NO2 (− 18 and − 30%, Fig. 2c). Previous analyses have 
demonstrated that, unlike other pollutants, particulate matter (PM) 
concentrations do not necessarily respond monotonically to increasing 
wind speeds (e.g. Nicholson, 1993; Grundström et al., 2015a). While PM 
tends to exhibit a negative association with moderate winds, strong 
wind and atmospheric turbulence facilitate the resuspension of particles. 
Some differences in the response of these pollutants can also be found in 
other regions. For instance, in Norway the relative anomalies of CO 
(Fig. 2b) are considerably lower than those of PM2.5 (Fig. 2a) and, to a 
lesser extent, NO2 (Fig. 2c). This is related to both the moderate emission 
sources in Norway and the long atmospheric lifetime of CO (~2 months) 
compared to that of the other pollutants (a few days). Because of this, CO 
concentrations in Norway are often close to the background levels. 
Consequently, the relative CO changes above or below the background 
values tend to be small regardless of the atmospheric dilution conditions 
that characterize a given WR. 

In the case of O3, the concentration anomalies at continental scale 
are small compared to those found for the other pollutants (<5% for all 
WRs, Fig. 2d). Nevertheless, some regions and WRs deserve attention. In 
particular, anomalies around ±(7–14)% (4–8 ppb) are found over Ben-
elux, France, Switzerland and Germany when SB, SL or EA occur 
(Fig. S5). In addition, the two WRs with the centre of the Z500 anomalies 
located to the southwest of the British Isles (AL and AH) greatly affect O3 
over a large part of the Iberian Peninsula, despite their moderate in-
fluence over the rest of the continent. Overall, the spatial patterns of O3 
anomalies resemble those of temperature for most WRs (see Figs. S5 and 
S7). Temperature enhancements favour the photochemical production 
of O3, leading to positive concentration anomalies, whereas the opposite 

occurs for reduced temperatures. However, beyond the regional built-up 
of ozone driven by photochemical production, the wind flow may also 
play a role in the WR-ozone relationship for certain regions. As an 
illustration, Iberia experiences significantly positive O3 anomalies when 
EB occurs (Fig. S5) despite the negative temperature anomalies associ-
ated with this WR (Fig. S7). These O3 enhancements could be at least 
partly due to the reduced flow in the lower troposphere on days with EB 
(Fig. S8), which impedes the dilution of O3 and its precursors. 

Since the mean pollutant concentrations respond differently to the 
occurrence of each WR, it is expected that these large-scale patterns also 
affect the whole frequency distribution. To examine this in more detail, 
Fig. 3 displays the probability density functions (PDFs) of the daily 
concentrations of winter PM2.5 in France and summer O3 in Portugal, 
two of the countries where these pollutants are most sensitive to WRs. 
The figure also shows the medians under each WR (vertical coloured 
lines) as well as the thresholds above which the European Air Quality 
Index catalogues an air quality situation as poor (black vertical dashed 
line; EEA, 2017). This analysis only focuses on PM2.5 and O3 because (i) 
the typical CO concentrations in Europe do not break the legal limits 
(EU, 2008) and (ii) the spatial resolution of the reanalysis is not suffi-
cient to capture many of the NO2 exceedances in urban areas. Overall, 
large differences can be seen in the concentration distributions. All 
distributions are significantly different from the climatological PDF 
(black line) in both cases, with p-values below 0.01 (two-sample 
Kolmogorov-Smirnov test; Wilks, 2011). The shape of the PDFs gets 
narrower for those WRs associated with the largest negative concen-
tration anomalies (SL and AL for PM2.5 and AL for O3), while it becomes 
wider and displaced to the right for the WRs leading to the highest 
positive anomalies (EB and SB for PM2.5 and AH for O3). 

As synoptic patterns significantly affect the tails of the distribution of 
the daily concentrations, the relationship of WRs with the number of 
exceedances of the poor air quality limit values (25 μg/m3 for PM2.5 and 
65 ppb for O3) is now examined. Tables 1 and 2 show the probability 
ratio (PR; defined as the ratio between the probability that an event 
occurs under a specific WR and the climatological probability of the 
event) separately for 22 European countries and for each WR. PR = 1 
indicates no attributable change in extreme event probability when a 
given WR occurs, PR > 1 an increase in event probability and PR < 1 a 
decrease in event probability. The results are in line with the responses 
of the mean concentrations, as PR values tend to be higher (lower) than 
1 in the countries where positive (negative) concentration anomalies are 
found for a given WR. In particular, SB and, to a lesser extent, EB, are the 
main WRs to take into account regarding the air quality limits of PM2.5 
and O3. The occurrence of SB entails an increase in the exceedances of 
the PM2.5 limit for 21 out of the 22 countries and of the O3 limit for 15 
out of the 22 countries, being southeastern Europe the main exception. 
These increases are especially noteworthy for the British Isles, the 
Nordic countries, Benelux, Germany, France and Switzerland, where 
this WR more than doubles the number of exceedances for at least one of 
these pollutants compared to the climatology. However, the countries 
with the largest positive (negative) mean anomalies do not necessarily 
correspond with those with the highest (lowest) values of PR. As an 
illustration, while Germany shows considerably larger relative anoma-
lies than Denmark for winter PM2.5 when SB occurs (see Table S1), the 
probability of exceeding the 25 μg/m3 limit under this WR triples for the 
latter and only doubles for the former. This is likely due to the different 
concentration baselines of both countries. In general, the strongest PR 
changes are found in those countries with low climatological occurrence 
of exceedances and high sensitivity to the large-scale circulation. 

4. Case studies 

Next, the potential of the WRs to understand the day-to-day vari-
ability of the pollutant concentrations during selected episodes is eval-
uated. For that purpose, PM2.5 in Paris during March 2003 and O3 in 
Lisbon during July 2013 have been examined (Fig. 4). 
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The second half of March 2003 was a period of unusually high 
concentrations of PM2.5 over Paris. Fig. 4b displays the daily evolution of 
both the PM2.5 concentrations (red line) compared to the climatology 
(black lines and grey shading), and the WRs. Overall, the periods with 
enhanced PM2.5 levels tend to coincide with the occurrence of WRs 
associated with high concentrations in the region (e.g. SB between days 
1 and 6, or EB/SB between days 12 and 28), whereas the periods with 
decreases co-occur with WRs associated with low concentrations (e.g. 
ZR between days 7 and 10). However, this co-occurrence is not syn-
chronous because the build-up of pollution often requires successive 
days with a blocked regime, while the ventilation of the boundary layer 
tends to be faster under cyclonic or zonal regimes. Fig. 4a shows the 
climatological frequencies of WRs during March for the 2003–2018 
period (boxplots) together with the frequencies during March 2003 (red 
circles). The occurrence of SB was fourfold its climatological median and 
that of EB was above the 75th percentile. This proves that the atmo-
spheric circulation during this month was uncommon and explains the 

extreme PM2.5 concentrations. It is also noteworthy the fact that from 
day 14 to 25 the concentrations experienced a strong build-up concur-
rent with consecutive days with EB and SB, exceeding the climatological 
medians by a factor of four. Thus, the persistence of blocking regimes 
explains the build-up of PM2.5 during this event, in line with the findings 
by Garrido-Perez et al. (2017). 

July 2013 was a period when Lisbon experienced extreme O3 con-
centrations, exceeding 65 ppb on 8 days (Fig. 4d). In this case, the high 
occurrence of EB (clearly above the 90th percentile) and AH (slightly 
below the 75th percentile) are key to explaining this episode (Fig. 4c). 
These WRs are associated with the largest O3 enhancements in Portugal 
(Fig. S5 and Table S2). They occurred from the 4th to 21st of July, the 
period when the largest O3 concentrations were found. Outside this time 
interval the concentrations were close to the climatology. 

Summarising, the results for both case studies illustrate that air 
pollution episodes can be traced back to the anomalous occurrence of 
certain WRs and suggest that a circulation approach can be used to 

Fig. 3. Probability density functions (PDFs) of (a) ONDJFM PM2.5 concentrations for France and (b) AMJJAS O3 concentrations for Portugal. The PDFs have been 
computed using one data point per grid cell and day within each country. Each coloured line represents the fit for data points on days with a given WR and the 
corresponding median is indicated by a vertical line. Vertical dashed lines show the thresholds (25 μg/m3 for PM2.5 and 130 μg/m3, roughly 65 ppb, for O3) used by 
the European Air Quality Index to categorize stations with poor air quality (EEA, 2017; see https://airindex.eea.europa.eu/Map/AQI/Viewer/). While the O3 
threshold is defined for hourly concentrations, the PM2.5 threshold is used for 24-h means. 

Table 1 
Probability ratio for PM2.5 events exceeding 25 μg/m3 under each WR in 28 European countries during the extended winter. Values over 2 are highlighted in bold and 
below 0.5 are underlined.   

CL EB AL AH ZR SB SL EA 

Ireland 0.31 1.32 0.45 0.11 1.35 1.51 2.68 0.17 
United Kingdom 0.76 2.38 0.69 0.57 0.22 1.87 0.39 0.49 
Belgium 1.00 1.82 0.60 0.99 0.36 1.79 0.18 0.82 
Netherlands 1.02 1.63 0.62 0.91 0.48 2.44 0.11 0.45 
Denmark 0.74 0.82 0.79 0.66 0.68 3.37 0.79 0.12 
Germany 1.16 1.60 0.78 0.79 0.52 2.27 0.10 0.55 
France 0.81 1.88 0.47 1.06 0.62 1.76 0.16 0.64 
Luxembourg 0.97 1.67 0.51 1.06 0.40 2.22 0.11 0.64 
Switzerland 0.82 1.52 0.30 1.17 0.83 2.31 0.09 0.44 
Norway 0.31 1.96 0.30 0.96 0.29 2.25 0.48 0.63 
Sweden 1.45 1.06 0.89 0.54 0.93 2.80 0.44 0.13 
Poland 1.15 1.12 1.00 0.81 1.13 1.52 0.48 0.75 
Czech Republic 1.11 1.38 0.97 0.80 0.95 1.60 0.31 0.70 
Slovakia 0.94 1.27 0.73 0.95 1.28 1.56 0.45 0.54 
Austria 0.95 1.31 0.84 0.86 1.09 1.67 0.45 0.60 
Hungary 0.86 1.23 0.77 1.12 1.18 1.51 0.52 0.52 
Croatia 1.13 0.90 0.91 1.20 1.23 1.39 0.60 0.63 
Slovenia 1.08 0.91 0.83 1.15 1.3 1.24 0.68 0.79 
Greece 1.23 0.96 1.36 0.94 0.59 0.77 1.06 1.32 
Italy 1.06 1.01 0.89 1.07 1.26 1.17 0.69 0.78 
Spain 0.89 1.16 0.23 1.09 1.35 1.71 0.65 0.63 
Portugal 0.87 1.36 0.22 1.06 0.92 1.50 0.83 0.94  
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Table 2 
As Table 1 but for O3 events exceeding 65 ppb during the extended summer.   

CL EB AL AH ZR SB SL EA 

Ireland 0.00 7.26 0.00 0.00 0.00 2.07 0.00 0.00 
United Kingdom 0.04 4.83 0.00 0.34 0.15 2.89 0.00 0.00 
Belgium 0.34 1.58 0.18 0.81 0.15 3.80 0.00 0.00 
Netherlands 0.19 0.73 0.51 0.19 0.46 4.60 0.00 0.14 
Denmark 0.00 0.00 0.00 0.00 0.00 6.20 0.00 0.00 
Germany 1.10 0.36 0.67 0.66 1.23 2.57 0.00 0.06 
France 0.77 1.17 0.59 0.98 0.96 2.29 0.07 0.19 
Luxembourg 0.86 0.41 0.00 0.95 0.13 3.86 0.00 0.00 
Switzerland 0.79 0.77 0.41 0.87 1.04 2.65 0.07 0.18 
Norway 0.54 1.37 0.09 0.79 0.05 3.71 0.00 0.29 
Sweden 2.04 2.44 1.63 0.00 0.00 1.71 0.00 0.00 
Poland 1.28 0.15 1.81 0.68 1.85 1.04 0.18 0.37 
Czech Republic 1.22 0.25 1.25 0.85 1.49 1.66 0.06 0.13 
Slovakia 1.26 0.1 1.98 0.90 1.54 0.88 0.45 0.42 
Austria 1.03 0.47 1.43 0.80 1.28 1.71 0.24 0.33 
Hungary 1.33 0.29 1.96 0.92 1.44 0.76 0.53 0.36 
Croatia 1.68 0.26 1.39 1.11 0.90 0.73 0.58 0.81 
Slovenia 1.44 0.24 2.21 0.83 1.24 0.72 0.54 0.53 
Greece 1.24 0.53 1.68 0.87 0.80 0.85 1.06 1.18 
Italy 1.36 0.46 1.17 0.86 1.31 1.15 0.62 0.49 
Spain 1.07 0.98 0.39 1.27 1.19 1.00 0.66 0.91 
Portugal 0.94 1.41 0.02 1.91 0.73 0.82 0.23 1.30  

Fig. 4. Left panels: Frequency distribution of days in each WR for the (a) March and (c) July 2003–2018 climatologies (boxes). The boxes extend from the lower (Q1) 
to the upper (Q3) quartile values of the data, with a horizontal line indicating the position of the median (Q2). The whiskers extend from the boxes to show the range 
of the data between the 10th and 90th percentiles. Red circles correspond to the frequency of WRs in (a) March 2003 and (c) July 2013. Right panels: Daily evolution 
of WRs (colour shading) and concentrations of both (b) PM2.5 in Paris during March 2003 and (d) O3 in Lisbon during July 2013. The red line represents the daily 
time series of pollutants during these periods, while the dark (light) shaded areas comprise the 30th–70th (10th–90th) percentiles of the climatology with the median 
in between. Horizontal dashed lines represent poor air quality limits for concentrations in outdoor air as defined by the European Air Quality Index (EEA, 2017). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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understand the evolution of the pollutant concentrations at different 
time scales. This is in line with previous studies which evidenced that a 
circulation type approach can provide relevant information about the 
physical relations between meteorology and air pollution (Demuzere 
et al., 2009). 

5. Modelling and predicting monthly concentrations with WRs 

Now we will examine whether the occurrence of WRs can drive the 
inter-monthly variability of air pollution. For this purpose, the monthly 
concentration anomalies of each pollutant are modelled, separately for 
each grid cell, using a MLRM on the monthly frequencies of occurrence 
of each WR (Section 2.3). Fig. 5 displays the spatial distribution of the 
explained variance (R2) for PM2.5, CO and NO2 during the extended 
winter as well as for O3 during the extended summer. As expected, the 
models explain a larger fraction of the monthly variability where we 
previously found the highest concentration anomalies associated with 
WRs (compare Fig. 5 with Figs. S2-S5). In the case of winter, these re-
gions roughly correspond to France, Benelux, Germany, Denmark and 
some parts of Britain, where R2 exceeds 0.6 consistently for PM2.5, CO 
and NO2. In particular, R2 > 0.7 for the three pollutants over large parts 
of France, but there are also contrasting results for other regions. For 
instance, the MLRM exhibits a good skill (R2 > 0.7) over Southern Iberia 
for CO and NO2 but not for PM2.5. The reason for this may partly lie in 
the influence of Saharan dust intrusions on PM2.5 levels in this region 
(Querol et al., 2019), as this type of emission source could alter the 
relationship between WRs and PM2.5. The best performance of the 
MLRM for summer O3 is found over western Iberia (values above 0.7) 
and, to a lesser extent, France, Switzerland, Germany and the Czech 

Republic (R2 > 0.6). 
To put our results into a broader perspective, we have compared 

them to those from Pleijel et al. (2016). To the authors’ knowledge, that 
is the only study that has previously used a linear combination of time 
fractions of different WRs to assess the weather-dependent variability in 
air pollution for a location in Europe (specifically in southern Sweden). 
Their model reproduced the observations remarkably well for all pol-
lutants, explaining 74, 90, 77 and 84% of the variation in the yearly 
average anomalies of PM10, CO, NO2 and O3, respectively. These 
explained variances are higher than those reported herein for the same 
region (62, 59, 55 and 50% for PM2.5, CO, NO2 and O3, respectively). 
These discrepancies can be at least partly due to the different time 
(interannual vs. monthly variability) and spatial (air quality station vs. 
an atmospheric composition reanalysis) scales considered in both works. 
Thus, it is rather unlikely that the approach presented here can 
outperform other analyses tailored to specific locations or regions, but it 
extends the use of WRs to a large part of the continent while keeping a 
good performance. 

Our results prove the ability of the WRs to capture the month-to- 
month variability of air pollution, although there are regions where 
the influence of the large-scale flow is reduced. As an illustration, R2 

values below 0.4 are found over the eastern part of the domain for 
winter PM2.5, CO and NO2, or the north of Scandinavia and the Medi-
terranean coast for summer O3. These WRs are designed to capture the 
variability of the large-scale circulation over the North Atlantic- 
European sector, which explains that the best performance of the 
MLRM is found for western Europe. A new set of WRs over a spatial 
domain shifted to the east (see e.g. Vicente-Serrano et al., 2022) would 
be needed to improve the skill in some parts of the continent. On the 
other hand, the low performance for O3 along the Mediterranean coast 
may be at least partly explained by the strong influence of the Medi-
terranean Sea on the summer climate of this region, this being an 
important source of energy and moisture that is decoupled from the 
large-scale circulation (García-Herrera and Barriopedro, 2018). 
Furthermore, previous studies have reported that the synoptic circula-
tion cannot fully explain the pollutant concentration patterns in Medi-
terranean coastal areas, as these are influenced by mesoscale dynamics 
such as land-sea breezes and channelling effects due to terrain features 
(Millán et al., 2000; Gangoiti et al., 2002; Cros et al., 2004; Drobinski 
et al., 2007; Valverde et al., 2015). 

Finally, we examine whether the application of these MLRMs to 
meteorological sub-seasonal forecasts of WRs is useful to predict month- 
ahead concentration anomalies. For that purpose, the time series ob-
tained from the 25 ensemble members of the ECMWF seasonal fore-
casting system are compared to the climatology of the CAMS reanalysis 
(considered here as observations) for the 2013–2018 period. Figs. 6 and 
S9 display, respectively, RPSS and CRPSS for PM2.5, CO, NO2 and O3. 
Overall, the spatial distribution of these skill scores shows substantial 
regional heterogeneity for all pollutants. In winter, there are positive 
values for both PM2.5 and CO (i.e. forecast better than climatology) over 
some regions located mainly in northern and central Europe, but also in 
the Iberian Peninsula and Italy. In particular, the forecast improves the 
climatology by >20% for PM2.5 over Ireland and for CO in a region 
around the Baltic. However, the forecast is worse than the climatology 
for other regions such as the Balkan Peninsula, the Po Valley, and some 
parts of France and the Iberian Peninsula. On the other hand, the spatial 
pattern is rather patchy and the absolute values of RPSS are low (mostly 
below 10%) for NO2, indicating that the differences between the forecast 
and the climatology are small. In the case of summer O3, the spatial 
patterns of RPSS are well defined, with relatively low positive values 
(mostly below 15%) extending over Germany and some regions in the 
surrounding countries, indicating a moderate improvement of the 
forecast over the climatology, and negative values in peripheral regions. 

Despite the improvement of the forecasts over the climatology for 
some regions and pollutants, the negative values of the skill scores over 
large areas of the continent indicate that the forecast does not bring any 

Fig. 5. Coefficient of determination (R2) between the observed and the 
modelled monthly time series of ONDJFM (a) PM2.5, (b) CO, (c) NO2 and (d) 
AMJJAS O3 anomalies considering CAMS data from 2003 to 2018 (6 months ×
16 years = 96 data points). 
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value there. This is at least partly caused by the skill of the meteoro-
logical sub-seasonal forecast in predicting the WRs. Although the per-
centage of correct assignments is high for the first five days of 
simulations (around 70–90%), then it drops gradually until lead times of 
around 15 days, when the seasonal forecast barely improves random 
assignation only for some specific WRs (see Fig. S10). Since the MLRMs 
are based on the monthly frequencies of WRs, their incorrect assignation 
results in reduced forecast capability of month-ahead concentration 
anomalies. 

6. Concluding remarks 

This work quantifies the ability of large-scale weather regimes (WRs) 
to capture the influence of meteorological variability on air pollution 
over Europe. Although this has been previously explored in other studies 
for specific regions of the continent (Makra et al., 2007; Demuzere et al., 
2009, 2011; Tang et al., 2009; Buchholz et al., 2010; Demuzere and van 
Lipzig, 2010; Gkikas et al., 2012; Pope et al., 2014, 2015, 2016; Russo 
et al., 2014; Grundström et al., 2015b, 2017; Santurtún et al., 2015; 
Valverde et al., 2015; Pleijel et al., 2016; Graham et al., 2020; Hertig 
et al., 2019, 2020; Cavaleiro et al., 2021; Salvador et al., 2021), this is 
the first time it has been done at continental scale. In addition, unlike 
most previous studies, we have used 1) year-round WRs instead of 
seasonal WRs to have a common tool for pollutants that may reach the 
highest concentrations at different times of the year and 2) an atmo-
spheric composition reanalysis instead of observations of air pollutants 
to ensure good spatial coverage, 3) applied a multiple linear regression 
approach on the frequency of WRs to explain and reproduce the inter-
monthly variability of concentration anomalies, and 4) explored the use 
of WRs to extend the time horizon of air quality forecasts beyond the 

usual 5 day limit. 
The overall responses of the extended winter PM2.5, CO and NO2 

concentrations to each WR are comparable, with the former pollutant 
exhibiting the highest relative anomalies at continental scale. Despite 
some regional differences, concentration anomalies (calculated as 
composite differences between the seasonal mean concentrations for 
each WR and for the 2003–2018 period) tend to be of the same sign 
regardless of the pollutant and are consistent with the meteorological 
conditions that characterize each WR. As expected, zonal and mixed 
cyclonic circulation regimes are associated with better air quality than 
meridional and anticyclonic weather regimes. Although not exactly co- 
occurring, pollutant anomalies show connectedness with wind speed 
anomalies in space following the negative relationship that characterize 
them. However, strong winds can re-suspend particles from the land 
surface (Nicholson, 1993; Grundström et al., 2015a). This could be the 
reason for the smaller negative anomalies in the case of PM2.5 than for 
CO and NO2 over specific regions on days with zonal or cyclonic flow. 
On the other hand, the spatial patterns of summer O3 anomalies 
resemble those of surface temperature for most WRs, because of the 
leading role of photochemical production and different temperature- 
related processes in the build-up of ozone (Archibald et al., 2020, and 
references therein). 

The highest concentrations at continental scale are found for all 
pollutants with the occurrence of Scandinavian blocking (SB), while SL 
and, to a lesser extent, EA and AL lead to the lowest concentrations. SB is 
especially relevant because the occurrence of this WR more than doubles 
the probability of having poor air quality situations according to the 
European Air Quality Index in countries of central/northern Europe such 
as Netherlands, Denmark and Germany. In fact, SB is associated with an 
increase of over 40% in the exceedances of the PM2.5 (25 μg/m3) and O3 
(65 ppb) limits respectively for 18 and 13 out of the 22 countries 
considered in this work, being southeastern Europe the main exception. 
The implications for human health are clear, and even more if one takes 
into account the ambitious new air quality guidelines recommended by 
the World Health Organization (WHO), which indicate that exceeding 
the thresholds of 15 μg/m3 for PM2.5 (24-h mean) and 50 ppb for O3 
(MDA8) is associated with significant risks for human health (WHO, 
2021). Although the WHO guidelines are not legally binding, they set 
the standards for policymaking and may encourage the European Union 
and other European countries to align the current legal air quality 
standards closer with those of WHO. Unless there is a strong action to 
reduce emissions of different pollutants, such an update would increase 
the number of exceedances. Hence, there is a growing need for 
improving current pollution warning systems, which could benefit from 
having information about the occurrence of specific WRs (e.g. SB for 
countries of central/northern Europe) in view of the results presented 
herein. 

It has also been found that a simple multiple linear regression model 
(MLRM) on the monthly frequency of WRs can explain a considerable 
fraction of the intermonthly variability of concentration anomalies over 
large parts of Europe regardless of the pollutant. This evidences the 
potential of the large-scale circulation as a suitable predictor of pollutant 
concentrations. Following this, we posed the question of whether WRs 
could be used to forecast monthly anomalies of air pollution. For this 
purpose, the MLRMs have been applied to WRs extracted from seasonal 
forecasts, resulting in a better forecast of month-ahead concentration 
anomalies as compared to the climatology only for some pollutants over 
specific parts of Europe. The limited reliability of the meteorological 
seasonal forecast for long periods of time seems to be one of the main 
causes. The skill of the seasonal forecast to classify each day into one of 
the WRs is good during the first days but it rapidly decreases at longer 
lead times. This illustrates the need for improved seasonal forecasts to 
effectively apply the methodology proposed in this work to forecast 
monthly anomalies of pollutant concentrations. Nevertheless, these re-
sults open the door to the possibility of providing probabilistic air 
quality forecasts for scales of 5–10 days at a low cost in a near future, 

Fig. 6. Three-category Ranked Probability Skill Score (RPSS) for monthly 
concentration anomalies of ONDJFM a) PM2.5, (b) CO, (c) NO2 and (d) AMJJAS 
O3 during the 2003–2018 period. The definition of RPSS is given in Eq. 5. 
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which would extend the lead times beyond those provided by models 
currently in use (e.g. 5 days for the CAMS forecast of atmospheric 
composition). This would require the use of short to medium range 
weather forecasts provided on a daily basis as well as the design of new 
models to predict the air pollutant concentrations from the frequency of 
WRs at these time scales. Addressing this is beyond the scope of this 
study. 

Our analyses have proven the value of atmospheric circulation pat-
terns to explain the variability of the pollutant concentrations, and point 
to the potential skill of WRs as predictors on timescales of several days. 
There is, however, some uncertainty associated with the small sample 
used to train the MLRMs. Since these models have been produced 
separately for each month of the year, the sample size equals the number 
of years with data, which is relatively low (only 16). To overcome this 
limitation, in future work we will use an alternative approach based on 
analogues of the atmospheric circulation. The analogue method iden-
tifies cases across time with statistically similar (‘analogous’) features (e. 
g. spatial pattern of Z500 anomalies) by minimizing a given distance 
metric (Daoud et al., 2016; Jézéquel et al., 2018). While WRs provide an 
intuitive, physical interpretation of atmospheric circulation patterns, 
the metric optimization imposed by the analogue approach leads to 
more accurate dynamic associations for the atmospheric circulation of a 
given day. In addition, this method can be carried out on a daily basis, 
increasing the sample size. 
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Synoptic classification of meteorological patterns and their impact on air pollution 
episodes and new particle formation processes in a south European air basin. Atmos. 
Environ. 245 https://doi.org/10.1016/j.atmosenv.2020.118016. 
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