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Introduc+on	
  

•  Ozone (O3) is toxic for humans, animals, plants and materials 

•  The 1999 Gothenburg Protocol to the LRTAP Convention, amended in 
2012 (UNECE, 2012), Objectives 

•  Thresholds to protect plants: AOT40, Phytotoxic Ozone Dose (PODy) 

•  ICP Forests WG AAQ data series since 2000 for O3 concentrations and 
since 2002 for visible symptoms 

•  Total of 152 plots from 18 countries  
(max. in 2009) 

•  Today (2011), 95 Level II plots from  
9 countries 
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Introduc+on	
  

•  O3 precursor gas emissions decreased  
considerably between 2002 and 2011: 

•  NOX emissions -27% 
•  non-methane-VOCs -28% 
•  CO -32% 
•  CH4 -15%   

•  O3 concentrations in the 2002-2011 period do not strongly reflect the 
reductions in emissions of O3 precursors.   

•  Increase of intercontinental transport of O3 and its precursors in the northern 
hemisphere is masking.  

•  Complex plant effects interactions under climate  
change and increasing drought  

Source:	
  EEA,	
  2014	
  &	
  NOAA-­‐NCDC	
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Objec+ves	
  

1)  Spatial trend analysis based on [O3_passive]    

2)  Temporal [O3] trend for 2000-2010  

3)  Comparison of different AOT40 based on different assessment 
methodologies 

4)  Comparison between measured concentration/exposures and 
EMEP estimates 

5)  Symptom occurrence in relation to O3 concentration/AOT40 
respectively	
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Table 1. Number of Level II plots with O3_passive samplers   

[O3_passive]	
  –	
  ICPF	
  data	
  base	
  

Source:	
  ICPF	
  data	
  base,	
  March	
  2014	
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Methods	
  –	
  DQL	
  [O3_passive]	
  
•  Completeness ≥ 80% Apr-Sept (applied) 

•  Completeness ≥ 80% from reported plots (applied) 

•  75% of the data within ± 30% of reference value  
(applied ringtest, Calatayud & Schaub 2009) 

•  CV among replicates ≤ 10% (not applied; mean/three values) 

•  For trend analyses: 

•  Spatial trend: 2009 for all countries 

•  Temporal trend: 2002-2011 for IT, SP, FR, CH 

•  Non-parametric Mann-Kendall test resulting in weighted means 

•  minimum of 5 years with valid data required (applied) 

•  Data from co-located ozone monitors have not been considered yet 
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Results	
  –	
  spa+al	
  O3	
  trend	
  

Figure 1. 2009 [O3_passive] weighted means for plots with a coverage 
≥80% during April-September for 152 plots, 18 countries. 
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Results	
  –	
  spa+al	
  O3	
  trend	
  

Figure 2. 2000-2010 [O3_passive] weighted means for plots with a coverage 
≥80% during April-September and ≥5 years coverage. 
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Results	
  –	
  temporal	
  O3	
  trend	
  

Figure 3. Increasing (25 plots) and decreasing (28 plots) trends of 
ozone concentrations during 2002-2010 with three significant 
(p<0.05) plots (+).  

Country Slope Sign. Nr Plots 

FR 

Decrease NO 9 

Increase NO 2 

IT 

Decrease NO 14 

Increase NO 9 

ES 

Decrease NO 5 

Increase NO 8 

CH Increase 

NO 3 

YES 3 
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Methods	
  –	
  AOT40	
  es+ma+on	
  
•  2000-2002 data from IT, SP, FR, CH 

•  Approaches: (i) Gerosa et al. 2007,  
(ii) Ferretti et al. 2012 and (iii) EMEP 

 
Ferretti et al. 2012 approach: 

•  Rapid, empirical method for estimating weekly AOT40 from [O3_passive] 
•  AOT40season=ΣAOT40weekly=Σ(75.848 * [O3_passive_weekly]- 2462.9)  
•  For [O3_passive_weekly] < 32.47 ppb -> AOT40 is assumed to be 0 
•  No assumptions, no complex modeling technique 

•  Time period June-September 
•  Gap filling: duplication of data from previous weeks to obtain weekly 

concentrations for 18 consecutive weeks  
•  For ES, June-Sept data were estimated from mean Apr-Sept/June-Sept ratio 

from the other countries based on Gerosa et al. 2007 

accumulated over a threshold of 40 ppb). Overall, the weekly

mean ozone concentrations, as recorded by conventional moni-

tors, ranged from 28.0 to 50.5 ppb; weekly measured AOT40

ranged from 467 to 1027 ppb h for the various monitoring

stations.

Weekly mean ozone concentration data were measured by

passive samplers located in 15–20 forest sites distributed over the

entire 6207 km2 of the Trentino region, following a systematic

15 ! 15 km grid and belonging to the Level I International Co-

operative Programme on Assessment and Monitoring Air

Pollution Effects on Forest (ICP Forests) network (for details see

Gottardini et al.6). Measurements covered the period from May

to July of each year (12–14 weeks) (Table 1). Overall, the weekly

mean ozone concentrations recorded by passive samplers ranged

from 43.3 to 90.3 ppb; weekly AOT40, estimated according to

Gerosa et al.,12 ranged from 813 to 4491 ppb h for the various

monitoring stations.

The study was organised as follows:

Firstly, a proof of concept was carried out by investigating the

relationship between the mean ozone concentration and AOT40

using actual data from conventional monitors, which are

expected to be free from major measurement errors. Our inten-

tion here is to avoid the problems that one might incur while

working with passive sampling data alone. The aim of this first

step was to obtain evidence that regression approach is mean-

ingful for calculating AOT40. Due to expected differences in the

diurnal pattern of the ozone concentration (e.g. ref. 15 and 16)

between urban areas (located in the valley bottom in Trentino)

and the rural/forest site (located at a higher elevation – see

above), data from urban and rural/forest sites were analysed

separately. The daily ozone profile of urban areas is character-

ized by an early-to-mid afternoon peak in concentration and

considerable night-time depletion; in rural/forest sites, on the

other hand, the night-time concentration remains high16 (Fig. 1).

The resulting regression functions were used to predict weekly

AOT40 for these sites on the basis of the mean weekly ozone

concentrations.

Secondly, a similar procedure was used to estimate AOT40

from passive monitoring data from Trentino, following Gerosa

et al.12 This step was designed to show how well the results of the

method presented here compare with those obtained with a

recognised modelling technique.9,12 It should be pointed out that

the latter technique requires information on relative elevation

(the difference between the elevation of the monitoring site and

the minimum elevation in a 2.5 or 5 km radius), adoption of a

standard elevation-based ozone profile model,15 and the

assumption that the daily time course of ozone concentrations is

constant over a one-week period.9,12

Thirdly, the method was tested against an independent dataset

of ozone concentrations measured with passive samplers at the

20 Italian permanent monitoring plots of the CONECOFOR

programme (Fig. 2) during the period of May–July 2000

(13 weeks) and for which AOT40 estimates were available.9

Fig. 2 The Trentino region (in grey) and spatial distribution of the 20

Italian permanent monitoring plots of the CONECOFOR programme

where ozone concentrations were measured by passive samplers in the

year 2000.

Fig. 3 Regression functions between ozone concentrations and AOT40 values. (a) Regression functions obtained from conventional monitors at urban

(empty dots, regression line on the left) and rural/forest sites (black dots, regression line on the right). (b) Regression function from passive monitors.

2240 | J. Environ. Monit., 2012, 14, 2238–2244 This journal is ª The Royal Society of Chemistry 2012
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Results	
  –	
  AOT40	
  

Figure 4. Comparison of AOT40 analyses according to Gerosa et al. 
2007 vs. Ferretti et al. 2012. 
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Results	
  –	
  AOT40	
  

Figure 5. Comparison of AOT40 analyses according to EMEP vs. 
Ferretti et al. 2012. 
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Results	
  –	
  AOT40	
  

Figure 6. Comparison of AOT40 analyses according to EMEP vs. 
Gerosa et al. 2007. 
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Results	
  –	
  AOT40	
  

Figure 7. Comparison of AOT40 approaches/values for CH, ES, 
FR, IT.   
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Symptoms	
  –	
  ICPF	
  data	
  base	
  	
  
Table 5. No. of Level II plots with ozone symptom assessment at LESS 
(ICP Forests data base, March 2014).  
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Methods	
  –	
  DQL	
  [symptoms]	
  

•  Data based on LESS surveys 

•  Non-conservative: periennial species ->  
(Conservative: perennial & woody & validated 
only  -> 6 countries, 43 species) 

•  Completeness ≥ 80% of the expected number of  
quadrates (not applied) 

•  Rubus sp. omitted (Rubus sp., Rubus fruticosus group, Rubus idaeus, 
…) 

•  Species and genus mixed, only one count (Cornus sanguinea, Cornus 
sp.) 
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Results	
  –	
  frequency	
  of	
  symptoms	
  

Figure 8. Frequency of number of symtomatic and non-symptomatic 
species per plot in 2002-2010 based on a total of 206 ICPF Level II 
plots. Max. sympt. species = 29 per plot.  
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Results	
  –	
  frequency	
  of	
  symptoms	
  

Figure 9. Frequency of symptomatic (    ) and non-symptomatic 
(   ) species in relation to species diversity, i.e. number of assessed 
species for 2002-2010.  
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Results	
  –	
  symptoms	
  vs.	
  [O3_passive]	
  

Figure 10. Correlation analyses for 2002-2010: %symptomatic species 
vs. weighted means of [O3].  
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Results	
  –	
  symptoms	
  vs.	
  [O3_passive]	
  

Figure 11. Correlation analyses for 2002-2010: %symptomatic species 
vs. weighted means of [O3] with a total of 195 symptomatic species.  
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Conclusions	
  I	
  
1)  For ozone concentrations, neither a spatial nor a temporal trend could 

be found across Europe and for 2000-2010.  

•  For most plots in FR, IT, ES and CH, there seems to be a 
decreasing trend for ozone concentrations – but non-significant.   

•  The significant increase for three Swiss plots needs further 
investigation.  

2)  As demonstrated by the Ferretti 2012 approach, ozone concentration 
serves as a good proxy for AOT40.  

•  While the two approaches from Ferretti 2012 & Gerosa 2007 
correlate quite well (R2 = 0.86), the EMEP model outputs seem to 
overestimate AOT40 estimates from field measurements.  

3)  Frequency of symptom occurrence seems to be highest in central 
Europe. However, influence of species diversity (numbers of species 
assessed) needs further investigation.	
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Conclusions	
  II	
  
4)  Across 2002-2011, there is no significant correlation between ozone 

concentration and % of symptomatic species.  

5)  Possible sources of variation:  

a)  passive ozone devices 
b)  different people (countries & Bundesländer) 
c)  microclimatic conditions (VPD, PAR, SWC) 
d)  site specific species diversity 
e)  presence/absence of sensitive species 
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