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22 Different air stagnation indices (ASIs) have been proposed to measure the atmospheric
22 diffusion conditions. This paper undertakes a comparative analysis of three ASls and
23 explores their ability to capture the conditions conducive to elevated PM1o (particulate
gg matter < 10 um) at 306 background sites in Europe for the winter and summer months of
26 2000-2012. Despite the similar spatial patterns of stagnation frequency found for the
27 three ASIs, the use of different meteorological variables to characterize the dilution
28 capacity of the atmosphere (wind speeds at 10 m and 500 hPa, boundary layer height and
29 ventilation in the boundary layer) leads to important differences in the seasonal cycles.
22 Moreover, the response of the PMio concentrations to stagnation varies with the ASI.
32 Winter PM1o anomalies under stagnant conditions are of the same order of magnitude (on
33 average 17.2 to 18.6 ng m, around 60 % of the mean values) for the three ASIs. The
34 anomalies are considerably smaller (3.8-5.7 pg m™, around 19-28 %) in summer, when
22 one of the indices outperforms the others at most locations. The dependence of the PMzo
37 concentrations on the ASI components is also evaluated by using correlations and
38 generalized additive models. The results indicate that the consideration of the large-scale
39 circulation is particularly relevant in summer, explaining the different ASI performances
j‘i during this season. We have also identified some potential improvements that could be
42 made to two of the ASIs. Nevertheless, since the three ASIs are based on fixed thresholds,
43 they cannot deal with non-linear relationships, which limits their ability to explain PM1o
44 variability.
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1. Introduction

Particulate matter (PM) is one of the main pollutants related to health impacts and
impaired visibility (Hyslop, 2009; Anderson et al., 2012; REVIHAAP, 2013; Mukherjee
and Agrawal, 2017). Despite the reduction in anthropogenic emissions of PM and its
precursors in Europe (Barmpadimos et al., 2012; Guerreiro et al., 2014) and the United
States (Cohen et al., 2017; McClure and Jaffe, 2018) over the last decades as a result of
the implementation of air quality legislation, the atmospheric concentrations of PM
remain worrisome. In Europe, more than 400,000 premature deaths have been attributed
to this pollutant during 2016 (EEA, 2019). PM is made up of organic and inorganic
particles floating in the air with different morphology and chemical composition. In
general, the smaller the size of the particle, the longer its residence time in the atmosphere
and the greater the impact on human health (e.g. Fuzzi et al., 2015). Therefore, for air
quality regulatory purposes, PM is often classified in two groups, PM2s and PM1o, based
on the aerodynamic diameter of the particles (up to 2.5 and 10 um, respectively) (e.g. EU,
2008). PM2s is mainly composed of primary combustion particles as well as secondary
inorganic and organic aerosols, whereas PM1o also includes larger particles like dust,
pollen or marine aerosols (e.g. Putaud et al., 2010). Since each component comes from
diverse sources and undergoes a number of processes in the atmosphere, unlike most other
air pollutants, PM cannot be characterized by the variability of a single compound.
Consequently, PM concentrations are particularly difficult to predict.

In the last few years, several indices have been developed in the literature to track
the meteorological conditions conducive to enhanced pollution, especially for PM
(Horton et al., 2012, 2014; Wang et al., 2016, 2018; Cai et al., 2017; Huang et al., 2017,
2018; Zou et al., 2017). This state of the atmosphere, usually known as air stagnation, is
characterized by stable weather, weak winds within the lower troposphere and lack of
rainfall. These conditions minimize the horizontal dispersion and vertical mixing of air
masses as well as the scavenging of pollutants, favouring their accumulation in the lower
atmospheric layers (e.g. Jacob and Winner, 2009; Dawson et al., 2014). Air stagnation
indices (ASIs) are usually determined by using predefined thresholds for daily
meteorological fields, but each ASI uses different metrics. The most commonly used ASI
is that proposed by Horton et al. (2012, 2014) (hereafter, referred to as HO_ASI),
following previous work by Wang and Angell (1999). HO_ASI has the advantage that it
is based on three fields — 10 m and 500 hPa wind speed and precipitation — which are
provided by most meteorological reanalyses and climate models. In a previous paper we
have shown that reanalysis and observations compare well when computing this index
for Europe (Garrido-Pérez et al., 2018). However, this index presents some limitations to
assess the impact of meteorology on air quality (Kerr and Waugh, 2018; Garrido-Perez et
al., 2019). Other studies have discussed the adequacy of the 500 hPa wind speed to
determine stagnant days under certain conditions. For instance, Dawson et al. (2014)
claimed that this criterion is mainly relevant for multiday warm weather stagnation
episodes, while Huang et al. (2017) adapted it to account for the influence of the
orography in China.

In order to address some of the limitations of HO_ASI, Wang et al. (2016, 2018)
and Huang et al. (2018) have proposed alternative ASls (referred to as WA_ASI and
HU_ASI, respectively, from now on) specifically adapted to PM and with a potential to
be applied worldwide. Wang et al (2016, 2018) excluded the 500 hPa wind speed
condition and used the atmospheric boundary layer height to characterize the vertical
mixing of pollutants. Huang et al. (2018) replaced both 10 m and 500 hPa wind speed
fields by the ventilation in the boundary layer, and added an extra condition based on the
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convective available potential energy (CAPE) and the convective inhibition (CIN) to
consider the latent instability of the lower atmosphere. Other indices such as those
developed by Cai et al. (2017) and Zou et al. (2017) also describe the transport and
dispersion capacity of the atmosphere, but their applicability to different areas of the
globe is limited. While the former includes information on circulation patterns which are
specific to China, the latter considers spatial averages of meteorological fields over the
same region.

In Europe, the spatiotemporal variability of stagnation and its impact on PM have
been assessed separately for HO_ASI (Garrido-Perez et al., 2018) and WA_ASI (Wang
et al., 2018). However, to the best of our knowledge, no systematic comparison of the
three ASIs has been carried out yet for this region. Hence, it is unclear which ASI best
fits the European climate and orography. Furthermore, some uncertainty exists about the
most appropriate stagnation variables to include in the definition of an ASI, since the
dependence of the PM concentrations on meteorology is complex and only a few
observational studies are available at the continental scale in Europe. As an illustration,
Barmpadimos et al. (2012) constructed generalized additive models at seven background
stations in five European countries, finding the boundary layer height, wind speed, wind
direction, temperature, precipitation and synoptic weather pattern as the most important
meteorological factors affecting PM concentrations. Garrido-Perez et al. (2017) showed
that winter PM responds differently to the location of anticyclonic systems. According to
that study, the collapse of the boundary layer as well as the reduced wind speeds and
rainfall during high-latitude blocking events lead to positive PM anomalies over central
Europe. Conversely, enhanced zonal flow, boundary layer growth and increase in the
occurrence of precipitation on the northern flank of subtropical ridges reduce PM
concentrations over the same region. Other studies have also examined similar
dependencies at local or regional scales (e.g. Gietl and Klemm, 2009; Sfetsos and
Vlachogiannis, 2010; Barmpadimos et al., 2011; Pateraki et al., 2012; Dimitriou, 2015),
but they mainly focus on standard meteorological variables and overlook some of the
stagnation components included in existing ASIs.

Consequently, the aims of this study are: (i) to carry out a systematic comparison
of three ASIs (HO_ASI, WA_ASI and HU_ASI) and quantify the response of PM
concentrations in Europe to stagnation for the three indices, and (ii) to identify the most
important meteorological variables related to stagnation that explain PM variability in
Europe. For this second objective, we examine correlations of PM with the different ASI
components and build statistical models where those meteorological fields are used to
reproduce the day-to-day variability of PM. Note that, despite the existence of indices
that provide information about the intensity of air stagnation (Feng et al., 2018) or which
combine stagnation intensity with emission information (Feng et al., 2020), this work
deals with indices that are related to the frequency of stagnation. To get a seasonal
perspective of potential variations in the PM-stagnation relationships, we conduct
separate analyses for winter (December, January, February; DJF) and summer (June, July,
August; JJA) during a 13-year period. We have opted to use PMjo instead of PMas
observations due to the better data availability for the former in Europe.

The paper is structured as follows. Section 2 introduces the area of study, PM1o
observations, ASls and meteorological data. Section 3 presents the potential explanatory
drivers of PMyo and describes a statistical model used to diagnose the strength of their
relationships with PMzg. Section 4 compares the spatiotemporal patterns of air stagnation
and the relationship with the PM1o concentrations over Europe for the three ASIs. Section
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5 presents the results of the statistical model. Finally, Sections 6 and 7 discuss and
summarize the main findings of this work.

2. Data
2.1. Area of study

Europe is a climatically diverse continent. The differences among European
regional climates are mainly due to the complex orography of the continent and the great
atmospheric variability that characterizes mid-latitudinal regions. The area of study
comprises western Europe, central Europe and part of eastern Europe (Figure S1). This
region includes a large portion of the Great European Plain, stretching from the Pyrenees
and the French Atlantic coast in the west to the Russian Ural Mountains in the east, as
well as plateaus and mountain ranges in the Alpine region and the southern half of the
continent. Accordingly, air stagnation has considerable spatial heterogeneity over the
region.

Garrido-Perez et al. (2018) identified five subregions where stagnation shows
coherent spatiotemporal patterns. Central and eastern Europe, which are characterized by
cold winters and relatively warm summers, present moderate frequency and small
interannual variability of stagnation. The northern regions are affected by strong surface
winds and ample precipitation, presenting low frequency and seasonal variability in
stagnation compared to the southern regions, where the highest frequency of stagnation
occurs. As the Mediterranean area is often under the influence of subtropical high-
pressure ridges, the climate of this region is mostly characterized by low precipitation,
calm winds and elevated temperatures compared to the rest of the continent (Garcia-
Herrera and Barriopedro, 2018). In fact, Mediterranean Europe is expected to be one of
the mid-Ilatitudinal regions most affected by air stagnation by the late twenty-first century
if emissions of greenhouse gases are not reduced (Horton et al., 2012, 2014).

2.2. PM1o observations

We have used daily average PM1o concentrations during the period 2000-2012
extracted from the European Environment Agency’s air quality database (AirBase)
(http://www.eea.europa.eu/data-and-maps/data/airbase-the-european-airquality-
database-8, last access: July 2020). These data have recently been employed by several
studies to understand the influence of large-scale circulation on PM1o in Europe (Garrido-
Perez et al., 2017; Ordobfiez et al., 2019). In this work, only the stations catalogued as
background with at least 75% of the data available separately during the summer and
winter months of the period of analysis have been considered. Although most of the
resulting 306 sites are located in France (37.3%), Germany (27.5%), the Czech Republic
(9.2%) and Switzerland (4.6%), they cover 18 different European countries. Figure S1
illustrates the seasonal means of PMyo at each location. The average over all sites ranges
from 20.5 pg m in summer to 28.6 ug m in winter, but there are considerable regional
differences. The highest concentrations are found for eastern Europe, northern Italy and
some sites in the lberian Peninsula, where the winter averages exceed 40 ug m. Winter
mean concentrations of ~30 pg m™ are also common to many sites in Benelux,
southeastern France, Switzerland and southern Germany, whereas they are lower over
other regions. Similar patterns, although with lower concentrations, are found in summer.
Here we present results for the observed raw concentrations. Additional analyses based
on detrended PM1o time series indicate that the results are not very sensitive to the changes
in anthropogenic emissions during the 13-year period (not shown).
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2.3. Air stagnation indices and meteorological data

We have used these ASIs: HO_ASI (Horton et al., 2012, 2014), WA_ASI (Wang
et al., 2016, 2018) and HU_ASI (Huang et al., 2018). The three indices are based on
predefined thresholds of daily meteorological fields and are binary, i.e. they can only take
two values (stagnant/non-stagnant). HO_ASI considers that a location is stagnant on a
given day if three conditions are simultaneously met: daily average wind speed at 10 m
(Wsp10) below 3.2 m/s, daily average wind speed at 500 hPa (Wsp500) below 13.0 m/s
and daily accumulated precipitation (Prec) below 1 mm (i.e. dry day).

WA _ASI requires that Prec is below 1 mm and that the daily boundary layer
height (BLH) is below a threshold that depends on the Wsp10 field and the season,
following equations 1-4:

Spring: BLH = 3.57 * 103 * exp(-3.35 * Wsp10) + 0.352 1)
Summer: BLH =7.66 * 10 * exp(-2.12 * Wsp10) + 0.443 (2)
Autumn: BLH = 1.88 * 104 * exp(-5.15 * Wsp10) + 0.440 3
Winter: BLH = 0.759 * exp(-0.6 * Wsp10) + 0.264 4)

These equations have been derived by fitting Wps10 and BLH on dry days with
normalized PM concentrations close to 100% at sites distributed throughout China, the
United States and Europe (for more detail see Wang et al., 2018).

HU_ASI considers a location as stagnant if three conditions are met on a given
day. First, Prec must be below 1 mm. Second, daily maximum ventilation (Vent), defined
as the integral of the horizontal wind speed within the boundary layer (see equation 5),
must be below 6000 m?/s.

Vent = fOB " wsp(2) dz (5)
Where

z is the height above the surface

Wsp(z) is the wind speed at a height of z.

Finally, this index uses two thermodynamic parameters, CAPE and CIN, to
provide additional information on the strength of atmospheric convection in some areas
of the original region of study, i.e. China. According to Huang et al. (2018), stagnation
can only occur if the value of CAPE is below that of CIN. We have adapted that condition
to Europe, following the work by Taszarek et al. (2018). Consequently, here the
occurrence of stagnation excludes potential thunderstorm days (PTDs), i.e. those with
CAPE > 100 J/kg and CIN > -50 J/kg. Summarizing, our adaptation of the index by Huang
et al. (2018) for Europe considers that there is stagnation if there is a dry day (Prec < 1
mm), Vent < 6000 m?/s and there is no potential thunderstorm day (non-PTD).

The meteorological fields required to compute the ASIs —wind speeds at different
heights, Prec, BLH, CAPE and CIN - have been obtained from the ERA5 reanalysis
product (Hersbach et al., 2020) at 0.75° x 0.75° horizontal resolution for the 1981-2012
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period. Even though we analyse the relationships of the ASIs with PM1o concentrations
during a shorter 13-year period (2000-2012), we use 30 years of reanalysis data (1981—
2010) to extract robust climatological features of the ASIs over the region of study. Daily
mean sea level pressure (SLP), 500 hPa geopotential height (Z500), 2m temperature and
1000 hPa relative humidity have also been employed as potential drivers of PM1o day-to-
day variability (see next section). Daily precipitation has been computed as the sum of 1-
h accumulated precipitation forecast for twenty-four time intervals on each day. Daily
averages of wind speed, SLP, Z500, temperature at 2m and relative humidity have been
calculated by averaging four analysis values at the standard meteorological hours 00, 06,
12 and 18 for each day. While the daily values of BLH, CAPE and CIN correspond to
those at 12 UTC, daily maximum ventilation is computed as the highest value at the
standard meteorological hours 00, 06, 12 and 18.

Daily time series and maps of the three ASIs over Europe, based on ERAS data,
have been made available at http://147.96.21.169/ for use in future atmospheric and air
quality studies. This is the first publicly available dataset of air stagnation in Europe.

3. Statistical method
3.1. Statistical model

Generalized Additive Models (GAMs) are effective tools to conduct non-linear
regression analysis of air pollutant time series (Dominici et al., 2002; Barmpadimos et al.
2011, 2012; Boleti et al., 2018; Ordofiez et al., 2020). They are semi-parametric
extensions of the generalized linear model that assume that there is an additive effect of
the predictors on the predictant. We have applied this statistical technique, provided by
the pyGAM Python module (Servén and Brummitt, 2018), to each station and season
separately in order to explore the relationships between the PM1o concentrations and a
pool of potential meteorological drivers. Factor and spline smoothing functions have been
used to model the pollutant response to categorical and continuous variables, respectively.
The factor function fixes constant values for each categorical attribute, while the spline
function constructs the response curve from several polynomial segments that connect
smoothly at their joints. In particular, we have used a regression spline known as
penalized B-spline or P-spline. This technique imposes smoothness by directly penalizing
the differences between adjacent coefficients, avoiding overfitting. Model fitting is
achieved by maximum likelihood estimation. Details can be found in Wood (2006) and
references therein. In addition, it is well known that PM concentrations follow a
lognormal distribution (Bencala and Seinfeld, 1976). Therefore, like Barmpadimos et al.
(2011, 2012), we have used the log-transformed daily concentrations of PMzo in order to
achieve normally distributed residuals and improve the homoscedasticity of the model.
The general form of the model used in this work is as follows:

log(PM1o) = o + X 5x(Ax) + Xy £ (By) (6)
where

Bo: intercept of the model

Sx(Ax): smoothing spline function on continuous feature Ax

fy(By): factor function on categorical feature By
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While PM concentrations show a complex dependence on the meteorology (e.g.
Tai et al., 2010, 2012), initially we have only considered potential explanatory variables
that are related to stagnation. Wsp10, Wsp500, Vent, BLH and the transport wind speed
(Twsp) have been included as indices of atmospheric horizontal dispersion capability and
vertical mixing. Note that all of them, except for Twsp, are required to compute at least
one of the three ASIs. Twsp is a parameter that takes into account Vent and BLH
simultaneously (Twsp = Vent/BLH) to measure the average strength of horizontal
dilution within the boundary layer (Huang et al., 2018). Moreover, the occurrences of dry
days (Prec < 1 mm) and non-PTDs are also incorporated to consider the wet deposition
of pollutants as well as the real latent instability of the lower troposphere, respectively.
Unlike the other explanatory variables, which are continuous, these two fields are binary.
We have also included Z500 and SLP among the potential drivers to account for
synoptically-driven variability of PM1o in Europe (Garrido-Perez et al., 2017; Ordofiez et
al., 2019).

3.2. Screening regression

A stepwise procedure has been used for the selection of the best set of predictors
from the pool of meteorological variables described above. The algorithm is similar to
that applied in previous studies to model the atmospheric concentrations of the hydroxyl
radical, PM or ozone (Jackson et al., 2009; Barmpadimos et al., 2011; Otero et al., 2016).
It consists of the following five steps: 1) We evaluate the strength of the regression
between the pollutant and each of the potential predictors. The explanatory variable with
the highest deviance explained by the GAM is selected. 2) We recompute the GAMs
using each of the remaining potential predictors separately together with the previously
selected variable. The combination with the highest deviance explained is considered as
the pool of selected variables. 3) We check the choice from the first step. The variable
selected in that step is ignored and each of the remaining potential predictors are
separately added to the model together with the variable selected in the second step. If
any of these combinations performs better than that of the second step, then it is
considered as the new pool of selected variables. 4) We test the collinearity between the
selected variables to avoid redundancy and oversensitivity of the model to the data. For
that purpose, we have computed the Variance Inflation Factor (VIF; Freund and Wilson,
1998) for each pair of selected variables. Following Barmpadimos et al. (2011), if VIF
exceeds 2.5 for a pair of predictors, the collinear variable with the smallest contribution
is excluded from the screening process. This threshold is quite restrictive compared to the
values used by other analyses (e.g. VIF=10 in Otero et al., 2016), restricting the
collinearity of the variables included in the model. 5) The procedure is repeated from
steps 2 to 4 until the inclusion of a new variable in the pool of selected predictors results
in an increase of the deviance explained below one percent or if all the potential
explanatory variables have already been selected.

Once the GAM has been fit for a given location and season, we have used partial
dependence plots (PDP) to further explore the dependence of the PM1g concentrations on
their drivers (Friedman, 2001). These plots are graphical representations of the marginal
effect that the explanatory variables included in the model have on PM1o, accounting for
the average effects of all other predictors. This helps understand the importance of each
feature in the model and illustrates how PM1g concentrations vary when a driver changes,
showing if their relationship is linear or more complex.
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4. Comparison of ASls

We have first compared the spatiotemporal variability of air stagnation frequency
over Europe for the three different ASlIs. Figure 1 shows the annual average percentage
of air stagnation days (%) for each of these indices. The spatial patterns share some
common features, with considerable spatial heterogeneity across Europe. The highest
stagnation frequency occurs over the Mediterranean area, whereas the lowest stagnation
centres are located at higher latitudes, specifically over the British Isles, northwestern
France, Benelux, northern Germany, Denmark, Poland and the Baltic states. These spatial
patterns resemble those of the average number of events (defined as the sequence of one
or more consecutive stagnation days) per year and the average event duration (Figure S2).
However, the absolute values and the seasonal cycles differ among the ASIs. HO_ASI is
characterized by a winter minimum and a summer maximum, whereas the opposite occurs
for HU_ASI, as seen in Figure S3 and also reported by Huang et al. (2018) for China. On
the other hand, WA _ASI presents the smallest seasonal dependence.

Figure 1. Annual average percentage of stagnation days (%) during the period 1981-
2010 for HO_ASI (left), WA_ASI (middle) and HU_ASI (right).

The differences in the temporal variability of stagnation among ASIs must be
attributable to the distinct conditions used in the definition of each index. Therefore, we
have examined how often stagnation conditions are met separately for each component
(Figure 2). First, the occurrence of dry days (top panels) exceeds 50% for most of the
study area and increases gradually as latitude decreases to around 80% at some locations
of southern Europe, explaining to a certain extent the north-south gradient in stagnation.
The use of this precipitation condition as an indicator of the washout of pollutants is
common to all indices, but the approaches to characterize the atmospheric horizontal
dispersion capability and vertical mixing are different. HO_ASI uses two wind speed
conditions at 10 m (Figure 2d) and 500 hPa (Figure 2g). The former condition presents
considerable regional heterogeneity, with spatial patterns that closely resemble those of
the frequency of stagnation over most regions, indicating the relevance of this
meteorological variable. However, the 500 hPa wind speed might be the limiting factor
in the occurrence of stagnation over large parts of Europe since it fulfils the stagnation
conditions less frequently than the rest of components over most regions. Anyway, both
wind speed conditions are more/less likely to be met in summer/winter due to the
weak/strong climatological winds in these seasons (Figures S4 and S5), explaining the
seasonality of this ASI. Note also that Wsp500 is a rather smooth field because it is hardly
influenced by processes in the boundary layer. As a consequence, the frequency of
stagnation is more spatially uniform for HO_ASI than for the other two indices over some
regions such as the Iberian Peninsula and Scandinavia (Figure 1).

HO_ASI 50
y A ; l 40
5

I10
0

Percentage (%)
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As mentioned above, the seasonal cycle is reversed in the case of HU_ASI as
compared to HO_ASI. The reason lies in the dependence of Vent on BLH (see equation
5), which maximizes in summer and minimizes in winter (Figure S6). This implies that
the Vent condition, whose spatial pattern (Figure 2f) resembles to some extent that of the
10 m wind speed condition of HO_ASI (Figure 2d), is more likely to be met in winter
than in summer (Figure S7), leading to a seasonal cycle of HU_ASI characterized by a
maximum in winter and a minimum in summer. Note that the occurrence of PTDs does
not limit that of stagnation since they are highly unusual (Figure 2h). This condition is
mainly relevant over some regions in summer (not shown). On the other hand, WA_ASI
is defined based on a Wsp10-BLH condition which shows similar spatial patterns to those
of the Vent condition and, to a lesser extent, those of Wsp10 (Figure 2d-f). However, the
Wspl10-BLH condition is less often met than the Vent condition of HU_ASI over the
British Isles and the Great European Plain, resulting in somewhat lower stagnation
frequency for WA_ASI in those regions (Figure 1). Finally, the inter-seasonal variability
of stagnation is considerably smaller for this index than for the rest of ASls, because of
the season-specific formulation used to construct the Wsp10-BLH condition (Egs. 1-4).

a) Dry Day b) Dry Day c) Dry Day 100

Percentage (%)

Percentage (%)

h) non-PTD (HU_ASI) 100

7 N w

Percentage (%)

Figure 2. Annual percentage of days that fulfil stagnation conditions for the different
components of HO_ASI (a,d,g), WA_ASI (b,e) and HU_ASI (c,f,h) during the period
1981-2010. Full details of these conditions are given in Section 2.3.

Next, we examine the dependence of PM1io on each ASI by computing PM1o
anomalies as the differences of the mean concentrations between days with and without
stagnation at each site. This has been done separately for winter and summer. Winter (top)
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and summer (bottom) PM1o anomalies are shown in Figure 3 when they are statistically
significant at the 95% confidence level (two-tailed t-test). As expected, stagnation
enhances the PMzo concentrations at all sites in winter, but its impact is small over some
regions in summer. The strongest effect is found over Benelux and the inner part of the
continent (including eastern France, Switzerland, the southern half Germany, the Czech
Republic and Poland) for both seasons. The lowest anomalies are located over western
and central France, Spain and northern Germany, as well as in Italy during summer. The
magnitude of these anomalies also varies with the ASI. In winter, the response of PM1o
to stagnation is quite similar among the three indices, with average concentration
anomalies between 17.2 and 18.6 ug m. This corresponds to ~60% of the seasonal mean
concentrations (see top panels of Figure S8, where PM1o anomalies have been normalized
by the seasonal mean concentrations at each location). Moreover, there are anomalies
over 25 ug m™ at some locations for all indices. In summer, HO_ASI shows the largest
PM3o anomalies, with an average of 5.7 pg m™ compared with 4.6 and 3.8 pg m for
WA _ASI and HU_ASI, respectively. While this difference may seem small in absolute
terms, it still represents a considerable portion of the seasonal mean (see Figure S8,
bottom panels). The average normalized anomalies increase from 19 and 22 % for
HU_ASI and WA _ASI, respectively, to 28 % for HO_ASI, confirming the higher
specificity of the latter in this season. Nevertheless, these anomalies are less than half of
those found in winter for all indices.

b) WA_ASI ) HU_ASI

winter
PM1o (g m™3)

pl0=9.2 mean=17.6 p90=24.5 pl0=9.3 mean=18.6 p90=28.2 pl10=9.3 mean=17.2 p90=24.4
d) HO_ASI e) WA_AS| f) HU_ASI 10

PM1o (g m~3)

summer

pl0=3.1 mean=>5.7 p90=8.4 pl0o=2.0 mean=4.6 p90=7.3 pl0=1.6 mean=3.8 p90=6.3 0

Figure 3. Composites of winter (top) and summer (bottom) PMjio concentration
anomalies (ug m~) on days with stagnation with respect to days without stagnation for
HO_ASI (left), WA_ASI (middle) and HU_ASI (right) during the period 2000-2012.
Anomalies are only shown when they are statistically significant at the 95% (determined
through a two-tailed t-test). Note the differences in the colour scales, indicating
considerably higher anomalies in winter than in summer. The numbers below the panels
respectively indicate the 10th percentile (p10), mean and 90th percentile (p90) across all
sites.

We have also identified the ASI yielding the highest PMio anomaly at each
location (Figure 4). In winter, WA _ASI outperforms the other indices for almost half of
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the sites (137), whereas HO_ASI and HU_ASI are selected for 103 and 66 sites,
respectively. Nevertheless, no clear spatial patterns have been identified as the ASI
selection seems to be more specific to the local settings of the stations than to the
geographical regions, with the exception of some relatively small regional clusters (e.g.
HU_ASI tends to be selected in some areas of northern Germany and western Austria).
Conversely, HO_ASI is associated with the highest PM1o anomalies in summer at 263
sites, compared to only 43 sites for the other two ASIs. While HO_ASI clearly beats the
other two indices over most of the continent in summer, WA _ASI performs best at coastal
sites.

winter best ASI summer best ASI

HU_ASI

WA _ASI

HO_ASI

Figure 4. Spatial distribution of the ASIs with the highest PM1o anomalies in Figure 3.

The previous results indicate that the relationships between each ASI and the PMzo
concentrations vary with location and season. Therefore, a more detailed assessment of
the impact of each stagnation component on this pollutant is required to better understand
the spatiotemporal responses of PMzo to each ASI. In order to do so, we have computed
Spearman’s rank correlation coefficients between the daily time series of PMyo
concentrations and the daily values of Wsp10, Wsp500, Vent, BLH and Twsp. Only these
meteorological variables have been considered in this analysis because the
characterization of the atmospheric dilution capacity is the main difference among the
three ASIs. Note also that Spearman’s correlation measures the strength of monotonic
relationships (whether linear or not) between variables. Figure 5 shows the first, second
and third most correlated variables with PM1o in winter (top) and summer (bottom). In
winter, Vent and Wsp10 are the fields that best explain the day-today variability of PMp,
besides BLH in some parts of northern Europe. Moreover, Twsp seems to be a better
predictor than Wsp500, as it is often selected as the variable with the second and third
best correlations. These results seem to be inconsistent with the fact that the application
of HU_ASI yields the lowest winter PM1o anomalies on stagnant days (although by a low
margin), as it is the only ASI defined based on Vent. In fact, HO_ASI results in slightly
higher PM1o anomalies than HU_ASI despite the lowest correlations found for Wsp500
in this season. This could be due to non-linear relationships between the meteorological
variables and PMyo concentrations. Since ASlIs are defined based on fixed thresholds, they
cannot take this into account as does the Spearman’s rank correlation coefficient. We
have repeated the analysis shown in Figure 5 but using the Pearson’s correlation
coefficient, which assesses linear relationships, instead of Spearman (Figure S9). In this
case, Wspl0 is the field with the highest correlations at most sites in winter, while the
correlations for Vent and Twsp decrease compared to those of other variables, which now
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seems consistent with the somewhat smaller PM1o anomalies found for HU_ASI than for
the other two indices.

More marked spatial patterns are found in summer for both Spearman and Pearson
correlation coefficients, with Wsp500 presenting the highest correlations over most of
France and Wsp10 in other regions, consistent with the highest PM1o anomalies reported
for HO_ASI in this season. In addition, BLH has been selected at some of the coastal sites
where WA _ASI outperformed the other two indices. Finally, it must be noted that Twsp
is the field with the second best correlations at many sites in summer. As expected, unlike
winter, this field becomes more relevant than Vent, with the exception of some coastal
locations. While subsidence under stagnant clear-sky anticyclonic conditions limits the
dilution capacity of the lower atmosphere, yielding the accumulation of pollutants close
to the surface, Vent values can still be high because the strong radiative and surface heat
fluxes favour the development of the boundary layer over continental areas under such
situations in summer. This suggests that replacing the ventilation condition by another
one based on an appropriate Twsp threshold in the definition of HU_ASI could improve
the performance of the index for Europe in summer.

1 (winter) 2 (winter) 3 (winter)

Twsp

BLH

Vent

Wsp500

Wspl0

Figure 5. First (left), second (middle) and third (right) most correlated meteorological
variables (either positively or negatively) with daily PMio concentrations using the
Spearman rank correlation coefficient for all stations in winter (top) and summer (bottom)
of 2000-2012.

5. Statistical modelling of daily PM1o as a function of stagnation components

None of the three ASlIs tested seems to clearly outperform the others all year round
when examining PMio anomalies under stagnant vs. non-stagnant days (Figure 4).
Moreover, our correlation analyses have raised contrasting responses of the PMio
concentrations to some of the ASI components depending on the location and season
(Figure 5). While some of those components are expected to show some collinearity,
others may have an additive effect on the PMz1o concentrations. Consequently, we have
constructed GAMs to identify the ASI components that drive PM1o variability at each
location separately for summer and winter. Note that, with the exception of dry day and
non-PTD, which are treated as discrete variables, we do not use the threshold exceedance
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of the other ASI components but their actual daily values in the models. We also include
Z500 and SLP to consider synoptically-driven PMjo variability.

First, we have performed a screening analysis as described in Section 3.2. The
resulting combinations of explanatory variables are shown in Tables S1 and S2 for winter
and summer, respectively. Table 1 also summarizes how often each variable is selected
over all sites. The precipitation condition (dry day), which is common to all three ASls,
Is the most used predictor in winter and the second least selected one in summer. The
other discrete variable, i.e. non-PTD, is selected at only 5% of the sites in winter, as
expected, rising to 11% in summer. This indicates a weak relationship with PM and a
low added value of this field as a result of the low frequency of occurrence of PTD in the
region of study (Figure 2h).

Table 1. Percentage of sites (out of a total of 306) for which each predictor was selected
by the backward stepwise regression in winter and summer.

Wspl0 Wsp500 Vent BLH Twsp Prec non-PTD Z500 SLP

Winter 43 78 57 31 43 82 5 76 69
Summer 65 85 42 62 30 13 11 100 89

Among the stagnation components that characterize the atmospheric horizontal
dispersion and vertical mixing of air masses, Wsp500 is the most used predictor in both
seasons. This does not necessarily mean that it is the most important variable in
reproducing PMzo variability, but that it is the one that best complements the rest of
meteorological drivers tested in the model. The moderate selection frequency of Wsp10,
Vent, BLH and Twsp is due to their close relationship. Since Vent and Twsp depend on
both wind speed and BLH, the inclusion of these fields in the model accounts for both the
horizontal and vertical dilution capacity of the atmosphere. Therefore, these four
variables are highly correlated and are often removed from the optimal set of predictors
to avoid multicollinearity. In fact, their simultaneous inclusion occurs in less than 2% of
the stations for both seasons, while any combination of three of them remains below 15%.
It is noteworthy the fact that Vent is preferred over Wsp10 and BLH in winter, which is
in line with the Spearman’s correlations reported in Section 4 (Figure 5) but not with the
Pearson’s correlations (Figure S9). This suggests that the consideration of non-linear
relationships between the variables that characterize the dilution capacity of the
atmosphere and PMz1o concentrations is key to understand the additive contribution of
each explanatory variable.

An example of the non-linear dependence of PM1o on Vent and other fields at a
representative station in southern Germany can be seen in Figure 6. As expected, an
increase in Vent results in a decrease of the PMyo concentrations, but this trend is much
steeper for low values of Vent. The figure also shows that PMio concentrations are
enhanced on days with low mid-tropospheric winds and no rain. On the other hand, the
relationship between PM1o and Z500, with a maximum at around 550 dam, is clearly non-
linear. This occurs because the regional response of PMjo to anticyclonic systems not
only depends on their intensity but also on their position (Garrido-Perez et al., 2017). The
evaluation of Z500 and SLP provides information on the relative importance of the
synoptic conditions. The selection frequency of these variables is high in both seasons,
especially in summer (89% for SLP and 100% for Z500). In addition, their simultaneous
inclusion occurs at 51% and 90% of the stations in winter and summer, respectively. This,
together with the high selection frequency of Wsp500, suggests that the inclusion of a
meteorological variable representing the large-scale flow in the ASI definition is
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particularly useful in summer, which is in line with the highest skill of HO_ASI during
this season. Wsp500 also seems to be of value in winter, although the 13 m/s threshold
used for this field might need to be relaxed because of the strong climatological wind
speeds in that season (see Fig. S5).
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Figure 6. Partial dependence plots of the drivers used in the GAM model for DEBY052
site (Germany, [48.4° N, 10.0° E]) in winter. Red dotted lines indicate the 95% confidence
intervals for the estimated functions (blue solid lines). The distribution of the data is
indicated by the vertical marks along the x-axis for the continuous variables (rug plot).

Finally, Figure 7 displays the spatial distribution of the deviance explained by the
GAMs using the resulting combinations of explanatory variables for winter and summer.
The models explain a larger fraction of the day-to-day variability of PMyg in the former
season, with average deviance explained over all sites ranging from 0.37 in summer to
0.43 in winter. The best performance is found over Benelux and the inner part of the
continent, with values up to ~0.6 in winter and ~0.5 in summer at some sites of eastern
France, Switzerland, southern Germany and the Czech Republic. These are among the
European regions where the PMyo concentrations are most influenced by large-scale
patterns such as anticyclonic systems or the North Atlantic jet (Garrido-Perez et al., 2017;
Orddfiez et al., 2019), indicating the importance of the synoptic conditions to capture
inter-daily variations of PMo.
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Figure 7. Deviance explained by the GAMs for all stations in winter (left) and summer
(right) during the period 2000-2012. The list of variables considered as potential
predictors is available in Table 1. The numbers below the panels respectively indicate the
10th percentile (p10), mean and 90th percentile (p90) across all sites.

6. Discussion

The resulting deviance explained by the GAMSs is moderate for most locations,
ranging from an average of 0.37 in summer to 0.43 in winter (Figure 7). However, there
is still room for improvement since we have not considered some meteorological
variables and factors that affect PM. For instance, the effect of the persistence (defined
as the concentrations of air pollutants on the previous day) is well known from previous
studies (e.g. Vlachogianni et al., 2011, for NOy; Otero et al., 2016, for ozone; Ordofiez et
al., 2019, for PMyo). Increases in relative humidity are related to wet conditions with
reduced suspension of dust (Wise and Comrie, 2005), but also to the formation of
ammonium nitrate (Liao et al., 2006; Lecoeur and Seigneur, 2013). Changes in
temperature have also been reported to influence PM concentrations showing multiple
competing effects. On the one hand, high temperatures increase the rate of SO> oxidation
and promote the emission of biogenic volatile organic compounds, resulting in enhanced
sulphate concentrations and production of secondary organic aerosols, respectively
(Dawson et al., 2007; Heald et al., 2008; Jacob and Winner, 2009; Tai et al, 2010). On
the other hand, high temperatures lead to the volatilization of ammonium nitrate and semi-
volatile organic aerosols, reducing the concentrations of PM (Dawson et al, 2007;
Aksoyoglu et al., 2011; Jimenez-Guerrero et al., 2012). In an attempt to consider some of
these complex relationships, in addition to the well-known covariation of temperature and
humidity with other meteorological variables affecting PM (Tai et al., 2010, 2012), we
have rebuilt the GAMs including the persistence, temperature and relative humidity
among the potential explanatory variables.

The deviance explained by the new models rises to an average of 0.66 in winter
and 0.60 in summer, exceeding 0.80 at some locations of central Europe in the former
season (Figure 8). This is a considerable improvement compared to the values reported
for the same seasons in Figure 7. Persistence is selected for all sites both in winter and in
summer, temperature is respectively chosen at 74% and 49% of the sites in winter and
summer, and relative humidity at 72% and 54% of the sites in the same seasons.
Furthermore, if persistence was the only new field added to the pool of potential
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predictors, the average deviance explained would be 0.60 for both seasons. While we
have not quantified the changes in the collinearity of the predictors for the different
models, the results provide evidence for the strong effect of persistence compared to that
of temperature and relative humidity. Overall, the use of the persistence together with
meteorological fields related to stagnation suffices to obtain explained deviances of ~0.60
in both seasons, while the inclusion of other fields such as temperature and relative
humidity contributes to raising those values in winter but not in summer.
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Figure 8. As Figure 7 but considering the persistence (defined as the mean PMio
concentration of the previous day), temperature and relative humidity as potential
explanatory variables of PMo.

While our analyses have proven the value of stagnation-related meteorological
fields to identify conditions conducive to enhanced PM pollution, they also point to some
potential limitations of the three ASIs evaluated here. These indices are based on fixed
thresholds and cannot easily deal with non-linear relationships. In addition, ASls
disregard some relevant meteorological fields such as temperature and relative humidity.
Consequently, statistical models based on the local selection of pollution-related variables
might be more suited to reproduce the day-to-day variability of PM than ASIs.
Nevertheless, it must be borne in mind that ASlIs are qualitative indicators of air pollution
potential and their usefulness goes beyond their ability to explain the variability of a
specific air pollutant. In addition, the main advantages of these indices lie in their
simplicity and in the fact that they often use common output variables that are provided
by global and regional models (Horton et al., 2012; 2014; Caserini et al., 2017; Gao et al.,
2020; Lee et al., 2020). This has clear implications for the long-term climatological
assessment of air pollution potential. In this sense, the consideration of large-scale
meteorological variables seems to be particularly relevant since future changes in regional
climates are strongly driven by the atmospheric circulation (Woollings, 2010). Moreover,
large-scale circulation anomalies generally arise as part of teleconnections linked to
anomalies in other regions of the globe (e.g. Zappa and Shepherd, 2018). Therefore,
special attention should be given to remote drivers of regional circulation and their impact
on air pollution. For instance, recent studies have reported the influence of changes in
Arctic sea ice and Eurasian snow cover on China’s air pollution (Zou et al., 2017; Zhao
etal., 2018; Kim et al., 2019), but these issues remain unexplored for Europe. The strong
relationship between large-scale circulation and pollutant concentrations found in this and
other studies (Garrido-Perez et al., 2017; Ordéfiez et al., 2017, 2019) suggests that remote
drivers might also play a key role in the long-term variability of air pollutant
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concentrations in Europe. In particular, the tropical and Arctic amplification of global
warming as well as changes in stratospheric vortex strength are potential candidates to be
investigated in future work, since they shape different aspects of European climate such
as precipitation and windiness, at least during the extended winter season (Zappa and
Shepherd, 2018).

7. Conclusions

Recent studies have developed meteorological indices to identify stagnant
conditions that favour the accumulation of pollutants in the lower atmospheric layers.
Despite sharing common features, such air stagnation indices (ASIs) are defined based
on different meteorological variables and their applicability may be geographically
dependent. In this work, we have carried out a comparison of three ASIs (HO_ASI,
Horton etal., 2012; HU_ASI, Huang et al., 2018; WA_ASI, Wang et al., 2018) to evaluate
whether they capture the meteorological conditions conducive to elevated PMio
concentrations in Europe. For that purpose, we have used daily time series of 24-h average
PMio concentrations from the AirBase observational database together with ERAS5
reanalysis data at 0.75° x 0.75° horizontal resolution. In addition, we have built
generalized additive models (GAMS) to evaluate the complementarity of the different ASI
components to reproduce the day-to-day variability of PM1o. The main findings are as
follows:

e The application of the three ASIs results in similar spatial patterns of stagnation
frequency, but also in important differences in the seasonal cycles. According to
HO_ASI, the frequency of stagnation in Europe presents a summer maximum and a
winter minimum, while the opposite is the case for HU_ASI. This occurs because
HO_ASI uses predefined thresholds of wind speeds at 10 m and 500 hPa, whose
values decrease in summer and increase in winter, whereas HU_ASI sets a threshold
on the ventilation, which is higher in summer than in winter. On the other hand, the
definition of WA _ASI considers different 10-m wind speed — boundary layer height
conditions for each season, limiting the seasonal variability of this index.

e The response of the PM1o concentrations to stagnation varies with the ASI and also
depends on the location and season. In winter, the application of the three ASls yields
similar positive PM1o anomalies (calculated as composite differences between the
mean concentrations for stagnant and non-stagnant days), with averages over all sites
ranging from 17.2 to 18.6 pg m™. In summer, the highest PM1o anomalies are found
for HO_ASI over most of the area of study (on average 5.7 pug m, considerably
smaller than in winter). The main exceptions occur in coastal areas, where WA_ASI
seems to be more powerful than the other ASls.

e The consideration of the large-scale circulation consistently contributes to
reproducing PMzo variability. Z500, SLP and wind speed at 500 hPa are among the
most selected variables by the screening process used to find the best set of
meteorological predictors. The selection frequency is especially high in summer,
explaining the highest skill of HO_ASI during this season.

e Our results suggest that there is some room for improving the performance of
HO_ASI and HU_ASI over Europe. This might require adapting the 500 hPa wind
speed threshold to the season for the former and replacing the ventilation condition
by an appropriate transport wind speed threshold in the latter.
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e ASIs provide an incomplete description of the relationships between PMio and
meteorology. Since the three ASIs evaluated here are based on fixed thresholds, they
cannot deal with non-linear relationships, which limits their ability to explain PM1o
variability. In addition, PM1o concentrations also respond to changes in some
meteorological fields such as temperature and relative humidity which are not
indicators of stagnation.
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