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Passive samplers are useful tools for helping to describe the ozone distribution in 
complex terrain situations. They are also a good complement to continuous 
monitoring stations. This paper discusses the results of a pilot study that used 
ozone passive samplers to describe the spatial and annual temporal distribution of 
ozone in several forested areas around the city of Madrid. The ozone 
concentrations around Madrid were found to be higher on the elevated sites 
located at a certain distance from the city’s urban zone. A seasonal ozone cycle 
was observed, with maximum concentrations found in the basin in late spring or 
summer depending on the location. The information obtained allowed us to group 
the locations into four classes. Altitude and distance to the city during the 
summer and winter explained the observed ozone concentrations. However, 
during the transition periods, especially in early spring and to a lesser extent in 
autumn, there was not a good correlation between ozone levels and elevation or 
distance from precursor sources. These data strongly suggest that altitudinal 
gradients for ozone are not always the case in the Madrid Basin. 
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INTRODUCTION 
Tropospheric ozone (O3) is a major pollutant resulting from emissions from various sources, 
among them urban traffic through photochemical transformation of nitrogen oxides, carbon 
monoxide, and volatile organic compounds. Over the last 25 years, the Mediterranean Basin has 
become heavily industrialized, and, as a consequence, reports concerning air pollution damage in 
forested areas have increased since the late 1970s[1,2,3,4,5]. Now, it is well known that photo-
oxidants, and especially ozone, are the most important pollutants in Mediterranean countries 
where the particular meteorological conditions are especially favourable to their formation and 
persistence[6]. In several regions of Spain, the dynamics of ozone and other pollutants have been 
documented within several EC-supported projects[6,7,8], showing that the horizontal distribution 
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of air pollutants (i.e., ozone) is nonhomogeneous and that it undergoes seasonal variations and 
marked diurnal cycles in which mesoscale processes play an important role. In the western 
Mediterranean Basin the observed ozone cycles depend strongly on the topographic location of 
the observing station and its relationship to the reservoir layers, the atmospheric circulations 
involved, and the chemical processes along each path. The role of complex topography and 
associated meteorological processes in ozone distribution in mountain areas has been studied in 
several areas[9,10,11,12,13,14]. Most ozone monitoring efforts in complex terrain or remote 
areas have relied on electronic analysers that take continuous measurements. Thus, it can be 
assumed that in complex mountain areas each ozone monitoring station shows a part of the whole 
and could even be considered to represent a specific area, provided that the relevant processes are 
understood for each site and that the site itself has been adequately selected. However, no single 
station can be considered representative of regional processes, much less of the whole situation. 
The knowledge of these meteorological processes has been proven to provide useful information 
to interpret the patterns of distribution of the damage caused by air pollutants in forest 
ecosystems[15]. However, continuous monitors are costly to operate and require power and 
adequate space. It is quite common that there are large distances between continuous monitoring 
stations, making it very difficult to infer the spatial patterns of ozone in complex mountainous 
areas. Interest in passive monitors has recently been rekindled by the need to monitor ozone in 
remote forested areas where there is no access to power, and such monitors show numerous 
advantages[16]. For these reasons, passive samplers are useful tools to describe the ozone 
distribution in complex terrain situations. They are also a good complement to continuous 
monitoring stations. Passive samplers have been tested for other purposes such as use in human 
health studies[17] and in remote natural areas like Mount Rainer National Park[18] and the 
Carpathian Mountains[19].This paper discusses the results of a pilot study that used ozone 
passive samplers to describe the spatial and annual temporal distribution of ozone concentrations 
in several forested areas around the city of Madrid. 
 
MATERIAL AND METHODS 
 
Research Sites 
 
The city of Madrid has a dense Air Pollution Monitoring Network with 24 automatic stations[20]. 
At each station the air is sampled at 2.5 m above the surface and the concentrations of SO2, CO, 
NOx, O3, HC (hydrocarbons), and particles are continuously determined. Since the network was 
designed for air quality control purposes following management criteria, its spatial coverage is 
largely confined to the city itself. It thus produces very limited information on areas in the vicinity 
of the city and the basin, i.e., the total Madrid air basin. This lack of air pollution data in suburban 
and rural areas is especially important when ozone is considered, because ozone levels are higher 
downwind of cities where high emissions of precursors are emitted[7], whereas the ozone 
concentration is depleted inside the city by the excess of precursors[21]. In order to explore the 
spatial distribution of ozone concentrations and the annual temporal ozone concentration 
distribution in the basin at certain distances from the city where forest and natural ecosystems are 
already present, research sites were established at 12 locations around the city of Madrid in spring 
2000 (Table 1). Bulk deposition was also collected on  the same locations for other purposes (data 
not shown). 
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TABLE 1 
Sampling Locations (1–12) and Continuous Monitoring Stations used for Validation and 

Correction of the Experimental Data 
 

Location Nº Co-ordinates Altitude 
(msm) 

Main Tree Species 

Villaviciosa de Odon 1 40º22´11.2´´ N, 3º56´9.5´´ W 670 Populus alba 
Navalgamella 2 40º26´27´´ N, 4º 7´47´´ W 830 Juniperus oxycedrus 
San Martín de Valdeiglesias 3 40º18´37.5´´ N, 4º21´23.7´´ W 900 Pinus pinea, Quercus ilex 
Galapagar 4 40º34´5.9´´ N, 3º58´32.4´´ W 930 P. sylvestris, P. pinaster 
El Escorial 5 40º36´20.5´´ N, 4º9´21.4´´ W 1360 P. sylvestris 
El Ventorrillo 6 40º45´23.1´´ N, 4º1´18.3´´ W 1530 Q. pyrenaica, Q. Ilex 
Miraflores de la Sierra 7 40º48´13.4´´ N, 3º47´30.8´´ W 1280 Q. pyrenaica 
Braojos 8 41º3´50.6´´ N, 3º38´49.7´´ W 1450 P. halepensis 
Belvis de Jarama 9 40º33´45.4´´ N, 3º32´51.4´´ W 650 Q. ilex 
Valdeaveruelo 10 40º38´4.1´´ N, 3º18´37.6´´ W 820 Q. ilex 
Belmonte del Tajo 11 40º6´57.5´´ N, 3º19´15.8´´ W 790 Q. ilex, P. halepensis 
La Marañosa 12 41º31´8.8´´ N, 3º35´52.5´´ W 698 P. halepensis 
Morella M1 40º38´16.2´´N, 0º5´28.2´´ W 1156 Q. ilex 
Gandía  M2 38º58´22.2´´ N, 0º9´58.5´´ W 12 - 
Benifaió M3 39º17´12.6´´ N, 0º26´30.3´´ W 32 Citrus sinensis 
 
Ozone Monitoring 
 
Average ambient concentrations of ozone were measured with Ogawa and Co., Inc. passive ozone 
samplers. Each sampler consists of a small Teflon cartridge containing two nitrite-coated filters. 
Air diffuses through steel mesh grids which hold the filters in place. In the presence of ozone, the 
nitrite is oxidized to nitrate, and after the exposure the filters are analysed for total nitrate 
concentration. The 2-week averages of ozone concentrations (ppbv) were calculated as suggested 
by Koutrakis et al.[22] . The samplers were exposed to ambient air over a 15-day period. The 
measurements were carried out from 15 April 2000 to the end of March 2001. At two stations of 
the Valencian Community Air Quality Network (M1, M2) and at the CEAM OTC experimental 
field (Benifaió, M3), ozone was measured with passive samplers accompanied by continuous 
monitors during the same time period. Ozone passive samplers at these locations were calibrated 
against Dasibi 1008RS ozone monitors that were, in turn, calibrated once a month. The results of 
these calibrations were used for correcting ozone concentrations for the remaining passive 
samplers in the Madrid network. Three blanks were shipped with the samplers to test for transport 
problems, and the samplers were then kept in the office of the DGCN (Ministry of the 
Environment) in Madrid during the exposure period.    
 
Data Analysis 
 
The 2-week average ozone concentrations were calculated for each passive sampler location (ppbv). 
Sampler precision corresponded to the percent difference between replicate samplers at each site.     

Sampler accuracy was determined by comparing passive sampler values with the continuous 
analyser hourly averages for identical sampling periods. Plotting both 2-week averages (from the 
monitors and the passive samplers), a linear regression equation was obtained (SPSS+), which 
was later used for corrections. Ozone passive sampler values were plotted against elevation and 
distance to the city to detect if there was a relationship between them (SPPS+). Independent 
simple linear regressions for each period and location for elevation and distance were calculated, 
as was a multiple linear regression including both variables to explore better fits. 
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FIGURE 1. Map of the locations: Class I (red), Class II (orange), Class III (light blue), and Class IV (blue). 
 
 
 
RESULTS AND DISCUSSION  
 
Validation of the Ozone Passive Samplers 
 
The mean ozone concentration determined from the blanks during the sampling period was 
0.3159 ± 0.2520 ppbv. The precision of the pairs of ozone samplers was estimated as 1.6751 ppbv 
(maximum 14.7177 and minimum 0.0001), with an average variation coefficient of 6% during the 
study period (maximum 20% and minimum 0%). Linear regression analysis was used to compare 
ozone measurements by passive sampler and by continuous monitoring (Dasibi 1008RS). The 
regression equation gave a slope close to 1 (1.035 ± 0.020 ppbv) with a y-intercept of 0 (Fig. 2). 
The correlation coefficient for 30 measurements over the 2-week sampling periods was r2 = 0.995 
and was evenly distributed over the study period. Data were corrected using the equation to 
produce the final results. 
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FIGURE 2. Linear regression between the passive sampling and the continuous monitor concentrations for locations M1, M2, and 
M3. Lines indicate 95% confidence interval. 
 
Spatial  Distribution of Ozone Within the Basin 
 
The passive sampler locations were grouped into four classes as a function of the distance to the 
downtown urban area and the altitude. The 2-week average ozone concentrations generally 
increased with altitude and distance away from the urban area, and determined the class. Class I 
(Fig. 3) comprises locations 4 to 8. These were locations with altitudes higher than 1000 msm and 
at a certain distance from the urban area; they are on the south-facing slopes of Madrid’s 
northwest mountains, where the highest photochemical oxidant production was expected. Class II 
(Fig. 4) comprises the locations that are in the “Rampa” of Madrid: smooth, prolonged slopes 
facing south at the southwest of Madrid and located closer to the city. Classes III (Fig. 5, 
locations 9 and 10) and IV (Fig. 6, locations 1, 11, and 12) are locations on the bottom of the 
basin, north and south-southwest of the city respectively, where precursor emissions are still very 
high and/or ozone formation has not yet taken place completely. Maximum values were found on 
Class I locations, with the highest value being 71 ppbv in Braojos (location 8). The lowest ozone 
value was 47 ppbv in Villaviciosa (location 1, Class IV). Class I location values oscillated 
between 14.5 and 71 ppbv.  Class II locations varied between 11.7 and 63 ppbv, Class III between 
8.5 and 63 ppbv, and Class IV between 8.5 and 51.8 ppbv. The maximum 2-week ozone values 
observed are considered high to moderately high when compared with other areas such as the east 
coast of Spain (Sanz, data not published).  
 
Temporal Evolution of Ozone Concentrations Throughout the Year 
 
During the study period considered, two main ozone peaks were observed at all locations: one in 
late spring and one in midsummer with a temporal decay in July (Figs. 3 to 6). The same type of 
behaviour has been observed at other monitoring networks on the east coast of Spain[14] where 
only electronic monitors are used. Thus, passive ozone sampling appears to be a useful tool 
for studying the annual temporal variation in ozone concentrations over the year when 2-week  
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FIGURE 3. Ozone 2-week averages (ppbv) for all Class I locations from mid-April 2000 (April 2) to end of March 2001 (March 2).  

 
 

 
FIGURE 4. Ozone 2-week averages (ppbv) for all the Class II locations from mid-April 2000 (April 2) to end of March 2001 (March 
2). 
 
periods are considered. Class I to III locations show higher values in midsummer than in late 
spring, except for Belvis (Class III). This location is close enough to Madrid and presents an 
elevation low enough (650 m.s.m) to be considered a transition location between Classes III and 
IV or to be included in class IV. On the other hand, Class IV stations (locations 1, 11, and 12) 
show an absolute maximum in late spring instead of midsummer.   

For all the passive sampler locations, minimum ozone values are found during winter, in 
January, as expected. Values ranged from 8.5 to 16.8 ppbv, with the Class I locations showing the 
highest values . The high ozone values observed at high elevations probably result from the fact 
that such locations are influenced most of the time by the reservoir layers generated by valley 
recirculations or long-range transport[7]. In fact, the presence of atmospheric layers with tem- 
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FIGURE 5. Ozone 2-week averages (ppbv) for all the Class III locations from mid-April 2000 (April 2) to end of March 2001 (March 2). 

 
FIGURE 6. Ozone 2-week averages (ppbv) for all the Class IV locations from mid-April 2000 (April 2) to end of March 2001 (March 2). 
 
peratures close to the adiabatic lapse rate was detected in other studies over the Madrid Basin in 
July 1989[7], July 1994, and 1995[23]. Thus, the decoupling between upper and lower stations 
may occur more often in winter when the altitude of the inversion layer is lower. During the 
warmer seasons, a combination of two types of processes may be responsible for the gradients 
observed: (1) photochemical production with increasing distance from the source of 
precursors[21] combined with local transport of the air mass within the basin as a result of the 
recirculations[14], and (2) the existence of reservoir layers aloft generated during previous days 
or long-range transport[6]. Topography drives the circulation patterns in the basin, with the 
strength of the up-slope winds dependent on solar radiation heating of the slopes and the 
properties of the surface during the day. At night, down-slope drainage flows are established. 
Depending on the valley or basin aspect, the cold air can accumulate on the bottom or keep 
flowing toward other areas[24]. Thus, the correlation between the 2-week ozone averages 
and elevation is not always good over the entire year (Table 2) because the processes mentioned 
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TABLE 2 
Slope, Origin Ordinate, and Regression Coefficient ( r2) between Ozone 2-Week Average 

Distance and Elevation*  
 

 Regressions – 
Elevation 

 Regressions – Distance to the 
City  

 Multiple Regression 

 
Period 

 
Slope 

a 

Origin 
ordinate 

c 

 
r2 

 
Slope 

b 

Origin 
ordinate 

c 

 
r2 

  
Slope  

a 

 
Slope  

b 

Origin 
ordinate 

c 

 
r2 
 

April 2 0.0146 21.784 0.2823 0.4054 20.266 0.5339  -0.0010 0.4212 20.670 0.7313 
May 1 0.0118 22.418 0.2703 0.3508 20.336 0.5802  -0.0027 0.3911 21.390 0.7656 
May 2 0.0127 23.048 0.6668 0.2404 26.154 0.5859  0.0086 0.1099 22.756 0.8490 
June 1 0.0011 57.145 0.0009 0.0389 53.892 0.0277  0.0045 -0.0297 52.114 0.2782 
June 2 0.0102 37.325 0.4211 0.2376 38.094 0.5571  0.0032 0.1890 36.829 0.7585 
July 1 0.0108 32.948 0.3921 0.2442 34.030 0.4908  0.0040 0.1840 34.464 0.7168 
July 2 0.0141 32.215 0.1401 0.3115 33.965 0.7896  0.0059 0.2218 31.628 0.8993 
August 1 0.0195 39.709 0.6833 0.3977 43.431 0.6913  0.0110 0.2310 39.103 0.8863 
August 2 0.0189 27.357 0.6563 0.4236 29.416 0.8057  0.0073 0.3129 26.535 0.9212 
September 1 0.0176 35.292 0.5231 0.4090 36.639 0.6903  0.0056 0.3244 34.443 0.8445 
September 2 0.0237 21.797 0.6294 0.5357 24.195 0.7863  0.0088 0.4027 20.737 0.9078 
October 1 0.0224 23.858 0.6584 0.4761 27.310 0.7276  0.0108 0.3117 23.036 0.8916 
October 2 0.0216 10.053 0.6413 0.4363 13.653 0.8462  0.0062 0.3524 11.016 0.9317 
November 1 0.0199 11.871 0.7655 0.3287 18.051 0.6720  0.0136 0.1448 12.267 0.9050 
November 2 0.0200 2.8942 0.8392 0.3633 8.4462 0.6751  0.0150 0.1362 2.534 0.9384 
December 1 0.0146 4.7527 0.6603 0.2875 7.9066 0.6260  0.0090 0.1509 4.357 0.8580 
December 2 0.0144 3.5855 0.7133 0.2424 7.8499 0.6535  0.0093 0.1170 3.902 0.8808 
January 1 0.0072 4.8938 0.7511 0.1426 6.4452 0.7145  0.0044 0.0753 4.698 0.9159 
January 2 0.0136 21.895 0.3838 0.2712 24.302 0.4932  0.0043 0.2131 22.478 0.7134 
February 1 0.0166 12.698 0.5927 0.2459 18.913 0.4201  0.0143 0.0530 12.841 0.7751 
February 2 0.0171 15.445 0.6752 0.3371 19.114 0.6422  0.0105 0.1780 14.970 0.8682 
March 1 0.0091 26.017 0.1685 0.2422 24.538 0.2893  0.0004 0.2367 24.395 0.5380 
March 2 0.0119 34.254 0.4049 0.2596 35.352 0.4691  0.0100 0.0799 33.259 0.6499 

            

                       [O3] = a*elevation + c [O3] = b*distance + c [O3] = a*elevation + b*distance + c        
 
*Also shown are the coefficients for the lineal multiple regression and r2 when both factors (elevation and distance) are 
considered. 
 
above are different for different periods of the year. In summer and early winter, for example, the 
r2 is higher (>0.5) than in spring and late winter (Fig. 7). When distance to the city is considered, 
similar results to the ones found for elevation are observed (Fig. 7). There is a good correlation 
between the ozone concentration and distance, but not all year. If both factors are combined, the 
r2 from the multiple linear regression improves substantially (Table 2), but again the correlation is 
not good for all periods. Correlation with distance is better than correlation with elevation in 
summer, and the other way around in winter. 
 
CONCLUSIONS 
 
The results of this study show that the use of passive samplers can help to delimit air pollution 
zones in relation to ozone in a feasible and cost-effective way in relatively large areas. Around 
Madrid, concentrations of ozone are higher on the elevated sites at certain distances to the city 
and urban areas. There is a seasonal cycle, with maximum ozone concentrations occurring in the  
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FIGURE 7.  R2 of the Table 2 regressions throughout the sampling period: distance (red circle), elevation (blue circle), and 
combination of both (black circle). 
 
 
basin in late spring or summer depending on the locations. The information obtained allowed us 
to group the locations into four ozone classes. The ozone concentrations observed in summer and 
spring can be considered high and likely to produce injury to susceptible vegetation when 
compared with similar studies in other areas[18,19]. The complex topography of the Madrid 
Basin can explain the results obtained in this pilot study, which suggests that it would be useful to 
place one or two continuous ozone monitors at the higher elevations to better interpret the data 
from the passive samplers. Altitude and distance to the city can explain the observed 
concentrations during the summer and winter, whereas no single equation can be used to predict 
ozone values over the year. During the transition periods, however, especially in early spring and 
to a lesser extent in autumn, there is not a good correlation between elevation or distance. The 
data from the pilot study strongly suggest that altitudinal gradients for ozone are not always the 
case.  
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