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Abstract  15 

We have examined the joint impact of daily maximum temperature and air stagnation on 16 

observed maximum daily 8-h running average (MDA8) and hourly near-surface ozone 17 

(O3) over eight regions of Europe for the summer period 1998–2015. The percentage of 18 

stagnant area in a region is a better predictor of summer MDA8 O3 in central/southern 19 

Europe (correlation coefficient R=0.50–0.70) than in the north (R=0.06–0.39). The 20 

correlations of MDA8 O3 with temperature are higher than with stagnation for most 21 

regions, and the impact of stagnation on those correlations is region-dependent. MDA8 22 

O3 mixing ratios consistently increase over central/southern Europe under stagnant 23 

conditions, but this has not been found for some temperature ranges in the north. Under 24 

non-stagnant situations and relatively high temperatures (20–25 °C), southerly advection 25 

often brings aged air masses from more polluted areas to the receptor regions in the north. 26 

Furthermore, the occurrence of stagnation tends to amplify the ozone diurnal cycles in 27 

the center/south of the continent, yielding lower nighttime and higher daytime mixing 28 

ratios than on non-stagnant days, again with a less clear effect in the north. Changes in 29 

planetary boundary layer height, accumulation of ozone and precursors, and subsequent 30 

photochemical production during stagnant days are the presumed underlying mechanisms 31 

for the amplification of the diurnal cycles. The results from this study prove that the 32 

effects of stagnation on summer ozone are regionally dependent across Europe. 33 

Consequently, climate model projections of increases in stagnation should not directly be 34 

translated into degraded air quality without a proper assessment of the regional impacts.  35 
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1. Introduction 36 

Tropospheric ozone (O3) is one of the main pollutants linked to health and 37 

environmental impacts (Ashmore, 2005; REVIHAAP, 2013; Tai et al., 2014). It is 38 

transported from the stratosphere, and produced by photochemical reactions between 39 

primary precursors such as nitrogen oxides (NOx) and volatile organic compounds 40 

(VOCs). Observational studies have shown strong relationships of O3 with 41 

meteorological parameters. Understanding such relationships is often complicated by the 42 

covariance of the meteorological variables as well as by the effect of short- and long-term 43 

emission changes. Ambient air temperature is the most correlated variable with daily 44 

ozone maxima in summer (Bloomfield et al., 1996; Xu et al., 1996; Kuebler et al., 2001; 45 

Tarasova and Karpetchko, 2003; Ordóñez et al., 2005). The relationship between both 46 

variables is driven by several well-known temperature-dependent mechanisms: the 47 

thermal decomposition of the NOx reservoir species peroxyacetyl nitrate (PAN, 48 

CH3COO2NO2) (Orlando et al., 1992), the temperature-dependent emissions of both 49 

VOCs from vegetation and NOx from soil (Fehsenfeld et al., 1992; Simpson, 1995), the 50 

extra evaporation of anthropogenic VOCs at high temperatures (Vautard et al., 2005), or 51 

the high stomatal resistance at elevated temperatures, which limits the dry deposition of 52 

ozone to vegetation (Wesely, 1989). Nevertheless, the temperature – O3 relationship is 53 

complex and can only partially be explained by the mentioned processes. As an example, 54 

Porter and Heald (2019) have estimated that the covariance of temperature with other 55 

meteorological variables explains over 40% of the ozone-temperature correlation in the 56 

United States (US) and up to 60% in Europe. There are a number of relevant non-57 

temperature meteorological processes that may contribute to this covariance. Among 58 

others, air stagnation is a potential candidate as it is characterized by stable weather 59 

conditions with poor ventilation, leading to the accumulation of pollutants close to the 60 

surface (Jacob and Winner, 2009; Dawson et al., 2014; Fiore et al., 2015).  61 

Enhanced ozone concentrations under stagnant conditions have been documented 62 

for the US (Leibensperger et al., 2008; Schnell and Prather, 2017) and Europe (Garrido-63 

Perez et al., 2018). The relationship between a simplified air stagnation index (ASI) 64 

defined by Horton et al. (2012) – based on absolute thresholds of daily precipitation, 10 65 

m and 500 hPa wind speed –, temperature and O3 has been closely examined by some 66 

studies for the US. Sun et al. (2017) found that the probability of high O3 days increases 67 

with the co-occurrence of high temperature and stagnation, and that the occurrence of 68 

successive stagnation days further enhances this likelihood. Schnell and Prather (2017) 69 

showed that air stagnation and extreme levels of O3 and temperature tend to co-occur in 70 

large-scale, multiday and coherent structures. In Europe, Garrido-Perez et al. (2018) 71 

reported significant changes in the frequency distribution of O3 when stagnation occurs 72 

as well as a strong build-up of the O3 mixing ratios during widespread stagnant episodes.  73 

These evidences are in line with the hypothesis of Horton et al. (2012), who projected 21st 74 

century increases in stagnation frequency over several highly populated regions of the 75 

globe and suggested a potential to enhance the accumulation of near-surface ozone. 76 

However, the relationship between stagnation and summer ozone has been reported to be 77 

weak over some regions of the US (Kerr and Waugh, 2018). That study noted the limited 78 

skill of the ASI to explain air pollution events and indicated an erratic overlap between 79 

stagnation and pollutant extremes in the US, especially in the Northeast. Consequently, 80 

they advised against the use of this common index as a metric to examine pollution events 81 

and recommended testing new indices considering other meteorological predictors such 82 

as planetary boundary layer (PBL) height and temperature.  83 
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Building on the results by Kerr and Waugh (2018) for the US, the aims of this 84 

study are to (i) evaluate whether the ASI is an adequate index of summer ozone pollution 85 

over different regions of Europe and (ii) analyze the complementarity of this index with 86 

temperature to understand summer ozone variability in the continent. To do so, we firstly 87 

investigate the temporal co-variability of ozone, temperature and air stagnation. Then we 88 

evaluate whether the relationship between O3 and temperature differs under stagnant and 89 

non-stagnant situations. Finally, we explore the diurnal cycle of O3 in order to understand 90 

the response of this pollutant to stagnation and the mechanisms involved. 91 

2. Data and methods 92 

2.1. Ozone and meteorological data 93 

We use interpolated datasets of observed maximum daily 8-h running average 94 

near-surface ozone (MDA8 O3) and hourly ozone volume mixing ratios over Europe at 95 

1.0° × 1.0° resolution for the 18 summers (JJA) during the period 1998 – 2015. The 96 

summer means of MDA8 O3 from these datasets, excluding data over the Balkans (see 97 

below), are illustrated in Supplementary Figure S1. The data have been generated by 98 

merging non-traffic observations obtained from two databases – the European 99 

Environment Agency’s air quality database (AirBase) and the European Monitoring and 100 

Evaluation Programme (EMEP) (Tørseth et al., 2012) – with the objective mapping 101 

algorithm developed by Schnell et al. (2014, 2015). These data have recently been used 102 

by several studies (Otero et al., 2016, 2018; Carro-Calvo et al. 2017; Ordóñez et al., 2017; 103 

Garrido-Perez et al., 2018) to understand the meteorological drivers of ozone in Europe. 104 

In particular, Carro-Calvo et al. (2017) applied the k-means clustering technique to obtain 105 

nine regions where O3 shows coherent spatiotemporal patterns. The regions from that 106 

study will be used here to examine the relationship among air stagnation, temperature and 107 

O3 in a consistent way. However, we have decided to exclude one of the regions (the 108 

Balkans) from our analysis because of inhomogeneities in the O3 time series reported by 109 

that study. From west to east and from north to south, the regions analyzed here roughly 110 

cover the British Isles (BRIT), northern-central Europe (NCE), northern Scandinavia 111 

(NSC), the Baltic region (BALT), the Iberian Peninsula (IBE), western Europe (WE), 112 

southern-central Europe (SCE) and eastern Europe (EE). This regionalization is displayed 113 

on Figure 1.  114 

We also use daily mean fields of sea level pressure (SLP); daily mean 10 m 115 

(𝑈̂10𝑚), 850 hPa (𝑈̂850ℎ𝑃𝑎) and 500 hPa (𝑈̂500ℎ𝑃𝑎) wind; daily accumulated precipitation 116 

(𝑝𝑟); daily maximum temperature (𝑇𝑚𝑎𝑥), and PBL heights from the European Centre 117 

for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis (Dee et al., 118 

2011). We regridded the original 0.75° × 0.75° horizontal resolution data onto the 1.0° × 119 

1.0° grid of O3 using bilinear interpolation. 𝑈̂10𝑚, 𝑈̂500ℎ𝑃𝑎 and 𝑝𝑟 data are needed for the 120 

calculation of the ASI (see Section 2.2), while SLP and 𝑈̂850ℎ𝑃𝑎 are employed for the 121 

comparison of the atmospheric circulation patterns in the lower troposphere during 122 

stagnant and non-stagnant days. Daily averages of SLP and wind speed have been 123 

computed as the average of the four analysis values at 00, 06, 12 and 18 UTC for each 124 

day. 𝑝𝑟 has been calculated by summing the 12-h accumulated precipitation forecast at 125 

00 and 12 UTC. Tmax has been computed as the maximum from all the temperature values 126 

forecasted for each day, following the recommendations at 127 

https://confluence.ecmwf.int/pages/viewpage.action?pageId=58157862 (last access: 20 128 

September 2019). The forecast values of PBL height have also been used at the standard 129 

https://confluence.ecmwf.int/pages/viewpage.action?pageId=58157862
https://confluence.ecmwf.int/pages/viewpage.action?pageId=58157862
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meteorological hours 00, 06, 12 and 18 UTC to better understand the diurnal cycles of 130 

O3.  131 

 132 

Figure 1. Regionalization of summer MDA8 O3. From west to east and from north to 133 

south the regions roughly correspond to the British Isles (BRIT), northern-central Europe 134 

(NCE), northern Scandinavia (NSC), the Baltic region (BALT), the Iberian Peninsula 135 

(IBE), western Europe (WE), southern-central Europe (SCE) and eastern Europe (EE). 136 

Blue circles represent the land grid cells where the correlations between the standardized 137 

anomalies of the MDA8 O3 time series and those of the respective centroid maximize (see 138 

details in the main text). 139 

2.2. Methods 140 

Air stagnation is characterized by meteorological conditions that impede the 141 

scavenging, horizontal dispersion and vertical escape of pollutants in the lower 142 

troposphere (Horton et al., 2012, and references therein). Different air stagnation indices 143 

have been proposed in the literature to identify the conditions conducive to air mass 144 

stagnation (see e.g. Garrido-Perez et al., 2018, and references therein). Such indices are 145 

usually defined by using predefined thresholds for daily average meteorological fields. 146 

In this work we have used the simplified air stagnation index defined by Horton 147 

et al. (2012). This ASI is an adaptation of another index originally developed for the US 148 

that is currently being used by the US National Oceanic and Atmospheric Administration 149 

(NOAA) National Climatic Data Center (NCDC) (Wang and Angell, 1999). With the 150 

application of Horton’s ASI, a reanalysis grid cell is considered as stagnant if three 151 

conditions are simultaneously met on a given day: 𝑈̂10𝑚  < 3.2 m s-1, 𝑈̂500ℎ𝑃𝑎< 13.0 m s-152 
1 and 𝑝𝑟 < 1 mm. This results in a high frequency of stagnation in some parts of 153 
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Mediterranean Europe (around 40% of the days), moderate frequency in central Europe 154 

and Scandinavia (~25% of the days) and low over the British Isles (~15% of the days) 155 

during the summer months of 1998–2015 (see Figure S2).    156 

The index has recently been used to characterize the spatiotemporal variability 157 

and impact of air stagnation on air quality in Europe (Garrido-Perez et al., 2018), but the 158 

relationship between stagnation and summer ozone over different parts of the continent 159 

might be sensitive to the ASI component threshold definition. To account for this, we 160 

have repeated some of the analyses presented here by varying the three thresholds from 161 

25 to 175% of their standard values. Overall, we have found relatively small changes both 162 

in the ozone–stagnation correlations (Table 1) and the ozone dependence on stagnation 163 

(Figure 3) in all regions when the three thresholds are within 75–125% of their standard 164 

values (not shown). This indicates that the results presented in this study are not very 165 

sensitive to the precise definition of stagnant conditions, as previously found by Kerr and 166 

Waugh (2018) for the US. Finally, we would also like to note that more complex air 167 

stagnation indices have recently been developed but they are specifically adapted to 168 

particulate matter (e.g. Wang et al., 2016, 2018; Huang et al., 2018).  169 

3. Relationship between MDA8 O3, temperature and stagnation 170 

Table 1 shows the Pearson correlation coefficients (R) between the daily time 171 

series of average Tmax, average MDA8 O3 and the percentage of the area under stagnant 172 

conditions for each region in summer. The significance of these correlations has been 173 

determined through two-tailed t-tests as indicated in von Storch and Zwiers (1999), taking 174 

into account that the data exhibit serial correlation, i.e. the daily values of these variables 175 

are not independent of their own future and past values because of the effect of the 176 

meteorological persistence (see e.g. Wilks, 2011). This implies that the effective number 177 

of degrees of freedom (νeff) is lower than that directly determined from the sample size, 178 

increasing the p-value of the test and reducing the level of statistical significance. 179 

Accordingly, we have calculated νeff following Eq. 1 of Hu et al. (2017) before assessing 180 

significance. This way, the three fields significantly correlate at the 95% confidence level 181 

for all regions, with the exception of the stagnation – MDA8 O3 correlation in NSC. 182 

However, there is considerable spatial heterogeneity across Europe, with higher 183 

correlations in the central/southern clusters (IBE, WE, SCE and EE) than in the northern 184 

clusters (BRIT, NCE, NSC and BALT). The correlations are above 0.5 over the 185 

central/southern regions, with the exception of Tmax – MDA8 O3 in IBE and Tmax – 186 

stagnation in EE, while they tend to be well below that value for the northern regions. As 187 

expected, the correlations of MDA8 O3 with Tmax are higher than with the percentage of 188 

stagnant area for most regions, although the latter can be considered as a good predictor 189 

of ozone in central/southern Europe. On the other hand, Tmax and stagnation present high 190 

correlations in the southern clusters as well as in NCE, evidencing the strong covariability 191 

between both variables. Hence, it is unclear whether the high correlations between O3 and 192 

stagnation in the southern regions reflect the ozone-temperature relationship or are due to 193 

other processes. 194 

Table 1. Pearson product-moment correlation coefficients (R) between the daily time 195 

series of average Tmax, average MDA8 O3 and the percentage of stagnant area (AS) for 196 

each region during summer (JJA) 1998 – 2015. The geographical locations of the regions 197 

are displayed in Figure 1. All values are statistically significant at the 95% confidence 198 

level, except where noted by asterisk (*). 199 

 200 
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 201 

 BRIT NCE NSC BALT IBE WE SCE EE 

Tmax – MDA8 O3 0.18 0.52 0.35 0.48 0.42 0.70 0.77 0.73 

AS – MDA8 O3 0.24 0.39   0.06* 0.27 0.56 0.62 0.70 0.50 

Tmax - AS 0.23 0.47 0.24 0.33 0.51 0.53 0.58 0.44 

 202 

To try to understand the influence of air stagnation in the Tmax – MDA8 O3 203 

relationship, we have evaluated if this relationship changes with the occurrence of 204 

stagnation. For this purpose, we have first computed the correlation coefficients between 205 

the daily time series of Tmax and MDA8 O3 for each grid cell, considering stagnant and 206 

non-stagnant days separately (Figure 2). The spatial distribution of the correlations 207 

displayed in the figure is consistent with that shown in Table 1, as the highest values are 208 

generally found for WE, SCE and EE. Nevertheless, Figure 2 presents a complex picture 209 

of the effect of stagnation on the Tmax – MDA8 O3 relationship across Europe. On the one 210 

hand, stagnation seems to contribute to strengthening this relationship over large parts of 211 

the three regions that present high correlations. Regions characterized by relatively low 212 

ozone levels and stagnation frequency (e.g. the UK and NCE, see Figures S1 and S2) also 213 

present higher correlations when stagnation occurs. These results are in line with a 214 

previous study that has highlighted the contribution of stagnation to increasing the 215 

probability of occurrence of a high ozone day given a high-temperature day in the US 216 

(Sun et al., 2017). On the other hand, there are some parts of the south and east of the 217 

continent where these correlations do not increase with the occurrence of stagnation. The 218 

correlations even decrease over an area roughly covering the southeastern half of IBE, 219 

where stagnation is relatively common in summer (see Figure S2) and the day-to-day 220 

ozone variability – as measured by the relative standard deviation of summer MDA8 O3 221 

– is lower than in the rest of the continent (not shown). 222 

From these results, no clear conclusions can be drawn on the contribution of 223 

stagnation to the ozone-temperature relationship. Actually, these correlations may depend 224 

on a number factors whose effects are difficult to disentangle. First, the range of 225 

variability of both daily temperature and ozone differs considerably across Europe. 226 

Second, the ozone-temperature relationship tends to be linear only within specific 227 

temperature ranges (e.g. Bloomer et al., 2009), high enough to favor photochemical 228 

production but below some high thresholds that may lead to ozone suppression at some 229 

locations (Steiner et al., 2010; Shen et al., 2016; Meehl. et al., 2018). Finally, the 230 

strengthening of the O3–Tmax correlations under stagnant conditions found for some 231 

regions might partly occur because elevated temperatures often coincide with stagnant 232 

days. Henceforth, to remove as much as possible the influence of the different factors that 233 

limit our understanding of the impact of stagnation on ozone, we will perform composite 234 

analyses within specific temperature bins separately for each region. 235 

 236 

 237 
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 238 

Figure 2. Pearson product-moment correlation coefficient (R) between the 1998 – 2015 239 

summer (JJA) daily time series of Tmax and MDA8 O3 for days without (left) and with 240 

(right) stagnation in each grid cell. 241 

Figure 3 shows boxplots of MDA8 O3 within 3 °C temperature bins for days with 242 

(red) and without (blue) stagnation, considering every grid cell within each region. 243 

Overall, the relationship of ozone with temperature starts to be linear above ~16 °C, with 244 

coefficients of determination (R2) above 0.93 for all regions. The ozone distributions 245 

under stagnant and non-stagnant conditions are significantly different at the 95% 246 

confidence level for most temperature bins and regions, as determined through the two-247 

sample Kolmogorov-Smirnov test (e.g. Wilks, 2011) and indicated by starts on top of the 248 

pairs of boxes. In central/southern Europe, the presence of stagnant conditions causes 249 

consistently higher MDA8 O3 regardless of the temperature bin (around 4–6 ppb on 250 

average considering the mean values of each bin), but this is not always the case for the 251 

northern regions. For instance, ozone is significantly reduced on stagnant days within 24–252 

27 °C in BRIT or above ~21 °C in NSC, and there is a minor impact of stagnation on 253 

ozone within 21–30 °C in BALT. Furthermore, stagnation does not seem to exert a 254 

significant impact within 27–30 °C in that region and 24–27 °C in NCE.  255 

To understand these results we have compared the typical circulation patterns in 256 

the lower troposphere for stagnant and non-stagnant days in all regions. As stagnant 257 

conditions in the reanalysis are determined on a grid cell by grid cell basis, we have first 258 

identified a representative location for each region and then produced composite maps of 259 

daily SLP and 850 hPa wind, considering stagnant and non-stagnant days at each location. 260 

For the selection of such locations we have looked for the land grid cells where the 261 

correlation between the daily time series of standardized anomalies of summer MDA8 O3 262 

and that of the respective centroid (i.e. time series of the average standardized anomalies 263 

within the cluster) maximize. The choice of standardized anomalies instead of absolute 264 

values of MDA8 O3 is justified by the fact that the former were used for the identification 265 

of the regions used here (Carro-Calvo et al., 2017). The eight representative locations are 266 

displayed as circles in Figure 1. Then we have composited SLP and 850 hPa wind data 267 

for stagnant and non-stagnant days at each location with Tmax within 20–25 °C. This 268 

temperature interval has been chosen because it is typical of fair weather conditions 269 

favorable for ozone production in northern Europe. Moreover, around 22–44% of the 270 
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summer days lay within this temperature range at 7 out of the 8 locations, with the 271 

exception of only ~3% of the days for the grid cell in BRIT. Consequently, this 272 

temperature interval also guarantees a representative enough number of occurrences to 273 

draw solid conclusions for most locations. 274 

 275 

 276 
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Figure 3. Boxplots of 1998 – 2015 summer MDA8 O3 in 3 °C bins of Tmax, considering 277 

all grid cells in each region. Blue (red) boxes represent days classified as non-stagnant 278 

(stagnant). The boxes extend from the lower (Q1) to the upper (Q3) quartile values of the 279 

data, with a horizontal line indicating the position of the median (Q2). The whiskers 280 

extend from the boxes to show the range of the data between the 10th and 90th percentiles. 281 

The x-axis tick labels represent the middle point for each temperature bin. Temperature 282 

bins are only shown if they include at least 50 cases (number of cases = number of days 283 

× number of sites) for both stagnant and non-stagnant conditions; as a result the range of 284 

temperatures shown on the x-axis varies with the region. The numbers of stagnant (red) 285 

and non-stagnant (blue) cases are indicated below the corresponding temperature bins. 286 

Black stars are shown over each pair of boxes if their MDA8 O3 distributions are 287 

significantly different at the 95% confidence level (determined through the two-sample 288 

Kolmogorov-Smirnov test). The vertical dotted lines indicate the temperature bins with 289 

centers at 16.5°C. Linear regressions of the mean MDA8 O3 within each temperature bin 290 

(considering both stagnant and non-stagnant cases) on Tmax (mid-points of the intervals) 291 

have been drawn for the temperature bins ≥ 16.5°C. 292 

 293 

Figures 4 and 5 respectively illustrate the circulation patterns on stagnant and non-294 

stagnant days within the mentioned 20–25 °C temperature range in the northern locations 295 

(BRIT, NCE, NSC and BALT). As expected, air stagnation situations are characterized 296 

by anticyclonic circulation and weak wind in the lower troposphere over the affected 297 

regions (Figure 4). The composite for NCE during non-stagnant days (Figure 5b) displays 298 

westerly to southwesterly flow from the North Sea to the region. This situation enhances 299 

the transport of relatively clean marine air masses to the receptor region, resulting in 300 

ozone levels somewhat below those of stagnant days (Figure 3b). On the other hand, 301 

BRIT, NSC and BALT are under the effect of southerly advection during non-stagnant 302 

days (Figure 5, a, c, d) and, as shown above, do not display clear enhancements of MDA8 303 

O3 (Figure 3, a, c, d) despite the low wind speeds found on stagnant days (Figure 4, a, c, 304 

d). The results for these three regions are in line with the findings by Carro-Calvo et al. 305 

(2017), who reported that ozone extremes (exceedances of the summer 95th percentile) in 306 

the north of the continent tend to be at least partly caused by the advection of polluted, 307 

warm air masses from central/southern regions. This is consistent with the strong 308 

meridional gradient of MDA8 O3 in Europe (see Figure S1). In the receptor regions, wind 309 

speeds are relatively high under such situations, which means that high ozone days often 310 

concur with non-stagnant days. This explains the unclear impact of stagnation on MDA8 311 

O3 within some temperature bins in northern Europe. However, as anticipated before, the 312 

results for BRIT should be interpreted with caution because of the reduced data sample 313 

(only around 3% of the summer days with temperatures within 20–25 °C, less than one 314 

third of them with stagnation). In the case of central-southern Europe, stagnant days are 315 

associated with lower wind speeds than non-stagnant days for all regions, as well as with 316 

a suppression of westerly advection over WE and EE (see Figures S3 and S4).  317 

 318 
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 319 

Figure 4. Composites of SLP and 850 hPa wind speed on days with stagnant conditions 320 

and Tmax within 20 – 25 °C, at the representative locations (red stars) of BRIT, NCE, NSC 321 

and BALT, during the summer months from 1998 to 2015. The yellow contour lines, grey 322 

shading and arrows respectively represent SLP (hPa), and module and vectors of 850 hPa 323 

wind speed (m/s). The numbers in brackets represent the number of days considered in 324 

each composite. 325 
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 326 

Figure 5. As Figure 4 but for non-stagnant days. 327 

 328 

4. Impact of stagnation on the O3 diurnal cycle 329 

To better understand the ozone response to stagnation, we have compared the 330 

diurnal cycles of this pollutant in each region for stagnant and non-stagnant days. Our 331 

analyses are inspired by those of Pyrgou et al. (2018), who examined the effect of 332 

heatwave conditions on the diurnal cycle of ozone on a Mediterranean island. As in that 333 

study, the main limitation of our approach is that the evaluation of diurnal cycles is done 334 

based on average or accumulated values of meteorological variables (wind speed and 335 

precipitation in our particular case) during the whole day. We have also examined the 336 

impact of the persistence of stagnation on these diurnal cycles to investigate if the day-337 

to-day evolution of ozone is affected by stagnation. As before, for the sake of simplicity, 338 

these analyses have been carried out for a single land grid cell in each cluster (blue circles 339 

in Figure 1) considering days with Tmax within 20–25 °C. Results are reported here only 340 

for BALT and SCE as two representative regions of northern and central/southern 341 

Europe, respectively (Figure 6), and for the rest of clusters in the Supplementary Material 342 

(Figure S5 for the northern regions and Figure S6 for the central/southern regions). 343 
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It is well known that O3 diurnal cycles are characterized by high concentrations 344 

during daylight hours and low values during the late night and early morning, as seen on 345 

the left and middle panels of Figures 6, S5 and S6. Both the entrainment of ozone-rich air 346 

from aloft during the development of the well-mixed PBL and photochemical production 347 

lead to the build-up of the ozone mixing ratios at daytime, with a daily maximum in the 348 

afternoon. On the other hand, O3 mixing ratios decrease during the night because of the 349 

cease of production as well as the destruction by dry deposition to surfaces and titration 350 

by nitrogen monoxide (NO) in the shallow nocturnal PBL (e.g. Petetin et al., 2016, and 351 

references therein). The daily ozone minimum often occurs at a time with low PBL and 352 

elevated NOx emissions from traffic during the morning rush hour. The amplitude of the 353 

diurnal cycle (defined as the difference between the maximum and the minimum hourly 354 

O3 mixing ratios) is geographically dependent due to differences in the emission patterns 355 

and climates of each region.  356 

 357 

 358 

Figure 6. Composites of the diurnal cycles of hourly O3 and PBL height at two 359 

representative locations in BALT and SCE on stagnant and non-stagnant days with Tmax 360 

within 20 – 25 °C. The times displayed on the x-axes are UTC while summer local time 361 

is UTC+3 for BALT and UTC+2 for SCE. Left panels: Average diurnal ozone profiles 362 

for the summer (JJA) 1998 – 2015 days with (brown) and without (black line) stagnation 363 

in BALT (top) and SCE (bottom). Shadings cover the 95% confidence interval. The 364 

amplitudes and increase rates of the stagnant (brown) and non-stagnant (black) diurnal 365 

cycles are displayed as ΔO3 and m on the upper-left corners of the panels. Middle panels: 366 

Average diurnal ozone profiles for summer days based on the persistence of stagnation in 367 

BALT (top) and SCE (bottom). The black line represents non-stagnation, while the blue, 368 

green, purple and red lines represent one, two, three and four or more consecutive days 369 

with stagnation, respectively. The numbers in brackets indicate the total number of days 370 

considered for each case. Right panels: Evolution of PBL height (using data at 0, 6, 12 371 

and 18 UTC) at both locations for stagnant (brown) and non-stagnant (black) days. 372 
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The left panels of Figures 6, S5 and S6 illustrate the average diurnal cycles of the 373 

hourly O3 mixing ratios at the selected locations in the 8 regions, considering stagnant 374 

(brown) and non-stagnant (black) days, with 95% uncertainty estimates. The confidence 375 

intervals have been calculated using standard t-statistics (von Storch and Zwiers, 1999). 376 

Generally, the diurnal amplitude is significantly larger on stagnant days, as it increases 377 

by 2.5 to 10 ppb in 6 out of 8 selected grid cells (see ΔO3 values at the upper left corners 378 

of the panels). The only exceptions are the locations in BRIT and NSC, where the 379 

amplitude hardly changes. In the former location, the number of days with Tmax within 20 380 

– 25 °C is not high enough to draw solid conclusions (see Figure S5 a, b), whereas NSC 381 

is by far the cluster with the lowest sensitivity of MDA8 O3 to stagnation (Table 1).  382 

The differences between stagnant and non-stagnant O3 diurnal cycles are often 383 

due to the above-average daytime increase and/or nighttime decrease of O3 during 384 

stagnant days, again with the exception of BRIT and NSC. The low nighttime ozone 385 

mixing ratios on stagnant days may be caused by enhanced chemical destruction and dry 386 

deposition under a stable nocturnal PBL. Indeed, the right panels of Figures 6, S5 and S6 387 

prove that the average PBL height at 6 UTC is often lower than usual during stagnant 388 

nights. That is particularly the case for the locations with the strongest ozone decrease 389 

under stagnant conditions at that time of the day (grid cells in BALT, NCE, WE and EE).  390 

This results in a reduced O3 baseline at the beginning of the day for these four locations 391 

and, to a lesser extent, for those in SCE and BRIT, while no clear effect is found for the 392 

grid cells in NSC and IBE. Thus we have shown that at most locations the occurrence of 393 

stagnation leads to below-average early morning PBL height and ozone on the same day. 394 

By contrast, the stronger build-up of daytime ozone on stagnant days could be 395 

related to the accumulation of primary pollutants and subsequent photochemical 396 

production as well as to enhanced subsidence and accumulation of ozone under the stable 397 

anticyclonic conditions that characterize those days. The afternoon ozone maxima tend 398 

to be higher than average on stagnant days for the central/southern locations, in particular 399 

for the grid cells in WE and EE, and to lesser extent for those in IBE and SCE. The most 400 

noticeable effect of stagnation on daytime ozone for the grid cell in SCE is the shift of 401 

the highest mixing ratios to later hours in the evening, consistent with a synchronous shift 402 

in temperature under stagnant conditions at the same location (not shown). The average 403 

afternoon ozone maxima are also higher on stagnant than on non-stagnant days for the 404 

grid cell in NCE, while there is no clear impact or even a decrease for the other northern 405 

locations in BALT, BRIT and NSC. This is consistent with the unclear impact of 406 

stagnation on the MDA8 O3 - temperature relationship (Figure 3, a, c, d) and the effect of 407 

southerly advection during non-stagnant days (Figure 5, a, c, d) shown previously for 408 

those regions. 409 

We have also computed the daily ozone increase rate (defined as the daily 410 

amplitude divided by the period of time between the maximum and the minimum O3 411 

mixing ratios) at each location under stagnant and non-stagnant days. These values are 412 

displayed as m at the upper left corners of the left panels in Figures 6, S5 and S6. This 413 

rate changes from 2.0–2.6 ppb h-1 under non-stagnant conditions to 2.2–3.4 ppb h-1 during 414 

stagnant days at three of the central/southern locations, IBE, WE and EE (Figure S6). The 415 

largest increases of this rate are found for WE and EE (above 0.7 ppb h-1). However, the 416 

increase at the grid cell in SCE is negligible (below 0.1 ppb h-1), because of the mentioned 417 

late afternoon ozone maxima at this location under stagnant conditions. The daily ozone 418 

increase rate also rises at most of the northern locations under stagnant conditions, but 419 

the typical values are lower than those shown above, ranging from 0.9 ppb h-1 in NSC to 420 

2.0–2.3 ppb h-1 in BRIT. These results suggest higher photochemical production in the 421 
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central/southern than in the northern locations, in line with expectations, as well as an 422 

enhancement of photochemical activity during stagnant days. Nevertheless, some of the 423 

processes previously mentioned (e.g. decrease of the early morning ozone baseline 424 

followed by enhanced vertical mixing and subsidence at daytime on stagnant days, 425 

southerly advection to northern regions under non-stagnant conditions) may be relevant 426 

to explain these differences. 427 

Previous studies have considered four or more consecutive days with air 428 

stagnation at a given location as an air stagnation episode (Wang and Angell, 1999; Huang 429 

et al., 2017). Such episodes are not common in northern Europe (Garrido-Perez et al., 430 

2018), but it is still possible to examine changes in the diurnal evolution of ozone during 431 

successive stagnation days. The middle panels of Figures 6, S5 and S6 display composites 432 

of O3 diurnal cycles for non-stagnant days (black) as well as for one (blue), two (green), 433 

three (purple) and four or more (red) consecutive days with stagnation. Despite some 434 

limitations due to the small number of consecutive stagnant days at some locations, 435 

especially the grid cell in BRIT, the figures indicate that daytime ozone mixing ratios 436 

tend to increase with the persistence of air stagnation. The only exceptions are that 437 

location in BRIT and the one selected in NSC. Our results are in the same line as previous 438 

analyses which found the number of successive stagnation days as a good indicator of the 439 

build-up of MDA8 O3 in most regions of the US (Sun et al., 2017). In addition, a number 440 

of studies have related the persistence of air stagnation or the associated stable 441 

anticyclonic conditions to the build-up of summer daily O3 maximum and MDA8 O3 in 442 

some regions of Europe (Ordóñez et al., 2005, 2017; Garrido-Perez, 2018). This also 443 

seems to be consistent with the well-known persistence of elevated MDA8 O3 in Europe 444 

(e.g. Otero et al., 2016). However, this increase does not necessarily apply to the whole 445 

diurnal cycle. In fact, the first days with stagnation consistently show a lower daily O3 446 

minimum than non-stagnant days, but this minimum gradually increases with the 447 

persistence of stagnation, as found during daylight hours, again with the exception of 448 

BRIT and NSC. If air stagnation persists long enough, the early morning O3 baseline can 449 

recover and even exceed the typical levels found during non-stagnant days at the locations 450 

in SCE and IBE. BALT, NCE, WE and EE present a similar build-up, but the early 451 

morning O3 baseline during the most persistent stagnation episodes remains below that 452 

of non-stagnant days. Hence, it appears that the nighttime destruction of O3 is enhanced 453 

under the shallow PBL during the first stagnant days at most locations and that this 454 

destruction is at least partially compensated by the accumulation of O3 when consecutive 455 

days with stagnation occur. The increase in the early morning baseline at some locations, 456 

together with mixing of boundary layer air with ozone-rich air from the residual layer 457 

after sunrise as well as daytime photochemical production, will favor the occurrence of 458 

elevated MDA8 O3 in the afternoon. 459 

5. Discussion and conclusions 460 

Climate change is expected to increase the risk of extreme air pollution events in 461 

the future. Southern Europe has been identified as a climate change hot spot (Diffenbaugh 462 

and Giorgi, 2012; de Sherbinin, 2014) and is projected to have multiple impacts. Among 463 

them, climate models have projected strong increases in temperature (Giorgi and 464 

Lionello, 2008; Barkhordarian et al., 2012) and atmospheric stagnation (Horton et al., 465 

2012, 2014) in this region. Both phenomena are closely linked to elevated ozone 466 

concentrations and thus their exacerbation should make it harder to achieve air quality 467 

goals for this pollutant in the future. However, a recent study has questioned the 468 

relationship between summer air pollution and stagnation (Kerr and Waugh, 2018). 469 
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Keeping in mind that daily maximum temperature is the meteorological variable 470 

that mostly controls the afternoon ozone concentrations, this study has investigated the 471 

added value of a simple air stagnation index (Horton et al, 2012) to understand summer 472 

ozone variability in Europe. Building on the regional classification of MDA8 O3 by 473 

Carro-Calvo et al. (2017), we have evaluated the joint effect of temperature and stagnation 474 

on summer ozone in eight regions (BRIT, NCE, NSC, BALT, IBE, WE, SCE, EE), 475 

finding considerable heterogeneity across the continent. The main findings are as follows: 476 

• MDA8 O3 mixing ratios consistently increase over central/southern Europe (IBE, 477 

WE, SCE, EE) and, to a lesser extent, NCE under stagnant conditions, but this has not 478 

been found for some temperature bins in three of the northern regions (BRIT, NSC, 479 

BALT). Under non-stagnant conditions and Tmax within 20–25 °C (typical 480 

temperatures of fair weather conditions that allow photochemical production in 481 

northern Europe), such regions are affected by southerly advection, which is a known 482 

mechanism for the occurrence of ozone extremes in the north of the continent (Carro-483 

Calvo et al., 2017).  484 

• The ozone diurnal cycle in the central/southern regions and NCE exhibits larger 485 

amplitudes than usual when stagnation occurs, with low nighttime and high daytime 486 

mixing ratios in most of these regions. Stagnant nights are associated with stable 487 

shallow PBL and, presumably, enhanced dry deposition and chemical destruction of 488 

ozone. After sunrise, with the development of the PBL, mixing with air from the 489 

residual layer, accumulation of ozone and precursors, and photochemical production 490 

seem to be the main mechanisms involved in the build-up of daytime ozone. 491 

• Low nighttime ozone mixing ratios during stagnant days are also a feature of BALT 492 

and BRIT, while afternoon ozone and consequently MDA8 O3 are not clearly affected 493 

by stagnation. In particular, for the 20–25 °C temperature range considered here, 494 

afternoon ozone can even decrease under stagnant conditions in BRIT. However, 495 

these results should be interpreted with caution considering the limited number of 496 

occurrences observed and the fact that MDA8 O3 in the same region increases on 497 

stagnant days for other temperature ranges.  498 

• NSC is the region with the weakest sensitivity of ozone to stagnation. This is firstly 499 

evidenced from the poor correlation between the daily time series of average MDA8 500 

O3 and the percentage of stagnant area in the region (R=0.06). Moreover, the 501 

occurrence of stagnation hardly affects the ozone diurnal cycles for Tmax within 20–502 

25 °C and even yields decreases in the MDA8 O3 mixing ratios for Tmax above ~20 503 

°C. Nonetheless, we note the results for this region are based on relative fewer surface 504 

ozone observations as compared to those in central/southern regions (i.e. less than 30 505 

sites north of 62.5° N). 506 

In short, we have been able to identify regions with different responses of summer 507 

ozone to the occurrence of air stagnation. It is remarkable that some of the 508 

central/southern European regions where stagnation has a clear impact on ozone have 509 

already undergone significant upward trends in stagnation over the last decades (Garrido-510 

Perez et al., 2018) and are also likely to experience increases in the future (Horton et al., 511 

2014). On the other hand, stagnation seems to exert a minor control on summer ozone 512 

over most of northern Europe. Consequently, observations of air stagnation occurrence 513 

and projections of increases in air stagnation should not directly be translated into 514 

enhanced summer ozone pollution if the sensitivity of this pollutant to stagnation has not 515 

been proved for a particular region.  516 
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Another relevant result of this paper is that the occurrence of air stagnation 517 

amplifies the diurnal cycles of summer ozone over some regions. While simulations of 518 

surface ozone by Chemical Transport Models (CTMs) are often evaluated against 519 

observations of MDA8 O3 or other relevant cumulative metrics (e.g. Lupaşcu and Butler, 520 

2019), understanding the differences in the performance of a set of model simulations for 521 

such metrics would require assessing the skill to reproduce the diurnal cycle of ozone. In 522 

fact, current global and regional CTMs present limitations at night and under stable 523 

conditions, partly because of the difficulty in resolving the stratified conditions near the 524 

surface and the depletion of ozone through surface deposition (Travis and Jacob, 2019, 525 

and references therein). Nighttime PBL dynamics and chemistry are crucial because they 526 

will determine the early morning ozone baseline and also influence morning radical 527 

chemistry, with important implications for the formation of daytime ozone (e.g. Brown 528 

and Stutz, 2012). On the other hand, following the development of the PBL at daytime, 529 

the entrainment of ozone-rich air from the upper levels to the ground has been proved to 530 

be an important transport mechanism of summer ozone smog (e.g. Hu et al., 2018, and 531 

references therein). Therefore, special attention should be given to quantifying the 532 

contribution of individual processes such us horizontal and vertical advection, vertical 533 

diffusion, dry deposition and chemistry to the ozone budget under different 534 

meteorological conditions. This can be achieved through the use of probing techniques 535 

like Integrated Process Rate analysis (IPR), which provides detailed mass balance 536 

information for the aforementioned processes in some regional CTMs (e.g. Liu et al., 537 

2007; Gonçalves et al., 2009; Lyu et al., 2019). Our findings about the differing impacts 538 

of air stagnation on the ozone diurnal cycles across Europe provide good observational 539 

constrains for the evaluation of such processes under stagnant vs. non-stagnant 540 

conditions. Furthermore, periods of persistent stagnant situations can be very appropriate 541 

to test the ability of CTMs to reproduce PBL dynamics and the evolution of ozone 542 

concentrations. 543 
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