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Air stagnation in Europe: spatiotemporal variability and
impact on air quality
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Abstract. This paper characterizes the spatiotemporal variability of air stagnation over the Euro-Mediterranean
area for the 1979-2016 period by using a simplified air stagnation index (ASI) based on daily precipitation as
well as near-surface and upper wind speed data. We have also undertaken the first comparison of stagnation
as derived from meteorological reanalysis and observations, finding a reasonably good agreement between
both datasets. The main differences arise from the surface wind speed, as this field depends on the local setting
of the observational sites and imperfect parameterizations within the reanalysis model. Since air stagnation has
considerable spatial heterogeneity over the region, we have regionalized the monthly frequency of stagnant
days, resulting five regions with consistent temporal patterns: Scandinavia (SCAN), Northern-Europe (NEU),
Central-Europe (CEU), South-West (SW) and South-East (SE). The northern regions (SCAN and NEU), which
are affected by moderately strong near-surface winds and ample precipitation, present low frequency and
temporal variability in stagnation compared to the southern regions (SW and SE). The winters and summers
with the highest stagnation frequency often concur with positive 500 hPa geopotential height anomalies over
the regions, with the exception of negative anomalies and a displacement of the extratropical jet to the south in
the case of SCAN and NEU during winter. Air stagnation exerts a clear influence on air quality (AQ), with
anomalies above 10% for summer ozone (O3) and 30% for winter PM1o (particulate matter < 10 um in diameter)
on stagnant vs. non-stagnant days over most of the regions. These values exceed 20% and 50%, respectively,
in the case of CEU, where air stagnation also drives significant changes in the frequency distributions of these
pollutants and increases the likelihood of AQ exceedances. Moreover, persistent and widespread stagnation

events favour the build-up of both O3 and PM1o over most of the continent.

Keywords: ozone, particulate matter, air pollution, regional air quality, air stagnation, meteorology.
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1 Introduction

Air stagnation situations are characterized by stable weather, weak winds in the lower to mid-troposphere and
absence of precipitation. These conditions impede the horizontal dispersion and vertical mixing of air masses
in the lower troposphere as well as the washout of pollutants, favouring the occurrence of poor air quality (AQ)
and low visibility events (e.g. Leibensperger et al., 2008; Tai et al., 2010; Dawson et al., 2014; Wang et al.,
2016, 2017; Schnell and Prather, 2017). Therefore, air stagnation has evident socioeconomic, environmental
and health impacts.

Air stagnation events are often identified by using predefined thresholds for daily averaged meteorological fields,
mainly the upper- and near-surface level wind speed and precipitation (e.g. Korshover and Angell, 1982; Wang
and Angell, 1999; Horton et al., 2012, 2014). Some analyses have also considered other fields such as the
vertical temperature gradient within the planetary boundary layer (PBL) or the PBL height (Wang and Angell,
1999; Wang et al., 2016, 2017). The fact that the existing air stagnation indices (ASIs) are empirical often makes
it necessary to adapt them to specific geographical regions, seasons or even impacts (e.g. Dawson et al., 2014;
Wang et al., 2016, 2017; Huang et al., 2017).

Wang and Angell (1999) considered that there is stagnation if three conditions are simultaneously met for at
least four days: sea level geostrophic wind speed < 8 m s-!, 500-hPa wind speed < 13 m s ' and no precipitation.
The US National Oceanic and Atmospheric Administration (NOAA) National Climatic Data Center (NCDC) uses
this ASI to monitor the meteorological situations which potentially favour the accumulation of air pollutants
(https://www.ncdc.noaa.gov/societal-impacts/air-stagnation/overview). This index is an objective measure of
synoptic-scale stagnation over the US, but the dependence of the geostrophic wind on the latitude might limit
its application to other regions of the globe. Note that Wang and Angell (1999) showed that the ratio between
the sea level geostrophic wind speed and the 10 m wind speed is on average around 2.5 and is not
geographically dependent over the US. Therefore, the 8 m s sea level geostrophic wind condition is
approximately equivalent to a 3.2 m s threshold for wind speed at 10 m.

Following the analyses of Wang and Angel (1999), Horton et al. (2012, 2014) introduced a simplified ASI, where
the 10 m wind speed is used with a threshold of 3.2 m s™. It should be borne in mind that this field is strongly
influenced by complex local conditions at the Earth’s surface (e.g. orography, surface roughness). Due to the
sparsity of wind speed observations, most studies have used output from meteorological reanalyses and climate
models, where this variable is generated from imperfect parameterizations of the boundary layer physics. In

fact, Vautard et al. (2010) showed that observed surface wind speeds have declined over continental areas of
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the northern mid-latitudes, while meteorological reanalysis datasets do not exhibit such trend. This could advise
against the use of reanalysis data for the characterization of air stagnation. To the authors’ knowledge, the only
study that has calculated this index based on observations over a large area is that by Huang et al. (2017) for
China, but the consistency between ASlIs derived from reanalysis and observations has not been assessed so
far.

Previous studies on air stagnation and its impacts have either been conducted on global and hemispheric scales
with a focus on future and past changes (Horton et al., 2012, 2014; Wang et al., 2017), or have been confined
to the US (Wang and Angell, 1999; Leibensperger et al., 2008; Tai et al., 2010; Schnell and Prather, 2017; Sun
et al., 2017; Xu et al., 2017), China (Wang et al., 2016; Huang et al., 2017) and specific regions in Europe
(Caserini et al., 2017). As an illustration, it has been shown that the low frequency of summertime mid-latitude
cyclones and frontal passages are strong predictors of stagnation and air pollution in the US (Leibensperger et
al., 2008; Tai et al., 2010). Schnell and Prather (2017) analysed the co-occurrence of air stagnation with surface
ozone (O3), particulate matter (PM) and temperature over the eastern US, while Sun et al. (2017) demonstrated
that the impact of stagnation on ozone is stronger than that of temperature over some regions of the US. Xu et
al. (2017) used an ASI together with other meteorological variables to evaluate the variability of surface ozone
over the US and its dependence on El Nifio-Southern Oscillation (ENSO). Huang et al. (2017) conducted a
comprehensive investigation of the spatiotemporal patterns of air stagnation in China for a 30 year period. More
complex meteorological indices considering the PBL height (Wang et al., 2016, 2017) or the thermal structure
of the atmosphere (Cai et al., 2017; Zou et al., 2017; Huang et al., 2018) have also been shown to reflect the
conditions conducive to PM episodes in China, but most studies available in the literature have used the NCDC
ASI or the adaptation by Horton et al. (2012). In particular, some results from applying the latter to global climate
model simulations indicate that the Euro-Mediterranean region is one of the areas most affected by air
stagnation, and that Mediterranean Europe is expected to suffer a significant increase in stagnation frequency
and persistence by the late 215t century if the emissions of greenhouse gases are not reduced (Horton et al.,
2014). Nonetheless, a systematic analysis of air stagnation has not been carried out for Europe and the
applicability of that index to AQ studies has not been demonstrated for that region yet.

The main objectives of this paper are (i) to assess the degree of consistency between the climatological features
of air stagnation as derived from a meteorological reanalysis and observations; (ii) to characterize the

spatiotemporal variability of stagnation over the Euro-Mediterranean area and the triggering synoptic patterns,
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and (iii) to examine the impact on the airborne concentrations of two of the main pollutants linked to serious
health impacts, PM1o (particulate matter with aerodynamic diameter < 10 um) and Os.

The paper is structured as follows. Section 2 introduces the meteorological and AQ data. Section 3 presents
the climatology of stagnation days, events (defined as the sequence of one or more consecutive stagnation
days) and their duration. These are compared for a meteorological reanalysis and observational datasets.
Section 4 presents a regionalization of stagnation over Europe and investigates its temporal variability. Section
5 identifies the synoptic patterns leading to seasonal stagnation extremes in the different regions. Section 6
addresses the impact of air stagnation on AQ, with a focus on PM+o and Os. Finally, the main findings are

summarized in Sect. 7.

2 Data and methods

As mentioned previously, air stagnation is often defined by three meteorological variables: upper-air wind speed,
near-surface wind speed and precipitation. In this work we have used the NCDC ASI adaptation by Horton et
al. (2012). A day is considered as stagnant for a given location when three conditions are fulfilled simultaneously:
daily mean wind speed at 10 m is lower than 3.2 m s, 500 hPa wind speed is below 13.0 m s*' and daily total
precipitation is under 1.0 mm (i.e. a dry day). For each location, this yields a time series filled with ones
(stagnation day) and zeros (no stagnation), which can be aggregated into monthly frequencies of stagnation
days. Unlike the previous index by Wang and Angell (1999), the ASI adaptation by Horton et al. (2012) places
no length requirements on stagnation events and considers them as any sequence of consecutive days meeting
the previous conditions, without any minimum threshold for duration. This is appropriate for our region of study
due to the presence of some areas where stagnation frequency and average duration are relatively low, as will
be shown later.

Despite the existence of more complex meteorological indices which can better represent the conditions
favourable to the occurrence of PM episodes over some regions (Huang et al., 2018, and references therein),
the choice of a simplified index like the one used in this work is motivated by the following reasons. First, it
minimizes the potential discrepancies between reanalysis and observations by reducing the number of variables
that strongly depend on the model physics (e.g. PBL). Second, this index has widely been employed in the
literature, being a good indicator of AQ episodes related to both PM and Os in other regions of the world. Hence,
in principle it allows us to evaluate simultaneously the impact on pollutants affected by different meteorological
mechanisms. Furthermore, previous analyses using this index have projected future increases in air stagnation
over the north of the Mediterranean (Horton et al., 2014), but the ability of the index to reflect the weather
conditions triggering poor AQ in the region needs to be investigated. Air stagnation will be analysed for the
whole year, while the assessment of its impacts on AQ will be restricted to the seasons with the highest

concentrations of those pollutants.
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2.1 Meteorological data

There is no observational database providing daily precipitation, upper-air wind speed and surface wind speed
simultaneously for Europe. Therefore we have used three different databases covering the period 1979-2016.

Daily precipitation was obtained from the E-OBS gridded dataset (Haylock et al., 2008) at 0.25° x 0.25°
horizontal resolution, which is provided by the European Climate Assessment and Dataset (ECAD)
(http://www.ecad.eu/download/ensembles/download.php) (last access: March 2018).

Upper-air wind data were obtained from the Integrated Global Radiosonde Archive (IGRA) (Durre et al., 2006)
(https://www.ncdc.noaa.gov/data-access/weather-balloon/integrated-global-radiosonde-archive) (last access:
March 2018) provided by the NOAA’s National Centers for Environmental Information (NCEI). This dataset has
been tested by the data provider through a comprehensive set of quality control procedures to remove gross
errors. We have only used the standard level of 500 hPa and averaged all the available measurements within
a single day (often two soundings) to calculate daily average wind speed at 500 hPa for each location.

Daily average wind speed observations at 10 m above ground were obtained from the Integrated Surface
Database (ISD) (Smith et al., 2011) (https://www.ncdc.noaa.gov/isd/data-access) (last access: March 2018)
which is provided by the NCDC's Climate Services Branch (CSB). The data supplier controls the quality of the
dataset by means of algorithms that check format, extreme values and limits, consistency between parameters
and continuity between observations.

Despite the fact that some IGRA radiosondes also include 10 m wind speed data, we opted to use the ISD
database. The reason lies in the greater amount of these data available in the latter. This allows averaging 10
m wind speed from a number of ISD stations located within 50 km around each IGRA’s radiosonde location, in
a similar way as Vautard et al. (2010). This way local effects that affect surface wind speed are smoothed. The
radiosonde site is eliminated from the study if no ISD stations can be found in the proximities. We have finally
used 91 IGRA sites distributed homogeneously throughout the area of study as well as 583 ISD stations
(Supplementary Figure S1). The number of ISD sites used for each IGRA location is irregular, ranging from only
1 to 24. Previous studies have used simultaneously the IGRA and ISD databases both for wind (e.g. Gatey et
al., 2011) and for other variables such as humidity or cloud cover data (e.g. Nygard et al., 2014). Finally, daily
precipitation is taken from the closest grid of the E-OBS dataset in relation to the IGRA’s radiosonde location.
These two datasets have previously been used simultaneously for the evaluation of the meteorological
performance of coupled chemistry-meteorology simulations over Europe and the US (Brunner et al., 2015).

Thus, the joint use of three different datasets should not have a significant impact on our results.


http://www.ecad.eu/download/ensembles/download.php
https://www.ncdc.noaa.gov/data-access/weather-balloon/integrated-global-radiosonde-archive
https://www.ncdc.noaa.gov/isd/data-access
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2.2 Meteorological reanalysis

10 m and 500 hPa daily wind fields and daily precipitation from the European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA-Interim reanalysis (Dee et al., 2011), at 0.75° x 0.75° horizontal resolution, during the
1979-2016 period, are used. Daily mean sea level pressure (SLP) and 500 hPa geopotential height (Z500) have
also been employed to characterize the synoptic patterns ruling the occurrence of seasonal extremes in air
stagnation. Daily precipitation has been calculated as the sum of 12-hour accumulated precipitation forecast for
two time intervals, from 00:00 to 12:00 and from 12:00 to 24:00 on each day. Daily averages of wind speed and
any other meteorological variables are calculated by averaging four analysis values at 00:00, 06:00, 12:00 and
18:00 for each day. Additional analyses performed for the NCEP/NCAR reanalysis (Kalnay et al., 1996), not
shown, indicate that the results presented in this work are not very sensitive to the choice of the reanalysis

dataset.

2.3 Air quality observations

The impact of air stagnation on AQ is quantified in this study through two of the most relevant pollutants in
Europe: PM10 and Os. The analyses are separately done for the two seasons with the highest concentrations of
these pollutants over large parts of the continent: winter (December-January-February, DJF) for PM1o and
summer (June-July-August, JJA) for Os (e.g. Laurila, 1999; Koelemeijer et al., 2006; Schnell et al., 2015;
Garrido-Perez et al., 2017).

Daily average PM1o concentrations for a 9 year period (December 2002 — February 2011) have been obtained
from two databases: the European Environment Agency’s air quality database (AirBase)
(http://www.eea.europa.eu/data-and-maps/data/airbase-the-european-air-quality-database-8, last access:
March 2018) and the European Monitoring and Evaluation Programme (EMEP) (Tarseth et al., 2012)
(http://ebas.nilu.no/, last access: March 2018). Only stations with at least 75% of the winter data available for
the period of analysis have been used. This way we have selected a total of 535 sites (24 from EMEP and 511
from AirBase). Note that the EMEP network includes additional sites which have not been considered here
because they are also part of AirBase. Considering the types of measurement sites, the selected locations can
be classified as follows: 68.6% are background, 23.0% traffic and 8.4% industrial sites. Note that we have also
examined the availability of PM2s (particulate matter with aerodynamic diameter < 2.5 ym) observations from

AirBase and EMEP but finally opted for PM1o as it presents much better temporal and spatial coverage.


http://www.eea.europa.eu/data-and-maps/data/airbase-the-european-air-quality-database-8
http://ebas.nilu.no/
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We have used an interpolated dataset of observed maximum daily 8-h running average near-surface ozone
(MDA8 Os3) volume mixing ratios over Europe for the period 1998-2012 at 1° x 1° resolution (Schnell et al.,
2015). This gridded dataset has been generated by blending observations from EMEP and AirBase, excluding
sites of traffic type. It was initially delivered to evaluate chemical transport models (CTMs) and chemistry-climate
models (CCMs) (Schnell et al., 2014, 2015). Other studies have also used it to identify the main synoptic and
meteorological drivers of extreme ozone concentrations over Europe (Otero et al., 2016; Carro-Calvo et al.,

2017) and to assess the impact of large scale anticyclonic patterns on O3 (Orddfiez et al., 2017).

2.4 Clustering of air stagnation

A regionalization of air stagnation has been made by means of the k-means iterative optimization process. This
technique is based on the Voronoi partition (Aurenhammer, 1991) and has been widely used to generate spatial
divisions of meteorological and air quality fields (e.g. Bador et al., 2015; Carvalho et al., 2016; Lyapina et al.,
2016; Carro-Calvo et al., 2017). It allows the generation of data clusters from a multidimensional dataset. In this
case, we have used the time series of the number of stagnant days per month in each grid cell of the reanalysis

dataset over the area of study, from which the algorithm generates a predefined number of k regions (clusters).

2.5 Characterization of the eddy-driven jet

The latitudinal position of the extratropical jet has been studied to better explain the effects of the synoptic
patterns associated with stagnation. To do so, we have catalogued each day by using the daily jet latitudinal
index of Woollings et al. (2010). The algorithm zonally averages the low-pass filtered, lower-tropospheric (925-
700 hPa) daily mean zonal wind in the longitudes ranging from 0° to 60° W. The latitude where the zonal wind
reaches its maximum is assigned to one of the latitudinal ranges corresponding to the modal positions of the jet
over the Atlantic: southern (15°-44° N), central (44°-53° N) and northern (53°-75° N). The meteorological dataset
used to identify the jet position is the NCEP/NCAR reanalysis with a spatial resolution of 2.5°. This resolution is

sufficient, taking into account the large area considered to identify the position of the jet.

3 Annual occurrence of air stagnation in observations and reanalysis

We have first examined the ability of the reanalysis to reproduce the observed air stagnation climatology by
comparing a series of benchmarks: annual frequency of stagnation days, number of events and their duration.

For simplicity, in these comparisons each of the 91 locations with observations is matched to the closest
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reanalysis grid cell. We are aware that more complex spatial verification methods are available in the literature,
but the improvement that they bring is more relevant for cases that require higher resolution than ours (Brown
etal., 2012).

Figure 1 shows the annually averaged percentage of air stagnation days (%, left), the average number of events
per year (middle) and the average event duration (number of days, right). Generally, the spatial distribution of
the calculated values compares relatively well between reanalysis and observations. Considering the whole
dataset of 91 observational sites, we obtain a Pearson correlation coefficient (R) over 0.70 (p-value < 0.01) for
both stagnation days and events, although only slightly above 0.55 for the average event duration. Mean biases
(MB) for stagnation days and events are relatively low in the reanalysis compared to the observations (-1.4 %
and 2.1 events respectively), with root mean squared errors (RMSE) close to 7 % for the stagnation days and
7 in the case of the events. These values are lower for the mean event duration, with zero bias and RMSE =
0.4 days. There are, however, some locations where the differences in the frequency of stagnation days
between reanalysis and observations (Fig. 1, left) are high enough to indicate that further analyses are needed.
In order to investigate this, we have done some additional comparisons for the three meteorological variables
included in the ASI calculation.

Figure 2 displays the percentage of days that stagnation conditions are met separately for each component
used in the ASI definition: precipitation below 1 mm (i.e. dry day, DD), 10 m wind speed below 3.2 m s (W10)
and 500 hPa wind speed below 13 m s™' (Ws00). The comparison of reanalysis with observations for precipitation
(Fig. 2, left) and upper air wind speed (Fig. 2, right) shows consistent patterns between both datasets, with R
values of 0.95 and 0.93 respectively. The magnitude of the mean bias and RMSE is smaller for the upper-air
wind speed than for precipitation, whose occurrence is overestimated by the reanalysis leading to reduced
stagnation (MB = -7.2%). The main discrepancies between reanalysis and observations arise from the 10 m
wind speed, for which R = 0.64 and RMSE = ~18%. This can be explained by the strong influence of orography
together with the insufficient horizontal resolution and imperfect boundary layer parameterizations of the
reanalysis model, as well as the impact of the local settings on observations. Furthermore, there are a
considerable number of coastal sites, which could yield higher observed wind speeds compared to those in the
reanalysis over some regions. In spite of this, the reanalysis underestimates the overall number of days fulfilling
the 10 m wind condition for air stagnation (MB=-3.6 %). In conclusion, keeping in mind the reasonably fair
agreement between the regional patterns of air stagnation in reanalysis and observations (Fig. 1, left), and that

the main differences emerging from surface winds are highly local, it seems reasonable to use the reanalysis to
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analyse regional-scale variability of air stagnation. In the following, we will focus on the analysis of air stagnation
as obtained from the reanalysis dataset, unless otherwise stated. Based on such data, the remaining part of
this section will describe the overall spatial patterns of air stagnation over the area of study.

Similarly as found by Horton et al. (2012) for the whole globe and Huang et al. (2017) for China, annual air
stagnation days are distributed with considerable regional heterogeneity across Europe. The highest stagnation
centres are located over southern Europe and northern Africa, where the stagnant conditions are met more than
40 % of the days over some locations (Fig. 1, left). Coastal areas show less stagnation than continental areas,
as can be expected due to the land-sea contrast and the overall minor presence of topographic barriers
compared to inland locations, which results in increased wind speed and therefore reduced air stagnation. The
spatial distribution of air stagnation events resembles that of stagnation days (Fig. 1, middle), with ~50 events
per year over large areas in the proximity of the Mediterranean and Black Seas, above 40 events in Scandinavia
and considerably fewer events in the British Isles, the North European Plain and the Baltic countries. Stagnation
events tend to be longer in areas with more stagnation days (Fig. 1, right). Their average length reaches 5 days
in some areas of Morocco and around 3 days north of the Mediterranean, and decreases to around 2 days or
less further north.

As expected, the spatial distribution of the percentage of days that fulfil the 10 m wind speed condition for air
stagnation shows substantial regional heterogeneity (Fig. 2, middle). This is the ASI component showing the
most similar spatial pattern to that of the frequency of air stagnation (Fig. 1, left), with a correlation coefficient of
0.95, although the occurrence of dry days may be more relevant to explain the north-south gradient in stagnation
(Fig. 2, left). As latitude decreases, so does the occurrence of precipitation and therefore the number of dry
days increases. The upper-air wind speed presents considerable spatial homogeneity, fulfilling the stagnation
condition in a range between 40 and 60% of the days for most of the study area. These values are considerably
low compared to those found for the other two fields over specific regions, in particular for the southern half of
the domain. Accordingly, upper-air wind speed may be the main limiting factor in the occurrence of stagnation
over some regions of southern Europe, while precipitation and 10 m wind speed would restrict it in Scandinavia
and the regions around the North European Plain, respectively. A more detailed regional assessment is

presented in the next section.
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4 Spatiotemporal variability of air stagnation

4.1 Regionalization of air stagnation

We have applied the k-means clustering technique on the gridded monthly frequency of stagnation days over
Europe for 1979-2016 obtained from reanalysis data. The stagnation dataset consists of a matrix filled with the
number of stagnant days per month in each grid cell of the reanalysis, considering only the continental areas
within the range 33° N — 75° N and 12° W — 26.25° E. This covers a region smaller than that shown in Fig. 1,
as we have preferred to limit the analyses to regions with reasonably good coverage of PM1o and O3
observations. The algorithm allows obtaining regions or clusters where air stagnation presents consistent
temporal patterns. After some testing, we have set the number of seeds (i.e. initial cluster centres) to 30 and
the maximum number of iterations to 300; these choices ensure repeatability and reproducibility of the clustering
results. This has resulted in a spatial division of five regions as displayed on Fig. 3. The choice of the final
number of clusters has been made as a reasonable compromise between the spatial extension and the
representativeness of the regions.

From north to south and from west to east, the clusters roughly cover Scandinavia (SCAN), Northern Europe
(NEU), Central Europe (CEU), the South West (SW) and South East (SE) of the domain. In general, these
regions seem to be consistent with the spatial distribution of air stagnation frequency shown in Fig. 1 (left). SW
(Iberian Peninsula and northern Africa) and SE (ltaly and Balkans) cover a large part of the Mediterranean
region, where stagnation is most frequent. NEU is basically made up by the British Isles, Benelux, Denmark and
the Baltic countries, the area with the minimum frequency of stagnation. Overall, SCAN corresponds to the
geographical location of the Scandinavian Peninsula, where air stagnation frequency is moderate. This is also
the case for CEU, which is mainly located inside continental Europe. Note that some grid cells belonging to NEU
(dark blue) and CEU (orange) are farther from their respective centroids than from others with more stagnation.
This occurs because most of these cells are located close to the sea, where surface wind speed tends to be

high, limiting the occurrence of stagnation compared to the surrounding regions.

4.2 Temporal variability of air stagnation

Once we have regionalized the area of study, we will first compare the seasonal cycles in each region as
obtained separately from the reanalysis and the observations. This will provide further insights into the
consistency between the regional features derived from reanalysis and from the embedded observational sites.

In addition, we will examine the long-term variability of air stagnation in each region.

10
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4.2.1 Seasonal cycle

Figure 4 shows the seasonal cycles of the number of stagnant days for each cluster, considering the
observations (red), the reanalysis grid cells closest to observational sites (blue) and the cluster centroids which
include all reanalysis grid cells (green) within these regions. The intervals defined by one standard deviation
from the mean overlap when only grid cells around the observational sites are considered (red and blue),
confirming a reasonably good agreement between reanalysis and observations. The largest discrepancy is
found for the SW region in summer, where the differences in the mean values are up to 3 days per month.
Moreover, if we consider every reanalysis grid cell within the cluster (green), the number of days with stagnation
increases considerably in that region. This result strongly suggests that the 10 observational stations available
for SW do not represent the behaviour of air stagnation in this cluster. Many of these stations are located in
coastal areas as can be seen in Fig. 1, which can explain the reduced stagnation when only those locations are
considered. The discrepancies when the nearest grid cells in the reanalysis are used (red and blue) may partly
occur because such cells cover land and sea areas, but they are also related to the biases reported previously
for the three components of the ASI in reanalysis and observations. The rest of clusters seem to include
representative enough stations, although the number of sites per region varies substantially, from only 8 in
SCAN to 25 in NEU. Due to these limitations in the number and representativeness of the observational sites,
the cluster centroid (i.e. the average monthly frequency of stagnant days for all grid cells within the region) will
be used for the regional analysis of the temporal variability of stagnation in the reminder part of this section.
Seasonal and annual series of stagnation frequency will be derived for each region by adding up the monthly
frequencies of the corresponding period.

All the reanalysis seasonal cycles (green) are characterized by a common maximum around summer (often in
August). Nevertheless, the month with minimum air stagnation is clearly dependent on the region, as it varies
from October (SCAN) to June (CEU). The largest amplitude (defined as the difference between the maximum
and the minimum) is found for SW and SE, with about 9 and 7 days, while it is below 4 days for the rest of the

clusters. This is due to the strong seasonality of both precipitation and wind in these regions.

4.2.2 Interannual variability
The interannual variability differs for the five regions. The monthly standard deviations in Fig. 4 (green bars)

evidence SW and SE as the regions with the largest interannual variability. The seasons when interannual
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variability reaches its maximum are also different depending on the region: summer for the southern regions
(SW and SE) and winter for SCAN.

To better understand the influence of the three components of the ASI in the interannual variability, we have
evaluated which of them controls the temporal patterns of air stagnation over each region. For this purpose, we
have computed the correlation coefficients between the regional series of stagnant days and those resulting
from each component separately. Table 1 shows the individual air stagnation component that presents the
highest correlation on a seasonal and yearly basis.

The table indicates that no ASI component controls uniformly the interannual variability of stagnant days in
Europe, but it depends on the considered latitude. To a large extent, Wsoo drives the interannual variability of
stagnation in southern Europe (SW and SE), while DD is more relevant in central regions (CEU and NEU) and
Wio over the northernmost part of Europe (SCAN). The main driver of interannual variability does not seem to
be seasonally dependent in the south of the continent, since Wsoo is selected in all seasons (with R > 0.90) for
SW and 3 out of 4 seasons in SE. This latter region and CEU share Wso0 and DD as the main drivers of
interannual variability. DD is also the dominant driver in NEU, in particular during spring-summer, while W+
controls the interannual variability during autumn-winter there and, during most seasons, in SCAN. Note that,
while these are the general patterns, in some cases the correlation coefficients are not too different for the three
ASI components. As an example, Wsoo has not been selected as the main driver of interannual variability in any
season over SCAN but yields high correlations all year round, which results in this variable being selected
(together with W1o) as the main driver of variability on an annual basis. We also stress that, with the exception
of the southern regions, the main drivers of interannual variability do not necessarily correspond to the major
limiting factors to the climatological occurrence of stagnant days (Fig. 2).

Finally, in order to understand the interannual variability of air stagnation at different time scales, all regions
have also been tested for significant periodicities by means of a wavelet analysis (Torrence et al., 1998) applied
to the time series of monthly air stagnation days. The wavelet power spectra has not revealed significant
periodicities, apart from the expected presence of the annual cycle for all regions as well as a significant peak

centred in the 6-8 years band for CEU (not shown), whose causes are unknown.

4.2.3 Long-term trends
Linear trends in the yearly and seasonal number of air stagnation days have been calculated for the 1979-2016

period by using ordinary least squares regression. The results are summarized in Table 2. A large area spanning
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NEU, CEU and SE has undergone an upward annual trend (statistically significant at the 90% only for the first
region), while weak trends are found for SCAN and SW. These trends are seasonally dependent. Over CEU
there is a large (although not significant) annual trend of 2.38 days decade', with the largest contribution in
spring (1.28 days decade™). In the case of NEU, the annual increase (1.48 days decade™) is distributed into
two seasons with positive trends: autumn (1.21 days decade™") and spring (0.49 days decade™). Significantly
positive trends are also found for SE in summer (1.71 days decade™') and SCAN in autumn (1.44 days decade
). There are some negative trends, in particular for winter, but they are not significant for any region and season.
Horton et al. (2014) reported a significant increase in air stagnation over some areas of the globe throughout
the 21t century if greenhouse emissions remain unabated. One of the affected regions would be an area north
of the Mediterranean covering most of SE and part of CEU, where we have also found upward trends. This
suggests that an increase in stagnation may already have begun in some parts of Europe. According to that
study, future increases in stagnation over the Mediterranean will result from more frequent dry days and
stagnant 10 m wind occurrences, the first being associated with enhanced mid-tropospheric subsidence. We
have also tried to assess the contribution of each individual ASI component to past annual trends by separately
examining long-term changes in the occurrence of days when each individual component is below its stagnation
threshold (Table 3). The contribution to the significant trends in CEU comes from the three ASI components, for
which the occurrence of stagnant conditions has also experienced upward annual trends. For NEU there is only
a significant rise in the occurrence of stagnant Who. In the case of SE, the significant increase in the number of
days with Wsoo below 13.0 m s has led to an overall upward trend in stagnation, but this is partially
counterbalanced by a substantial downward trend in DD. Similarly, the regions with weak trends (SCAN and
SW) show changes of opposite signs in their individual components and such changes tend to cancel out.
Summarizing, from the three ASI components, only the occurrence of Wsoo stagnant conditions has increased
over most regions, and CEU and NEU are the only regions with upward trends in the three components.
Nevertheless, the diverging results found for the different components and regions do not allow establishing

clear conclusions on the drivers of long-term trends in stagnation over the whole area of study.

5 Synoptic patterns leading to stagnation

We have examined the synoptic patterns associated with stagnation in each cluster separately for summer and
winter. Only summer and winter are analysed given that they are the seasons with the highest and lowest

stagnation, as well as with the highest concentrations of Os and PM1o over most regions, respectively. Figure 5
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displays the average Z500 anomalies for the five summers (left) and winters (right) with the largest number of
stagnation days in each region. Likewise, SLP anomalies are shown in Fig. 6. There are at least five summers
and winters when the number of stagnant days exceeds the seasonal mean plus one standard deviation for
each region, which justifies the choice of the number of cases in each composite.

Different Z500 and SLP anomaly distributions can lead to above average stagnation, although we have identified
two main patterns. Firstly, pattern H (high) is characterized by significantly positive anomalies in at least one of
these fields over the region. This blocks the westerly flow, decreasing both near-surface and upper-air wind
speed; concurrently, precipitation is also reduced within the region. Therefore, the three stagnation components
more easily fulfil the air stagnation threshold condition when pattern H occurs. In Figures 5 and 6, this pattern
can be identified in summer (left panels) for all regions with the exception of SW, and in winter for central and
southern regions (CEU, SW and SE).

A second pattern denominated L (low) has been found for SCAN and NEU in winter. It consists of significantly
negative anomalies of Z500 and SLP located south of the regions, together with significantly positive anomalies
of Z500 over Greenland. This may displace the position of the Atlantic jet stream and consequently the storm
tracks to the south, and, accordingly, yield an increase in stagnation over the north of the continent. We have
checked that during the five winters with maximum stagnation over SCAN / NEU, the number of days with
northern jet locations (53°-75° N) correspond to the 24" / 30" percentile of their winter climatology while the
number of days with the jet in lower latitudes (15°-44° N) correspond to the 69%" / 715t percentile, confirming our
expectations.

We have not found any clear synoptic pattern associated with maximum stagnation over SW in summer. The
Z500 anomaly maps for the five summers with most air stagnation in this region exhibit completely different
patterns (i.e. anomalies are not spatially coincident, not shown), resulting in no clear pattern when the 2500

field is averaged for those summers.

6 Impact of air stagnation on air quality

We have assessed the impact of stagnation on air quality, focusing on winter PM10 and summer Os. As the
period with good data availability is different for both pollutants, we have evaluated PM+o from December 2002
to February 2011 and Os from 1998 to 2012. For the first exploratory analyses shown in Figure 7, the PM1o
station data and the Os grid cells have been associated with the closest air stagnation grid cells at the nominal

resolution of the reanalysis. The figure displays the difference between the seasonal concentrations of winter
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PMuo (left) and summer Os (right) for days with and without stagnation. These anomalies are only shown when
they are significant at the 95% confidence level (two-tailed t-test). As expected, there are widespread positive
anomalies across the continent for both pollutants, although their magnitude varies depending on the region.
In the following, we will present some additional analyses to better understand the impact on the regions defined
in Sect. 4 (Fig. 3). In these analyses, all grid cells within the region are considered for O3 and only the
background sites for PM1o, in order to avoid any potential biases in regions with a high proportion of traffic sites.
It is known that the Os gridded dataset has some inhomogeneities around the Balkans before 2004 (Carro-
Calvo et al., 2017); therefore, O3 data within SE have only been considered since that year. The average
anomalies (absolute values and percentages) of the pollutant concentrations on stagnant vs. non-stagnant days
are summarized for each region in Table 4.

We first focus on the impact of air stagnation on winter PM1o (left panel of Fig. 7 and Table 4). The strongest
effect is found for NEU and CEU. On average, PM1o concentrations are 16 ug m= higher on stagnant than on
non-stagnant days in these clusters, which corresponds to more than half (58 and 56%) of the seasonal mean
concentrations. The relative anomalies for the southern clusters (SW and SE) are above 30%, but these results
should be treated with care due to the low number of sites. The impact over SCAN has not been considered
due to the lack of PM+o data in this region. When averaged over all background sites in the five regions, the
winter PM1o anomalies on stagnant days are above 15 ug m, higher than those found by Garrido-Perez et al.
(2017) over large areas of the continent under the influence of high-latitude blocks with centres located in the
European sector (0°-30° E).

Summer average Os anomalies (right panel of Fig. 7 and Table 4) are around 10 ppb (~20 ug m) in CEU and
above 5 ppb for three of the other four regions (NEU, SW and SE). These anomalies correspond to at least 13
% of the summer mean mixing ratios in each region (up to 23% in CEU). Such values are of the same order of
magnitude as those reported by Ordofiez et al. (2017) for Os in different locations of Europe under the influence
of high-latitude blocks and subtropical ridges. However, the ozone anomalies over SCAN on stagnant days are
relatively small (5%) and lower than those found by that study under the influence of European blocks. The main
reason for the relatively low anomalies of O3z compared to those of PM1o during stagnant days most probably
lies in the longer lifetime of the former, which implies a substantial contribution of transport processes and
background concentrations to the atmospheric levels of this pollutant. It is also known that O3z mixing ratios are
enhanced over some regions of northern Europe following the advection of southern air masses (Carro-Calvo

et al., 2017), which seems to be consistent with the moderate impact of stagnation found for SCAN and, to a
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lesser extent, NEU, in comparison to CEU. In addition, a number of studies have attributed large-scale
downward transport of ozone-rich air masses to elevated summer ozone in the lower troposphere over the
Mediterranean (e.g. Velchev et al. 2011; Doche et al., 2014). This could be relevant for the SW and SE regions,
but the air stagnation index does not implicitly include information on subsidence.

Taking these considerations into account, it is expected that the frequency distributions of both pollutants will
also be affected by air stagnation. Figure 8 displays the probability density function (PDF) of daily PM1o (left)
and O3 (right) for the region most influenced by stagnation, i.e. CEU, considering all seasonal data (grey bars)
as well as days with stagnation (red line). Both PDFs are displaced to the right on days with stagnation. There
exists a reduction of the lower tails for both pollutants as well as an increase in the occurrence of daily PM1o
concentrations above 30 ug m= and MDA8 Os mixing ratios above 45 ppb. This enlargement of the upper tails
by air stagnation has clear implications for the number of exceedances of the 50 ug m= and 120 ug m= (~60
ppb) AQ limit values for these pollutants (indicated by vertical blue lines on both panels). Similar results, albeit
with a more moderate impact, have been found for most of the other regions (see Supplementary Figures S2
and S3).

We have also examined the build-up of the pollutant concentrations during the most widespread stagnation
events found in each region and season. To simplify the analyses, we have focused on the first five days of the
ten episodes with the largest areal extent fulfilling stagnation conditions within each region and season (winter
2002-2011 and summer 1998-2012). We consider all background PMo sites and Os grid cells within the region
regardless of whether they are under stagnant conditions on those days. For illustration purposes, Figure 9
shows composites of the evolution of winter PM1o (top) and summer Os (bottom) during those episodes for CEU
(left) and NEU (right). The first two boxes in each panel represent the distribution of the pollutant concentrations
during the two days before the beginning of the episode (day0-2, day0-1) and the remaining boxes correspond
to the first five days of the event (day0, day0+1, day0+2, day0+3, day0+4). As the extension of the stagnant
area increases day after day for some of the ten episodes considered and decreases for others, this may result
in large spread in the data and even decreases in the median concentrations during the life cycles of these
episodes.

The PM1o build-up during the winter episodes (Figure 9, top) is particularly pronounced for NEU, even though
only slightly above 20% of the region is under stagnant conditions during those events, compared to above 35%
for CEU. The median of the PM1o concentrations increases by nearly 20 ug m from day0-2 to day0+3 in CEU,

while there is a stronger build-up of ~20 ug m™ during the first three days (day0 to day0+2) in NEU. Nevertheless,
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the upper quartiles (top of the boxes) considerably exceed 50 ug m= during the five days of the episodes in
CEU, indicating that at least 25% of the background sites in the region breach the air quality target for this
pollutant. This also occurs in NEU, but only from the third day of the episodes (day0+2 to day0+4). In the case
of summer O3 (Figure 9, bottom), the percentage of the region under stagnant conditions during the selected
events is above 40 % in CEU and 30 % in NEU. There is a strong increase (> 15 ppb) in the median O3
concentrations over CEU from day0-1 to day0+4 and the upper quartiles, i.e. 25% of the sites, exceed the 60
ppb threshold from day0+2 to day0+4. The build-up of O3 over NEU is not as strong, with a steady increase in
the median concentrations of ~6 ppb only from day0-1 to dayO+1. In both cases there is also a remarkable rise
in the low percentiles (lower whiskers) throughout the episodes, indicating a widespread impact of air stagnation
on the sites with the lowest O3 concentrations within these two regions. Overall, similar life cycles, although with
a more moderate impact, have been found for PM1o and Os during stagnation episodes in the other regions
(Supplementary Figures S4 and S5). Consequently, persistent air stagnation conditions facilitate the build-up of
both pollutants in the area of study.

Finally, we have investigated whether the frequency of occurrence of air stagnation can determine the
interannual variability of summer O3 extremes (defined as the 95" percentiles of the seasonal concentrations),
in a similar way as done by Schnell and Prather (2017) for eastern US. The analysis has been conducted only
for the regions with good spatiotemporal coverage of Os (i.e. all regions except for SE). We have not considered
PM1o due to the relatively short time series (only 9 winters) available for this pollutant. The time series have
been detrended by subtracting the year-to-year change expected from a linear trend (using ordinary least
squares regression). The coefficients of correlation are 0.54 for SCAN, 0.72 for NEU, 0.81 for CEU and 0.58 for
SW. Overall, the link between the interannual variability of air stagnation and Os extremes in Europe is similar
to that reported by Schnell and Prather (2017) for a larger region in the US during the extended summer season,
with R values of 0.79. This is particularly the case for Oz in CEU and NEU. The corresponding time series are
shown in Figure 10. It is worthwhile to mention the high percentage of stagnation days in the summers with the
highest ozone levels: summer 2003 for CEU and summer 2006 in NEU. These two summers were indeed
periods of exceptionally hot weather and extreme air pollution over different parts of Europe, as reported by
other studies (e.g. Schnell et al., 2014; Carro-Calvo et al., 2017, and references therein). Therefore, our results
demonstrate that a simple linear model on the frequency of stagnant days can explain a considerable fraction
of the interannual variability of summer ozone extremes, and suggest that air stagnation may also be a good

indicator of some meteorological extremes such as heatwaves. This is in line with previous studies that have
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highlighted the joint association of high ozone and temperature with stagnation. While it has been consistently
observed that summer ozone correlates with temperature, this is not only driven by the impact of temperature
on photochemical ozone production (e.g. through the thermal decomposition of the reservoir species
peroxyacetyl nitrate and the increase in emissions of biogenic isoprene at high temperatures), as it also reflects
the association of high temperatures with air mass origin and regional stagnation (Jacob et al., 1993; Jacob and

Winner, 2009, and references therein).

7 Summary and conclusions

Previous studies have either used reanalysis (e.g. Wang and Angell, 1999), climate models (Horton et al., 2012,
2014) or observations (e.g. Huang et al., 2017) to quantify air stagnation. We have provided a comprehensive
characterization of air stagnation over Europe for the 1979-2016 period by using a simplified air stagnation
index (ASI) which tags stagnant conditions as those when daily accumulated precipitation and near-surface and
upper wind speed are simultaneously below predefined thresholds (Horton et al., 2012). To the author’s
knowledge, this study presents the first comparison of stagnation as derived both from observations and
reanalysis. For that purpose, we have used daily 10 m and upper wind speeds as well as precipitation data from
the ISD, IGRA and E-OBS observational datasets, respectively, together with ERA-Interim reanalysis data. Our
findings indicate a reasonably good agreement between reanalysis and observations in the representation of
the frequency and variability of stagnation days and events at the regional scale. Overall, both the occurrence
of dry days and stagnant upper air wind speed are consistent between reanalysis and observations, while the
10 m wind speed is responsible for the main differences due to its dependence on local factors, including the
orography and surface roughness, as well as the insufficient horizontal resolution and imperfect
parameterizations of the reanalysis.

There is considerable spatial heterogeneity across Europe, with more stagnation in the south than in the north.
Thus, we have regionalized the Euro-Mediterranean region through the application of the k-means clustering
technique to the monthly frequency of stagnant days considering all reanalysis grid cells. This has allowed us
to distinguish five regions with different behaviour: Scandinavia (SCAN), Northern Europe (NEU), Central
Europe (CEU), South West (SW) and South East (SE). The temporal variability, the associated large scale
circulation patterns and the impact on the atmospheric concentrations of two pollutants (PM10 and Os) have then

been studied separately for each region. Table 5 summarizes this information for winter and summer.
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The regions located at higher latitudes, SCAN and NEU, present the lowest stagnation frequency. Ample
precipitation and high 10 m winds are respectively the limiting factors to the occurrence of stagnation in these
regions. The role of 10 m winds is particularly relevant in the case of NEU as it includes the regions around the
North and Baltic Seas, where near-surface westerlies prevail. Both regions share some common features such
as small amplitude of the seasonal cycle and low interannual variability. The synoptic patterns that maximize
stagnation are also common to both regions. In summer, they are characterized by positive anomalies of Z500
over the region (labelled as pattern H). Unlike other regions, the winter synoptic patterns ruling stagnation
display positive anomalies over Greenland and a southward displacement of the jet (pattern L). Air stagnation
is associated with strong positive anomalies of winter PM+o in NEU and moderate summer Os anomalies in both
regions, standing out as a relatively good indicator for interannual variability of extreme ozone events, with
correlations of 0.54 and 0.72 for SCAN and NEU, respectively.

The highest frequency of stagnation occurs over the Mediterranean area, where the seasonal cycle is
characterized by a maximum in summer and high interannual variability. This area is comprised of two distinct
regions (SW and SE), for which the major limiting factor to the occurrence of stagnant conditions is upper wind
speed. This component also drives part of the interannual variability of stagnation in both regions, in particular
over SW. Despite these similarities, the frequency of dry days is lower in SE and therefore considerably
contributes to the interannual variability of stagnation in this region. On seasonal scales, maximum stagnation
in these regions is often associated with pattern H, although no clear synoptic pattern has been found for SW
in summer. The impact on AQ is noteworthy but somewhat weaker than in other European regions.
Nevertheless, some caution is required due to the limited number of sites for both regions.

Finally, CEU is the region that covers most of continental Europe and presents moderate stagnation. The
interannual variability is relatively small, as does the seasonal cycle, with a slight rise in autumn. CEU is a
transition region between the south and the north. As such, different components (namely, upper air winds and
dry days) dominate the interannual variability of stagnation. This is also the region with the largest annual trends
(+2.38 days decade™) and similar upward values are separately found for the three ASI components. CEU also
stands out as the region where stagnation has the largest impact on AQ, with relative anomalies above 20% for
summer O3z and 50% for winter PM+o. Furthermore, exceedances of AQ targets for these two pollutants are
more likely to occur on stagnant days. In particular, the stronger impact on the first pollutant in CEU compared
to the remaining clusters might be related to the fact that other factors are known to contribute to elevated

summer ozone in those regions, namely southerly advection in northern Europe (Carro-Calvo et al., 2017) and
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large scale subsidence in the proximity of the Mediterranean (e.g. Velchev et al. 2011; Doche et al., 2014; Zanis
et al.,, 2014). A better understanding of these dynamical processes would be useful to develop more
sophisticated meteorological indices for those regions. In spite of that, our analyses have proved that persistent,
widespread stagnation events favour the build-up of both O3z and PM1o over most of the continent.

In short, our results demonstrate the usefulness of a simple ASI to characterize the spatiotemporal variability of
air stagnation and represent the conditions favourable for the accumulation of PM and Os over the Euro-
Mediterranean area. We have been able to identify regions where stagnation behaves differently and
consequently so do features such as the temporal variability, the associated large-scale circulation patterns and
the impact on AQ. These findings confirm that air stagnation triggers elevated concentrations of air pollutants
over most regions of Europe, including the occurrence of AQ episodes. The results reported herein will hopefully
motivate observational and regional modelling studies aimed to better understand the dynamics of air stagnation

and its role in AQ episodes.
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725 Figure 1: Percentage of stagnation days (%, left) and average number of stagnation events per year (middle), and
726 mean event duration (number of days, right) during the period 1979-2016. Shaded colours represent reanalysis data
727 and coloured circles observations. Mean bias (MB), root mean square error (RMSE) and Pearson correlation
728 coefficient (R) are obtained from the two samples considering only the grid cells of the reanalysis which are closest

729 to the observational sites.
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732 Figure 2: Annual percentage of days that fulfil the stagnation condition for precipitation (left), 10 m wind speed
733 (middle) and upper-air wind speed (right) during the period 1979-2016. Shaded colours represent reanalysis and
734 coloured circles observations. Mean bias (%), root mean square error (RMSE, %) and correlation coefficient (R) are
735 obtained from the two samples considering only the grid cells of the reanalysis which are closest to the

736 observations.
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741

Figure 3: Regionalization of the monthly frequency of air stagnation during 1979-2016, as derived from the ERA-
Interim reanalysis. Coloured shading identifies the clustered regions, which broadly correspond to Scandinavia

(SCAN), Northern Europe (NEU), Central Europe (CEU), South West (SW) and South East (SE).
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744 Figure 4: Seasonal cycles of the monthly frequency of stagnation days for each of the clusters shown in Figure 3.
745 They are calculated from observations (red), reanalysis considering the closest grid cells to observations (blue)
746 and all the grid cells (green) for a given region. The filled circles represent the mean values and the error bars
747 extend from the mean to show the range of the data + one standard deviation (SD). Each SD has been calculated
748 for the 38 monthly values of each location during the period of analysis (1979-2016). The numbers in brackets

749 represent the number of stations considered in each cluster.
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750

751 Figure 5: Composite anomalies of 500 hPa geopotential height (m; lines) for the 5 summers (left) and winters (right)
752 with the largest number of stagnation days in each region. The regions, from top to bottom, are SCAN, NEU, CEU,
753 SW and SE. Blue shading depicts the location of the region and stippling the areas where anomalies are significant
754 at the 95% confidence level. Anomalies have been calculated with respect to the seasonal climatology during the

755 1979-2016 period.
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756

757 Figure 6: As Figure 5 but for SLP, represented by line contours at 1 hPa intervals in summer and 2 hPa in winter.
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Figure 7: Composites of winter PM1o (ug m-3, left) and summer Os (ppb, right) concentration anomalies on days with

stagnation, with respect to the days without stagnation during the same season. PM1o data have been evaluated for

Dec 2002 - Feb 2011 and Os for 1998-2012. Anomalies are only shown when they are statistically significant at the

95% confidence level (determined through a two-tailed t-test). The boundaries on the maps roughly correspond to

those of the five clusters: SCAN, NEU, CEU, SW and SE.
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Figure 8: Probability density functions (PDFs) of daily winter background PM1o concentrations (ug m, left) and
summer MDAS8 ozone mixing ratios (ppb, right) for CEU. Grey bars correspond to the histogram considering all
seasonal data. Red lines represent the distribution considering only days with stagnation. These PDFs are

significantly different at the 95% confidence level for both pollutants (determined through a two-sample
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Kolmogorov-Smirnov test). Each bin covers a range of 5 ug m for PM1o and 3 ppb for Os. The vertical lines at 50

ug m= and 60 ppb represent the air quality targets for PM1o averaged over 24 h and for MDA8 Os, respectively.
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Figure 9: Average evolution of air pollutant concentrations during the most widespread stagnation events over CEU
(left) and NEU (right). Results are separately shown for daily background PM1o (top) and MDA8 O3 (bottom) during
the 10 stagnation events with the largest area coverage in winter 2002-2011 and summer 1998-2012, respectively.
The ticks on the x-axes represent the last two days before the event (-2, -1), the first day of the event (0) and the
four following days (1, 2, 3, 4). 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 concentrations. The whiskers extend from the boxes to

show the range of the data between the 10t and 90" percentiles.
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Figure 10: Summer time series (1998-2012) of the 95th percentiles of detrended MDA8 Os (ppb, black line and left

y-axis) and the detrended frequency of stagnation days (%, red line and right y-axis) for CEU (left) and NEU (right).

The upper left corner of each panel shows the correlation coefficient R between both series.
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Table 1: Component whose occurrence of stagnant conditions yields the highest R (in brackets) with the frequency

of air stagnation days in each region. W1o: near-surface wind stagnation; Wseo: upper wind stagnation; DD: dry days.

Region/Period Spring Summer Autumn Winter Year
SCAN Wio (0.86) Wio (0.66) DD (0.85) Wio (0.88) Wio/Wso0 (0.80)
NEU DD (0.75) DD (0.78) Wio (0.85) Wi (0.90) DD (0.77)
CEU DD (0.84) Wso00 (0.81) Ws00 (0.88)  DD/Ws00 (0.83) DD (0.83)
SwW Wso0 (0.91) Wso0 (0.94) Wso00 (0.93) Wso00 (0.96) Wso0 (0.93)
SE Wso0 (0.70) Ws00/DD (0.53) W00 (0.90) DD (0.75) Wso0 (0.70)

Table 2: Seasonal and yearly trends in the frequency of air stagnation (days decade") for each region during 1979-

2016. Significant trends at the 90% confidence level (t-test) are highlighted in bold.

Region Spring Summer Autumn Winter Annual
SCAN -0.53 0.05 1.44 -0.31 0.18
NEU 0.49 -0.10 1.21 -0.15 1.48
CEU 1.28 0.43 0.51 -0.37 2.38
SW 0.32 0.02 -0.95 -0.66 -0.46
SE -0.26 1.71 -0.09 -0.27 1.37

Table 3. Trends in the annual occurrence (days decade®) of near-surface wind stagnation (W1o), upper wind

stagnation (Ws00) and dry days (DD) for each region during the period 1979-2016. Significant trends at the 90%

confidence level (t-test) are highlighted in bold.

SCAN NEU CEU SW SE
Wio 0.08 3.39 2.23 -2.23 -0.33
Wso0 2.52 2.08 3.34 -0.12 4.82
DD -2.52 0.88 3.30 0.90 -2.23
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Table 4: Average concentration anomalies for winter PM1o and summer Os in each region, defined as the difference
in the seasonal concentrations considering days with and without air stagnation. Absolute anomalies are reported
in ug m3 for PM1o and ppb for Os. Relative anomalies (%) have been calculated as the ratio between the absolute
anomalies and the seasonal means. The numbers in parentheses represent the number of background stations /
grid cells considered for PM1o /O3. No PM1o results are reported for SCAN due to the lack of observations in that

region.

SCAN NEU CEU SW SE

Winter Absolute (ug m?) —(0) 163(88)  160(232)  103(9)  16.1(11)
PMjo Relative - 58 % 56 % 45% 31%

Summer Absolute (ppb) 1.5 (149) 6.1(177)  103(132)  6.0(103) 6.9 (100)
0s Relative 5% 16 % 23 % 13 % 14 %

Table 5: Characteristic features of air stagnation for each cluster in winter (DJF) / summer (JJA).

Interannual
Clusters Dominant variable Synoptic Pattern ~ Winter PM1o/ summer O3
Variability
SCAN kx ) * Wio/ Wio L/H No data / =
NEU * | xx Wio/ DD L/H -+ /+
CEU HE ) K DD & Wso0 / Wsoo H/H +++/
SW Rk ) HAAE Wso0 / Ws00 H/U -+ /+
SE R R DD / Wso0 & DD H/H +++/+

The names of the clusters, as displayed on Figure 3, are given in the first column. The second column summarizes
the interannual variability, according to the seasonal cycles from Figure 4: * indicates that the seasonal averages
of the monthly standard deviation for the number of stagnation days are lower than 1 day, ** between 1 and 1.5
days, *** between 1.5 and 2, and **** higher than 2 days. Column 3 indicates the meteorological component from
the ASI which better explains the interannual variability of the number of stagnant days within the region, according
to Table 1. Column 4 summarizes the synoptic patterns associated with the 5 winters/summers with maximum
stagnation, following Figure 5: H (high, positive Z500 anomalies in the region); L (low, negative Z500 anomalies
south of the region), and U (undetermined). The last column indicates the impact on the winter PM1o / summer O3
concentrations (following Table 4): = for concentration anomalies under 10 %; + between 10 and 20 %; ++ between

20 and 30%; +++ over 30 %.
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