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 13 

Abstract 14 

As the ozone is one of the most relevant variables in the climate system, to get further in 15 

its long-term characterization is a critical issue. In this study, measurements of total 16 

ozone column (TOC) from five well-calibrated Brewer spectrophotometers placed in the 17 

Iberian Peninsula are analyzed. The ozone recovery is observed for the period 1993-18 

2012, with a significant positive trend of +9.3 DU per decade in Central Iberian 19 

Peninsula. However, the low TOC levels during 2011 and 2012 over the study region 20 

notably reduce the rate of the TOC temporal trend. Empirical linear relationships are 21 

established between TOC and pressure, height, and temperature of the tropopause. The 22 

three linear fits showed seasonal and latitudinal dependence, being the relationships 23 

stronger during winter and spring months. Events with the presence of a double 24 

tropopause (DT) are proved to be characteristic of the study region. The decrease in 25 

TOC levels when these anomalous events occur is quantified around 10% in winter and 26 

spring with respect to the usual cases with a single tropopause. The total weight of the 27 

DT events with respect to the annual values is about 20%, with a negligible occurrence 28 

in summer and autumn and being latitudinal-dependent. The North Atlantic Oscillation 29 

(NAO) index explains the 30% of the total ozone variability in winter. The DT events 30 

are found to be more frequent with a positive phase of NAO index.  31 

32 
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 33 

1. Introduction 34 

Ozone is a greenhouse gas, with a maximum concentration of 0.0012% of the total of 35 

atmospheric constituents (Iqbal 1983). However changes in its abundance may 36 

contribute to global climate change (World Meteorological Organization, WMO 2007) 37 

with an estimated shortwave radiative efficiency around -0.011 W m-2 per Dobson Unit 38 

(Antón and Mateos 2013). Between the end of the 1970s and the beginning of the 39 

1990s, a significant decreasing trend in ozone concentration values was observed due to 40 

the increase in chlorofluorocarbon (CFC) emission by anthropogenic activity. 41 

Successful implementations of the Montreal Protocol on substances that deplete the 42 

ozone layer have controlled their levels in the atmosphere, with the corresponding 43 

recovery of the ozone layer out of the polar regions (Bais et al. 2007).  44 

Due to the recovery of the ozone layer during the last years, natural variations of ozone 45 

caused by the 11-year solar cycle, circulation patterns like North-Atlantic Oscillation 46 

(NAO), Artic Oscillation (AO), Quasi-Biennial Oscillation (QBO), or large-scale 47 

Brewer-Dobson circulation, together with emission of man-made ozone depleting 48 

substances have to be analyzed in detail (e.g., Appenzeller et al. 2000; WMO 2007; 49 

Steinbrecht et al. 2011; Rieder et al. 2011). Natural variations caused by dynamical 50 

processes are the main responsible for the ozone declines/increases observed during the 51 

20th century in the Northern hemisphere (e.g., Harris et al. 2008; WMO 2007; Hood 52 

and Soukharev 2005). Koch et al. (2005) explained the variation of TOC values in the 53 

1980s by the action of a global mechanism, the fast far-range transport of air masses 54 

from different regions, but also by a local mechanism of adiabatic vertical displacement 55 

of isentropes. For instance, high levels of TOC observed during 2010 in the Northern 56 

hemisphere were attributed to a pronounced and persistent negative phase of AO and 57 
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NAO, together with the easterly wind-shear phase of the QBO (Steinbrecht et al., 2011). 58 

NAO influences TOC values not only in winter (Appenzeller et al. 2000), but also in 59 

summer (Ossó et al. 2011). With respect to the ozone radiative effect, Mateos et al. 60 

(2013) obtained for thirteen stations in the Iberian Peninsula a maximum impact in 61 

spring, being the annual ozone radiative effect less than -1 W m-2 in the solar shortwave 62 

range.  63 

Changes in ozone profiles in the midlatitude lower stratosphere are linked to changes in 64 

vertical transport (e.g., Fortuin and Kelder 1996). Hence, the meteorological influences 65 

on TOC have been studied by previous works using tropopause characteristics. This 66 

choice is justified since the tropopause forms a boundary between the well-mixed and 67 

ozone-poor troposphere, and the stratified and ozone-rich lower stratosphere 68 

(Steinbrecht et al. 1998). Therefore, tropopause, somehow, can quantify the dynamical 69 

disturbances in the TOC values (Krzyscin et al. 1998). The height of the thermal 70 

tropopause is negatively correlated with TOC, i.e., high tropopause cases correspond to 71 

low ozone values, and vice versa. Over two central European stations, Hoinka et al. 72 

(1996) and Steinbrecht et al. (1998) obtained rates of -13 and -16 DU per kilometer in 73 

tropopause height, respectively.  74 

The purpose of this study is to provide an exhaustive characterization of TOC over the 75 

Iberian Peninsula as a function of different meteorological parameters, such as height, 76 

pressure and temperature of the thermal tropopause, the presence of double tropopauses, 77 

and the NAO circulation pattern. In this paper, daily values of NAO index and 78 

tropopause characteristics are analyzed as a function of long-term ground-based 79 

databases of TOC between 1990 and 2012. Furthermore, this article contributes to 80 

improve the knowledge about the relationship between TOC and double tropopause 81 
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events, being the first time, to our knowledge, that ground-based measurements are used 82 

to this purpose.  83 

2. Ground-based measurements and reanalysis data 84 

2.1. Ground-based TOC data 85 

Daily values of TOC used in this study were measured by the Spanish Brewer Network 86 

which consists of five Brewer spectrophotometers at five ground-based stations, 87 

covering most of the Iberian Peninsula geography. This network is managed by the 88 

Spanish Agency of Meteorology (AEMET) with nearly 20 years of experience in 89 

measuring TOC data with this type of instruments. Table 1 shows information about the 90 

geographical situation of these five stations.  91 

 92 

 93 

Table 1. Geographical locations of the five stations used in this study. 94 

Station 
Latitude  

(ºN) 

Longitude 

 (ºE) 

Altitude  

(m a.s.l.) 
Time interval 

Data coverage 
(% of total days) 

A Coruña 
43.33 -8.42 58 Jan/1999 - Dec/2012 75% 

Zaragoza 41.01 -1.01 260 Oct/2001 - Dec/2012 87% 

Madrid 40.45 -3.72 664 May/1991 - Dec/2012 83% 

Murcia 38.03 -1.17 61 Apr/1995 - Dec/2012 75% 

El Arenosillo 37.10 -6.73 41 Jan/1998 - Dec/2012 85% 

 95 

 96 

 97 
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Brewer instruments are type MK‐IV (single monocromator), except the Brewer MK‐III 98 

(double monocromator) located at El Arenosillo. The quality of the TOC data provided 99 

by the Spanish Brewer Network is ensured due to the periodic checks and tests. 100 

Furthermore, intercomparisons with the traveling references Brewer 017 from the 101 

International Ozone Services (IOS) and the Brewer 185 from the Regional Brewer 102 

Calibration Centre–Europe (RBCC-E) are performed every 2 years, guarantying that the 103 

ozone calibration of all Spanish Brewer spectrophotometers is traceable to both the triad 104 

of international reference Brewers maintained by Environment Canada at Toronto 105 

(Fioletov et al. 2005) and the AEMet-Izaña instrument. In this sense, the estimated 106 

uncertainty of the TOC data obtained through the direct sunlight measurements is about 107 

1%. As these instruments of the Spanish Brewer Network are  properly calibrated and 108 

regularly maintained, they have the potential to maintain a precision of 1% over long 109 

periods of time (WMO 1996). More details about the calibration process and the 110 

reliability of the TOC data used in this study were described by, e.g., Antón et al. (2010) 111 

and the references there in. 112 

 113 

2.2. Reanalysis data and tropopause characteristics 114 

The tropopause temperature (TROT), pressure (TROP), height (TROH) and double 115 

tropopause (DT) events used in this study have been calculated from the ERA-Interim 116 

reanalysis data. This is the new reanalysis produced by European Centre for Medium-117 

Range Weather Forecasts (ECMWF) and covers the period from 1979 to the present 118 

day. ERA-Interim uses 4D-variational analysis on a spectral grid and a hybrid vertical 119 

coordinate system with 60 levels. Further details were given by Simmons et al. (2007) 120 

and Dee et al. (2011). We have chosen ERA-Interim because its vertical resolution suits 121 
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better to the analyses of tropopause. The horizontal resolution is a fixed grid of 1.5 by 122 

1.5 degree. 123 

The tropopause is usually located across the abrupt change in the vertical temperature 124 

gradient between the troposphere, where temperature decreases with altitude, and the 125 

stratosphere, where the temperature is constant or increases with height. Thus, the 126 

thermal tropopause is defined from thermal gradient (Γ=-∂T/∂z), applying the standard 127 

definition of the World Meteorological Organization (WMO, 1957): the thermal 128 

tropopause corresponds to “the lowest level at which the thermal gradient decreases to 129 

2ºC/km or less, provided that the average thermal gradient between this level and all 130 

higher levels within 2 km does not exceed 2ºC/km”. As the thermal-based criterion is 131 

designed to locate transition points in the thermal structure and not quasimaterial 132 

surfaces, it also allows for multiple tropopauses. Thus, following the WMO, “if above 133 

first tropopause, the average lapse rate between any level and all higher levels within 1 134 

km exceeds 3ºC/km, then a second tropopause is defined by the same criterion than first 135 

tropopause. This tropopause may be either within or above the 1 km layer”. The 136 

requirement of a minimum depth of 2 km in the first tropopause definition and a range 137 

of pressure levels below 700 hPa in the thermal gradient for searching the tropopause 138 

are demanded to minimize the influence of outliers in the temperature profile and the 139 

misinterpretation with lower or mid-troposphere inversions. 140 

The TROP is calculated from thermal gradient (Γ), using the methodology proposed by 141 

Reichler et al. (2003), especially created for reanalysis data. To obtain the TROT, an 142 

interpolation of temperature profile to value of (TROP)κ (where κ=R/Cp, R denotes the 143 

gas constant for dry air and Cp the specific heat capacity of air at constant pressure) is 144 

carried out. The TROH is calculated by vertically integrating the hydrostatic relation: 145 
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 146 

where h0 is the height of the orography, R is the specific gas constant, g is the 147 

acceleration due to gravity, pTP is tropopause pressure, psfc is surface pressure, T is the 148 

temperature calculated from average virtual temperature and p is the pressure in each 149 

atmospheric level. 150 

 151 

 152 

2.3. NAO index data 153 

Atmospheric circulation affects the levels of atmospheric ozone because of the presence 154 

of different phenomena and conditions. The North Atlantic Oscillation (NAO) governs 155 

the atmospheric circulation mode in the Euro-Atlantic sector. It is defined as the 156 

pressure difference at sea level between Iceland and Azores Islands. The NAO controls 157 

the direction and intensity of the westerly tropospheric jet stream over the Atlantic 158 

(Orsolini and Limpasuvan, 2001). Positive NAO index produces higher tropopause 159 

pressure at high latitudes and lower mid-latitudes. During this phase, the enhanced 160 

pressure difference between the subtropical area and Iceland produces air masses 161 

crossing the Atlantic Ocean northwards. As a consequence, lower ozone values over 162 

Europe are produced. The opposite occurs in the NAO negative phase (Appenzeller et 163 

al., 2000; Orsolini and Doblas-Reyes 2003).  164 

To evaluate daily values of NAO index we proceed as follow: Empirical Orthogonal 165 

Functions (EOF) of the geopotential at 1000 mb over an Atlantic area, from 20ºN to 166 

90ºN and from 60ºW to 40ºE, were calculated using seasonal winter (December, 167 

January and February) data, which were weighted by the root squared of the latitude. 168 

The first EOF that explained more than 40% of the variability was selected. The 169 



9 
 

projection of the daily field onto the first EOF gives out the sought daily NAO index. 170 

(e.g., Blessing et al. 2005; Johansson 2007). 171 

 172 

2.4. Methods 173 

From the daily TOC data, monthly averages are calculated when, at least, 10 days of the 174 

selected month present ozone data. As was shown by, e.g., Palancar and Toselli (2004), 175 

the frequency distribution of the change in TOC between two consecutive days peaks at 176 

0 DU. Hence, with the threshold of 10 days, the monthly mean can be considered as 177 

representative. With respect to the yearly TOC averages, analyzing the TOC annual 178 

cycle (e.g., de Miguel et al. 2011), they are calculated when daily data is over 70% of 179 

whole year.  180 

To establish a relationship between TOC and the different variables used in this study, 181 

the linear fits in the form Y = a + b X were used. The correlation coefficients (r) and the 182 

95% confidence intervals are evaluated (95%CI). 183 

In order to homogenize as much as possible the obtained results among the five stations 184 

used in this study, the monthly standardized anomalies (SA) of TOC were evaluated by 185 

the following expression: 186 

 187 

 (2)    188 

 189 

where TOCi is the monthly value,  is the standard deviation for this month, and 190 

TOCmonth is the monthly average over the period between 2002 and 2012. This selection 191 
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was made attending to the largest common period among the five ground-based stations 192 

used in this study. With this selection, the SA values are directly comparable among 193 

them.  194 

The Mann-Kendall nonparametric test is used at the 95% confidence interval in order to 195 

check the significance level of the linear trends. The criterion to determine the 196 

significance of the results obtained in the section dedicated to the double tropopause 197 

events is based on a Montecarlo test, and the 95% confidence interval is required to be 198 

classified as statistically significant.  199 

 200 

3. Long-term TOC evaluation over the Iberian Peninsula 201 

The temporal evolution of the yearly TOC values over the five measuring sites is 202 

plotted in Figure 1. As main results, evolution of the maximum and minimum values, 203 

and increasing/decreasing trends of yearly TOC seem to be in agreement at the five 204 

ground-based stations. Northern and Central stations (A Coruña, Zaragoza, and Madrid) 205 

presented larger TOC than the Southern stations (Murcia and El Arenosillo). This 206 

difference between Northern and Southern stations was also observed in Portugal by 207 

Antón et al. (2011a; 2011b). As was noticed by previous studies mentioned above, 2010 208 

was a year with very high levels of TOC at northern mid-latitudes. Over the Iberian 209 

Peninsula, we also observed very high levels of TOC this year, and also in 2003 210 

(particularly at A Coruña station). These maximum TOC values can be understood as 211 

the mixed of global circulation effects with a predominant negative phases of NAO and 212 

QBO. As regards the absolute minimum values, they were achieved at mid-1990s, the 213 

beginning of the analyzed time interval, with annual values <310 DU at Madrid and 214 

Murcia stations. For instance, the low TOC levels in 1997 and 2011 can be related to a 215 
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positive NAO contribution together with the easterly phase of QBO. Krzyscin (2012) 216 

also noted an extreme ozone loss at high latitudes of the Northern hemisphere at the 217 

beginning of 2011 explained by a low stratospheric temperature and a strong positive 218 

phase of the Arctic Oscillation.  The linear TOC trends of the five series were 219 

determined, and only Madrid station showed a statistically significant trend (>95% of 220 

significance level) of +9.3 DU per decade between 1993 and 2012.  221 

To minimize the impact of the ozone annual cycle, Figure 2 shows the monthly 222 

standardized anomalies of TOC values at the five stations. The five curves follow 223 

similar pattern, particularly at certain periods. For instance, during 2003 (at the 224 

beginning of the year) and 2010, just the same years mentioned above, the SA were 225 

positive with monthly values even larger than +1. The five curves also show negative 226 

values in 2011. Hence, the events mentioned before in the yearly TOC values can also 227 

be seen in  the monthly SA. Looking at the SA temporal evolution shown in Figure 2, 228 

temporal trends were evaluated for the common period among the five stations, i.e., 229 

between 2002 and 2012. The results obtained show three statistically significant 230 

temporal trends around -0.5 SA-units per decade for Madrid, Murcia, and A Coruña 231 

stations. Analyzing the two longest data series, Madrid and Murcia, the temporal trends 232 

obtained for these stations were 0.36 and 0.24 SA-units per decade, respectively, for 233 

1991-2012 and 1995-2012, respectively. The positive trends can be understood because 234 

the lowest TOC values at the northern mid-latitudes occurred at the beginning of the 235 

1990s, which are mainly attributed to the effects of the Mt. Pinatubo eruption (e.g., 236 

WMO, 2011). All these temporal trends complete those determined over the Iberian 237 

Peninsula before 2010 (Antón et al. 2011a, 2011b). The decrease of the TOC levels 238 

(negative anomalies) observed at the end of the period (between 2011 and 2012) 239 

reduces the values of the trends. For instance, the trend obtained for Madrid station 240 
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between 1991 and 2012 was 0.36 SA-units per decade, while the one for the period 241 

between 1991 and 2010 was 0.6 SA-units per decade. The period following the high 242 

TOC levels in 2010 has received much attention due to the severe Arctic polar ozone 243 

depletion in spring 2011. The Arctic polar vortex showed low temperatures and high-244 

speed zonal winds, and it was associated with a weak stratospheric wave activity and a 245 

strong positive phase of the Arctic Oscillation. All these effects caused an enhanced 246 

ozone chemical loss greater than 80% (Arnone et al. 2012; Krzyscin 2012; Hu and Xia 247 

2013).  248 

 249 

4. Relationship between TOC and tropopause   250 

In order to look for a relationship between total ozone column and the tropopause 251 

characteristics in the last twenty years over the Iberian Peninsula, we performed 252 

analyses between daily TOC and tropopause pressure (TROP) . The following linear fit 253 

is evaluated using all the daily values for each one of the twelve months for the time 254 

periods shown in Table 1: 255 

 256 

  (3) 257 

 258 

The results of the monthly linear fits of equation (3) are shown in Figure 3. As it can be 259 

seen, the slope of the linear fit, the rate of change in TOC for change in the tropopause 260 

pressure, exhibits a clear seasonal pattern: p2 presents values around 0.6 DU hPa-1 in the 261 

first five months of the year, beyond this month the influence of the tropopause pressure 262 

is weaker with minimum values around 0.2 DU hPa-1. This pattern is linked to the 263 
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variability of ozone through the year. Antón et al. (2010) studied the day-to-day TOC 264 

variations over Madrid finding the maximum rate of change between January and April 265 

(~8%) while the minimum (~2.5%) during summer months. This fact is attributed to the 266 

pass of synoptic weather systems at middle and high latitudes and the decrease in the 267 

planetary wave activity in summer (e.g., Vaughan and Price 1991). In this case, there is 268 

not influence of the geographical position on the obtained results.. Analyzing the values 269 

of the correlation coefficient (r) for equation (3), Figure 3b, the variations in the 270 

tropopause pressure can explain between the 40% and 80% of the variations in TOC 271 

values.  272 

The linear fits between TOC and other tropopause characteristics were also analyzed. 273 

The results obtained for the linear fits between TOC and tropopause height, and TOC 274 

and tropopause temperature are very similar to the TROP fit. Tables 2 and 3 shows the 275 

statistical estimators for the linear fits with annual values at the five stations.  276 

 277 

 278 

 279 

Table 2. Annual statistics of TOC = h1 + h2 TROH. 280 

Station r 95%CI h2 (DU km-1) h1 n 
A Coruña -0.58 (-0.60,-0.56) -16.2 546.6 3803 
Zaragoza -0.55 (-0.57,-0.53) -13.1 563.1 3406 
Madrid -0.50 (-0.52,-0.48) -11.1 540.8 5878 
Murcia -0.47 (-0.49,-0.45) -8.7 451.0 5630 

El Arenosillo -0.34 (-0.37,-0.31) -7.7 420.0 4630 
 281 

 282 
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 283 

 284 

 285 

Table 3. Annual statistics of TOC = t1 + t2 TROT. 286 

Station r 95%CI t2 (DU K-1) t1 n 
A Coruña 0.44 (0.41,0.47) 3.10 -336.49 3803 
Zaragoza 0.50 (0.47,0.52) 3.69 -464.23 3406 
Madrid 0.49 (0.47,0.51) 3.27 -379.60 5878 
Murcia 0.50 (0.48,0.52) 3.12 -343.94 5630 

El Arenosillo 0.41 (0.39,0.43) 3.08 -338.09 4630 
 287 

 288 

The results obtained in this study (Figure 3 and Table 2) were compared with the 289 

reported by earlier studies. For instance, Hoinka et al. (1996) analyzed TOC values over 290 

Hohenpeissenberg site against tropopause pressure data above Munich for different 291 

subsets in the period 1974-1993. They obtained a seasonal pattern of the correlation 292 

coefficients with larger values in spring (between 0.50 and 0.66) and smaller in winter 293 

(between 0.38 and 0.49). Analyzing our seasonal results, we obtained r values over 0.63 294 

in spring and below 0.46 in winter. The slopes of the linear fits with the tropopause 295 

height obtained by Hoinka et al. (1996) ranged between 13 and 18 DU km-1, around the 296 

middle annual  value obtained in this study at A Coruña station. Steinbrecht et al. (1998) 297 

analyzed the same rate for two different month intervals: May-June-July and 298 

November-December-January. They obtained h2 = -16.3 DU km-1, and h2 = -15.7 DU 299 

km-1, respectively. In our study, for instance, at A Coruña station: h2 = -22.7, -22.2, -9.0, 300 

and -7.4 DU km-1 in winter, spring, summer, and autumn, respectively. Our results for 301 

the northern stations (A Coruña, Zaragoza, and Madrid) are slightly smaller than the 302 
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obtained by these authors. Larger differences are obtained with respect to the Southern 303 

stations (Murcia and El Arenosillo), with an annual h2 < 9 DU km-1. 304 

With respect to the TROT, the correlation coefficient exhibits a weak dependence 305 

through the year, with slight smaller values during winter season. Overall, its values 306 

range between 0.35 and 0.8, with an annual average around 0.5. However, the behavior 307 

of the linear fit slopes (t2) exhibits a seasonal pattern, similar to p2, being the TROT 308 

influence stronger in winter and spring.  309 

Once the relationship between the tropopause and TOC values is proved, the connection 310 

between global circulation patterns and TOC is searched. Gallego et al. (2005) found 311 

the North Atlantic Oscillation as the principal mode of climatic variability modulating 312 

the climate of the Iberian Peninsula. Hence, daily values of the NAO index were used in 313 

this section. The relationship between daily NAO and TOC were evaluated and 314 

seasonally averaged (see Table 4). A Coruña site exhibits the strongest influence of the 315 

NAO. At this station, the largest correlation was achieved in winter, being the 316 

variability in the TOC explained up to 38% by the NAO. On average over the Iberian 317 

Peninsula, NAO can explain up to 30% of the TOC variability in winter. This figure 318 

substantially decreases for the other three seasons. These results, obtained using ground-319 

based data, can be compared with previous studies using satellite or reanalysis data. 320 

Ossó et al. (2011) found a correlation coefficient around -0.2 during wintertime for the 321 

Iberian Peninsula region. These authors reported a positive sign of the relationship using 322 

the summer NAO index, however this result is not verified with our database. A weak, 323 

but still negative, relationship between NAO and TOC in summer was observed. 324 

Appenzeller et al. (2000) obtained a winter correlation less than -0.5 for the Iberian 325 

Peninsula. One of the reasons behind the relationship between TOC and NAO index is 326 

the effect of this index on the tropopause (see, e.g., Ambaum and Hoskins 2000). Other 327 
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global phenomena, such as the Polar Vortex, QBO, and ENSO can also affect the TOC 328 

levels (e.g., Brönnimann et al., 2004; Barriopedro et al. 2010; Frossard et al. 2013; 329 

Rieder et al., 2013). 330 

 331 

Table 4. Correlation coefficient (r) between daily NAO and TOC. Only significant r 332 

values are shown. 333 

 Winter Spring Summer Autumn Annual 
A Coruña -0.38 -0.16 -0.10 -0.22 -0.33 
Zaragoza -0.17 - -0.15 - -0.19 
Madrid -0.33 - -0.09 -0.11 -0.24 
Murcia -0.28 -0.11 -0.13 -0.11 -0.28 

El Arenosillo - - -0.1 0.09 -0.13 
 334 

 335 

 336 

 337 

5. Double Tropopause events and TOC 338 

Previous studies (Randel et al. 2007; Pan et al. 2009; Peevey et al. 2012; Castanheira et 339 

al. 2012) proved that episodes of subtropical air (with a smaller ozone mixing ratio) 340 

intrusions above the extratropical tropopause produce a modification of the vertical 341 

profiles of atmospheric ozone. As was noticed by Randel et al. (2007), these episodes 342 

with a double tropopause (DT) occur frequently over midlatitude regions of both 343 

hemispheres, with a higher likelihood of occurrence during winter in the northern 344 

hemisphere (Peevey et al. 2012). Castanheira et al. (2012) found negative correlations 345 

between the area covered by DTs and TOC. As our study region is placed in the latitude 346 
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belt of a high relevance of DT events, we analyzed the effect of the presence of double 347 

tropopause in the long-term ground-based measurements of TOC.  348 

For each month, we classified each day of the time period by the presence (2TRO) or 349 

absence (1TRO) of double tropopauses in the atmosphere. Hence, each seasonal value 350 

can be obtained by 351 

 352 

 353 

  354 

   where TOCseasonal is the seasonal TOC average, TOC2TRO is the ozone average value 355 

for the days with DT events (n2TRO), and TOC1TRO is the mean ozone for the days 356 

without DTs (n1TRO), and nday is the total number of days with TOC data for each 357 

season. 358 

 359 

We can evaluate the weight with respect to the seasonal average TOC of the DTs events 360 

using the following scheme: 361 

 362 

 363 

 364 
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In addition, to quantify the effect that the second tropopause introduces in the TOC 365 

value, the relative difference between TOC2TRO and TOC1TRO (Δ2-1TRO) was calculated 366 

by: 367 

 368 

 369 

 370 

With equations (5) and (6), the weight and the contribution of the DT events can be 371 

determined and quantified for the five stations used in this study. Figure 4 shows the 372 

seasonal values of W2TRO, Δ2-1TRO, and n2TRO. Firstly, the number of cases of DT events 373 

among the five stations differ notably. Northern stations (A Coruña and Zaragoza) 374 

present less number of DT cases. One of the reasons, but not the mainly one, behind this 375 

difference in the number of data is the different time periods analyzed in this study (see 376 

Table 1). In addition, the non continuous dataset in each station can produce 377 

discrepancies in n2TRO. In spite of that, this fact does not produce false estimations of the 378 

impact of the DT events since W2TRO and Δ2-1TRO are relative values. The weight of the 379 

DT events in the seasonal TOC averages can reach 12% and 10%  in winter at El 380 

Arenosillo and Murcia stations, respectively, being the most Southern sites considered 381 

in this study. In addition, the points shown in the figure in winter exhibit a clear 382 

latitudinal pattern with the smallest contribution (~ 4%) at A Coruña station. W2TRO 383 

shows values around 5% at Madrid, Murcia, and El Arenosillo stations in spring. 384 

Beyond this point, in summer and autumn, the number of cases drastically diminishes 385 

and the influence is almost negligible. For instance, the larger amount of DT events in 386 

autumn is 12 at Murcia station, and the minimum is 3 at Zaragoza station. The statistical 387 
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significance of these results was analyzed by a Montercalo test (see section 2). The five 388 

stations exhibited significance for the results of winter and spring, just the months with 389 

a higher occurrence of these events. With respect to Δ2-1TRO, the negative values of this 390 

variable during winter and spring point out the smaller amount of ozone in the DT 391 

events. The TOC average value in the cases with DTs is 10% lower than the cases with 392 

only one tropopause. In summer and autumn the difference between the two scenarios 393 

decreases, reaching some positive cases at A Coruña and El Arenosillo. Hence, we 394 

verified using ground-based data, the decrease in TOC values when a DT event occurs 395 

described by previous studies (see references above). We identify this impact as 396 

important at seasonal (and monthly, not shown in this study) scale being more relevant 397 

during winter, and clearly latitudinal-dependent also in small belts (in our study, around 398 

8º of latitude). 399 

Due to the relationship between NAO and tropopause, the occurrence of DT events and 400 

the daily NAO value was analyzed. Figure 5 shows the geographical distribution of the 401 

histograms in the DT events presenting positive and negative NAO index. At the five 402 

stations, most of the DT events occur during a NAO positive phase. On average for the 403 

five ground-based stations, 60% of the DT events occurred with positive NAO and the 404 

other 40% with a negative value. During the positive phase, the ozone levels over 405 

Europe decrease and the intrusion of the tropical jet over mid-latitudes can occur. The 406 

relationship between DT and NAO is still under research, and this will be the issue for 407 

further research. 408 

 409 

 410 

 411 



20 
 

6. Conclusions 412 

Long-term TOC data series between 1991 and 2012 are analyzed in this study. Five 413 

ground-based stations placed in a mid-latitude region at the Eastern Atlantic and the 414 

Western Mediterranean areas were used. With Brewer spectroradiometer measurements, 415 

daily, monthly and yearly TOC values are analyzed in detail. Furthermore, reanalysis 416 

data from ERA-Interim are employed to characterize daily NAO, the tropopause by 417 

means of its pressure, height, and temperature, and the events with a double tropopause. 418 

The main conclusions obtained through this study are the following: 419 

 - TOC exhibits a positive significant trend in the period 1993-2012 of +9.3 DU per 420 

decade at Madrid station. The last years of the studied period (2011 and 2012) presented 421 

low TOC levels, leading to a negative trend in the period 2003-2012 for Murcia and A 422 

Coruña stations. - Empirical relationships between TOC and characteristics of the 423 

tropopause (TROP, TROH, and TROT) are established. The linear fits show clear 424 

seasonal and latitudinal dependences. For instance, annual values of the slope in the 425 

correlation between TOC and TROH ranges between -16.2 DU km-1 at A Coruña and -426 

8.5 DU km-1 at El Arenosillo. The results obtained for TROP and TROH are in line with 427 

previous studies. 428 

- The North Atlantic Oscillation pattern can explain more than 20% of the annual TOC 429 

variability over the Iberian Peninsula. This relationship can be understood because of 430 

the effect of NAO on the tropopause. 431 

- The influence of the events with a double tropopause is studied in the Iberian 432 

Peninsula. The contribution of these winter events with respect to the annual TOC 433 

average is around 12% (at the most Southern station, El Arenosillo) and 3% (at the most 434 

Northern station, A Coruña). Spring season shows a maximum contribution ~5% for the 435 
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northern stations, while the DT events are scarce during summer and autumn. Results 436 

for winter and spring are statistically significant by a Montecarlo test. The difference on 437 

the TOC values in a DT event and a 'normal' scenario with a single tropopause achieves 438 

the 10% in winter and spring. Hence, the DT events show a clear latitudinal pattern 439 

even on a belt of 8º of latitude as the Iberian Peninsula.  440 

- The DT events are found to be more frequent with a positive phase of NAO index. 441 

This situation provides better conditions to the intrusion of tropical air above the 442 

extratropical tropopause. 443 

 444 
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 619 

Figure captions 620 

 621 

Fig 1 Temporal evolution of yearly TOC values at the five Spanish stations. 622 

 623 

Fig 2 Monthly SA values at the five stations used in this study. 624 

 625 

Fig 3 a) Slope (p2), and b) correlation coefficient (r) of the relationship between TOC 626 

and tropopause pressure, equation (3). 627 

 628 

Fig 4 Characterization of the DT events influence through the year: a) W2TRO (equation 629 

7), b) Δ2-1TRO (equation 8), and c) number of DT events (n2TRO).  630 

 631 

Fig 5 Frequency of NAO positive ('POS' in red) and negative ('NEG' in green) index 632 

during DT events. 633 

634 
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Fig 1 Temporal evolution of yearly TOC values at the five Spanish stations. 641 
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Figure 2 644 
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Fig 2 Monthly SA values at the five stations used in this study. 646 
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Fig 3 a) Slope (p2), and b) correlation coefficient (r) of the relationship between TOC 651 

and tropopause pressure, equation (3). 652 
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 654 

Figure 4 655 

 656 

Fig 4 Characterization of the DT events influence through the year: a) W2TRO (equation 657 

7), b) Δ2-1TRO (equation 8), and c) number of DT events (n2TRO).  658 
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 660 

Figure 5 661 

 662 

Fig 5 Frequency of NAO positive ('POS' in red) and negative ('NEG' in green) index 663 

during DT events. 664 
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