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Introduction 

 
1. This report summarizes a study conducted in the United Kingdom by a consortium of 
scientists under the direction of the Chairperson of ICP Vegetation, and funded by the United 
Kingdom Department for Environment, Food and Rural Affairs. The overall aim was to provide a 
comprehensive assessment of the economic effects of ozone on crop yield in Europe and other 
ECE subregions affected by the long-range transport of air pollution using 1990 as a baseline, and 
for 2010 based on three pollution-control scenarios, including the benefits of implementing the 
Protocol to Abate Acidification, Eutrophication and Ground-level Ozone (the 1999 Gothenburg 
Protocol). 
 
2. Previous pan-European analysis has been updated with newly derived dose-response 
functions for 23 crops, using detailed databases to assess crop distribution on a 50 km x 50 km 
basis, taking into account differences in the growing season in different parts of Europe and  
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updating European crop valuations. This approach facilitated a more detailed study of the effects of 
ozone on crop yield than that used by the Task Force on Economic Assessment and Abatement 
Strategies in the negotiations for the Gothenburg Protocol. 
 
I. EXPOSURE-RESPONSE FUNCTIONS FOR YIELD LOSS 
 
3. Data for the derivation of dose-response functions for crops are scarce. Some crops such as 
wheat have been studied extensively, whereas the effects of ozone on the yield of other important crops 
such as sugar beet and grape have attracted only occasional study. Table 1 shows the ranking of 
agricultural production across the European Union, based on its commercial value for 1999. Just over 
50% of the commercial value is associated with animal production (milk, eggs, meat products, etc.), for 
which ozone effects are difficult to quantify. The estimates in chapter IV are based on effects on 23 
agricultural and horticultural crops (listed in table 2), for which response functions have been derived with 
varying degrees of confidence. A crude estimate for the additional economic effects on animal production 
is provided in chapter V. 
 
4. Data on the responses of crops to ozone were collated from over 750 papers in the scientific 
literature. The data used were from experiments where crops were exposed to ozone in open-top 
chambers or in the open field for a whole growing season. Data were included only where the ozone 
conditions were reported as 7h, 8h or 24h means or AOT401. Any other reported ozone parameters 
(e.g. weighted accumulated dose) were considered unusable due to the errors introduced on conversion 
to AOT40. Where the ozone conditions were reported as 7h, 8h or 24h means, they were converted to 
AOT40 using functions derived from the ICP Vegetation pollution database. 
 
5. The yield data presented in the papers ranged from “% of control treatment” to “t ha-1” and were 
all converted to the yield relative to that in the charcoal-filtered air treatment. If no charcoal-filtered air 
treatment was used, the treatment with ambient air was taken as the “control” treatment. Thus, a value of 
1 was applied to the yield in filtered (or occasionally non-filtered) air, and a value below 1 indicated a 
negative effect of ozone on the yield. In the following analysis, each data point represented the mean for 
one treatment/cultivar combination per year; where more than one cultivar was tested, the data for each 
of the cultivars were represented by separate data points. Only the data for well-watered plants were 
included in the analysis. A previous study (Buse et al, 2000) showed that there were no statistically 
significant differences between the data from the United States of America and the European Union for 
each of the crops studied allowing the data to be combined for further analysis. Thus, in this study, the 
relationship between 7h mean ozone and relative yield was determined for the combined EU and United 
States data. 
 
6. Data were excluded from the analysis where the seasonal 7h mean < 29 ppb (the intercept when 
AOT40 was plotted against 7h mean) and > 100 ppb (outside the normal ambient concentration range 
for Europe). Linear regression was used to derive a function for each crop and a unit change in yield per 
ppm.h for use in the economic analysis (table 2). 
 
7. Further statistical analysis revealed that crops could be divided into the following four 
                     
1 The sum of the differences between the hourly mean O3 concentration (in ppb) and 40 ppb for each hour when the 

concentration exceeds 40 ppb, accumulated during daylight hours. 
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distinct groups of decreasing sensitivity to ozone: wheat, soybean, bean, cotton > potato, tobacco, 
sugar beet, oilseed rape and lucerne > rice, maize, grape > oat and barley, with the last two crops 
being considered insensitive at ambient European concentrations.  
 
II. MAPPING OF AGRICULTURAL AREAS AND CROP YIELD DATA 
 
8. The Stockholm Environment Institute in York (SEI) spatially delimited the agricultural areas as 
part of a revision of its land-use map. The updated land cover mapping was completed in discrete data 
layers (forests, semi-natural vegetation, urban, water bodies, etc.), created by combining various existing 
land cover data sets using the most appropriate method of combination. For the delimitation of 
agricultural areas and their linkage to the crop production statistics, three data layers were combined: 
 

Data layers International Geosphere-Biosphere Programme (IGBP) 
Global Land Cover (GLC) agricultural information 

 SEI Land Cover agricultural information 
 Bartholomew County and Nomenclature of regional statistical units 

(NUTS) region boundaries 
 
9. Areas of potential agriculture across Europe were identified by excluding polygons classified as 
forest, semi-natural vegetation, urban and water. The extent of agriculture in the remaining areas was then 
determined by combining the GLC agricultural data with the existing SEI agricultural map. The 
reclassified data contained approximately 250 discrete classes (e.g. cropland (winter wheat, small 
grains)). This spatial database was then combined with the agricultural statistics to obtain an assessment 
of the location, type and yield of 23 crops across Europe. 
 
10. In order to combine the spatial database with the statistical crop information, the agricultural map 
was overlaid with data sets showing the distribution of country boundaries, distribution of European 
NUTS level II areas and the EMEP 50 km x 50 km grid using unique condition modelling. This produced 
a database to which country and specific NUTS information on yield and crop coverage could be 
appended and the results analysed by EMEP grid square. These data were then combined with statistical 
information from the EUROSTAT Agricultural Statistics for EU NUTS Level II and the AGROSTAT 
Agricultural Statistics of the Food and Agriculture Organization of the United Nations (FAO) for the 
remaining countries. Valuation data, on a simple euro/tonne (€ t-1) of crop basis, reflect world market 
prices in 1999. 
 
III. OZONE CONTROL SCENARIOS  
 
11. Crop yield changes were assessed against four of the scenarios used in the negotiations for the 
Gothenburg Protocol: 
 
 (a) 1990 baseline: ozone levels in Europe with emissions of NOx and VOCs at 1990 levels; 
 (b) 2010 reference: ozone levels in Europe with emissions of NOx and VOCs at levels 
forecast for 2010 if all legislation (current and in the pipeline) prior to the Gothenburg Protocol is  
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implemented according to the estimates of the International Institute for Applied Systems Analysis 
(IIASA); 
 (c) Gothenburg Protocol: ozone levels in 2010 with exact compliance against limits set in the 
Protocol; 
 (d) J1: ozone levels in 2010 under the original proposal for the Gothenburg Protocol (that 
would have required a greater level of abatement than was finally agreed). 
 
12. Ozone data were taken from results supplied to IIASA by EMEP, using its model. At IIASA 
they were transformed, providing AOT40 data for four periods of the year, reflecting the growing 
seasons in different parts of Europe (Scandinavia, Mediterranean, Central and Eastern Europe and North 
and North-Western Europe). For the most part, this allocation was straightforward. However, for some 
countries, notably France and the Russian Federation (classified as Central and Eastern Europe), further 
discussion may be needed. 
 
13. The ozone data used in this analysis were on the 150 km x 150 km EMEP grid. The modelling 
system developed in this study can easily be adapted to deal with the higher resolution on a 50 km x 50 
km grid once ozone data are available at that resolution. 
 
IV. ECONOMIC ASSESSMENT OF IMPACTS ON AGRICULTURAL AND 
 HORTICULTURAL CROPS (EXCLUDING ANIMAL PRODUCTION) 
 
14. The analysis of economic losses caused by ozone was conducted by the Atomic Energy 
Authority Technology (AEAT), Culham, United Kingdom. Table 3 summarizes the results by country for 
1990 and the three 2010 emission scenarios. Agricultural and horticultural crop losses are included, but 
any effects of reductions in pasture quality/quantity on animal and milk production are not (however, see 
chap. V). 
 
15. Losses for 1990 were estimated at € 6.8 billion (US$ 6.3 billion) across Europe, falling to  
€ 4.8 billion (US$ 4.5 billion) assuming implementation of the Gothenburg Protocol across Europe in 
2010. The highest losses in crop production for 1990, the reference year, were predicted for France (€ 
1.7 billion, US$ 1.6 billion) and Germany (€ 1 billion, US$ 0.93 billion), with losses of € 0.49 billion 
(US$ 0.45 billion) predicted for Italy. The differences between individual countries reflect the crops 
grown, the level of agricultural production, the timing of crop growth in relation to the months with the 
highest ozone concentration, the climate and location in Europe in relation to emission sources, with those 
countries closest to Central Europe experiencing the greatest losses in production. 
 
16. Table 4 shows the total damage by value for each crop and scenario, and table 5 shows that 
more than half the damage is attributed to wheat (32%) and potato (21%). The other crops for which 
damage accounts for more than 5% of the totals are sugar beet, pulses and grape. Whilst wheat has been 
studied extensively, potatoes and sugar beet have attracted little attention in the past. Further work on 
them is clearly warranted. 
 
17. A more detailed breakdown of the results, by country, emission scenario and crop type is 
provided in the report by Holland et al, 2002. 
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V. CONSIDERATION OF IMPACTS ON THE PRODUCTION OF MEAT AND MILK 
 
18. The exclusion of the economic effects of ozone on the production of meat and milk from the 
analysis may have led to a significant underestimation of the impacts, since these products account for 
more than half of European agricultural production. A preliminary attempt was made to quantify the 
additional losses associated with these products by first assuming no effects on the production of eggs, 
chicken and pigs, where production is not linked to open grazing.  The impact on animals given 
processed feed should be minimal, to the extent that the price of the feed is not affected by wider impacts 
of ozone on agricultural production. These groups account for 18% of production, leaving 33% in the 
categories meat and milk, compared to 49% from crop production. 
 
19. If it is assumed that pasture has average sensitivity compared to the other crops assessed, and 
that changes in meat and milk production are linearly related with changes in pasture production, the total 
damage would rise by 68% (33/49, the share of meat and milk production divided by crop production). 
This would lead to a total damage (i.e. crops + meat + milk) of € 11.4 billion (US$ 10.6 billion) in 1990 
and € 8.1 billion (US$ 7.5 billion) in 2010 under the Gothenburg Protocol, compared to € 6.8 billion 
(US$ 6.3 billion) and € 4.8 billion (US$ 4.5 billion) respectively. This underlines the need to account fully 
for animal production in such assessment. 
 
20. Further refinements of these methods are clearly needed, drawing on the experience of experts in 
animal production. Whilst the figures given here provide a ballpark guide to the possible magnitude of 
impacts, it is quite possible that impacts of ozone on pasture do not lead to any change in meat and milk 
production. With this in mind, it is probably appropriate to quote changes to meat and milk production in 
response to the effects of exposure to ozone as a range from 0 to  
€ 4.6 billion (US$ 4.2 billion) in 1990, and 0 to € 3.3 billion (US$ 3.1 billion) in 2010 under the 
Gothenburg Protocol. 
 
VI. UNCERTAINTY IN THE ESTIMATES OF ECONOMIC LOSSES 
 
21. Although this study is more comprehensive and detailed than any previous one, uncertainties 
remain within the estimated economic losses. Relatively low levels of uncertainty are associated with the 
experimental quantification of dose-response functions, whereas medium uncertainty is associated with 
the extrapolation of such functions to other parts of Europe (e.g. due to climatic differences, cultivar 
choices, etc.), and where data were unavailable for other crops. For each crop, this analysis has taken a 
"level I" approach, having only considered level II factors by changing the timing window for calculation 
of AOT40 on a geographical basis. High levels of uncertainty are introduced by the exclusion of other 
level II factors such as the influence of climatic and soil conditions on ozone uptake/flux, interactions with 
pests, pathogens and pesticides, and interactions with other pollutants. Furthermore, medium-level 
uncertainty can be attributed to the quantification of pollutant dispersion and ozone formation in Europe. 
 
22. Uncertainties in the economic analysis include the influence of the European Union’s policy on 
crop supplements, the application of international prices for valuation, and the characterization of the 
distribution of agricultural productivity. The study has concentrated on effects on yield quantity, but 
economic effects on quality may occur such as grain suitability for bread-making and  
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visible injury on leaf vegetables; these effects also need to be quantified and included in the analysis. 
 
23. If funding were available, a follow-up study could address these uncertainties by macro-analysis, 
sensitivity analysis and the ranking of quantified impacts according to the confidence in which individual 
results are held. 
 
VII. CONCLUSION 
 
24. This comprehensive study has shown that ozone impacts on crops are estimated to reduce 
production by several billion euros per year across Europe. Significant reductions in damage will result 
from implementing existing legislation through to 2010, including implementation of the Gothenburg 
Protocol, though there is scope for further benefit from reducing crop exposure to ozone beyond 2010. 
 
25. A number of areas have been identified for further work. Development of the level II approach 
and inclusion of changes to livestock production are probably the most important. 
 
26. The framework that has been developed will allow predictions of ozone effects on crop 
production to be made with both more accuracy and confidence than has been possible in the past. 
Although the computational demands of the system are high, the flexibility of the framework will permit 
future improvements in data and methods to be factored in very easily. 
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Table 1. Proportion of agricultural production value across the EU attributable to   
  individual agricultural products  
 

Rank Product Share (%) Rank Product Share (%) 
1 Milk 17.3 15 Potatoes 2.2 
2 Cattle 12.7 16 Maize 1.9 
3 Pigs 10.8 17 Olive oil 1.5 
4 Fresh vegetables 8.7 18 Citrus fruit 1.2 
5 Wheat and spelt 6.3 19 Pulses 0.7 
6 Other crops1 6.1 20 Tobacco 0.6 
7 Grape must and wine 5.8 21 Other industrial crops1 0.6 
8 Fresh fruit 4.6 22 Other animal products1 0.5 
9 Poultry 4.3 23 Grape 0.5 
10 Other animals1 3.2 24 Other cereals1 0.4 
11 Eggs 2.6 25 Rice 0.4 
12 Barley 2.3 26 Table olives 0.2 
13 Sugar beet 2.3 27 Hops 0.1 
14 Oil seeds and fruit2 2.3    

 

Source: Eurostat, 1999 
 

Notes: 

1/ Includes crops not accounted for specifically elsewhere in the table. 
2/ Excluding olives which are accounted for separately. 
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Table 2.  Exposure-response and valuation data. All valuations taken from the FAO web site  
 and are for 1999 
 
 Number of 

papers 
used1 

Number of 
data points 

R2 for the 
linear 
regression 

Unit change in 
yield/ppm.hour 

Source Euro/tonne5 

Wheat 4 44 0.47 0.011 CEHB6 130 
Barley 5 47 0.002 0.000001 See note 2 135 
Rye    0.000001 See note 2 93 
Oats    0.000001 See note 2 124 
Millet    0.0039 Set equal to rice 97 
Maize 3 19 0.35 0.0036 CEHB 116 
Rice 3 32 0.20 0.0039 CEHB 311 
Soya 8 50 0.61 0.012 CEHB 261 
Pulses 7 43 0.30 0.017 CEHB 358 
Rape 3 23 0.17 0.0056 CEHB 266 
Sugar beet 2 14 0.30 0.0058 CEHB 64 
Potatoes 6 21 0.38 0.0056 CEHB 280 
Tobacco 1 6 0.77 0.0055 CEHB 4532 
Sunflower    0.012 Average of 

wheat, pulses, 
tomato, potato 
(see note 3) 

270 

Cotton 2 17 0.69 0.016 CEHB 1517 
Olives    0.000001 See note 2 596 
Hops    0.0092 Average of all 

sensitive crops 
4630 

Grape 1 4 0.73 0.0030 CEHB 401 
Fruit 3 12 0.008 0.000001 See note 4 759 
Carrots    0.0092 Average of all 

sensitive crops 
387 

Tomato 4 18 0.52 0.014 CEHB 902 
Watermelon 1 4 0.94 0.031 CEHB 162 
Fresh 
vegetables 

2 39  
(3 crops) 

0.25 0.0095 CEHB 379 

 

Notes: 

1/ Number of papers includes reviews where data from more than one source might be included. 
2/ Available data suggest that these crops (barley, rye, oats and olives) are not sensitive. A function  
    of 1/1,000,000 has been set for them to facilitate sensitivity analysis if necessary. 
3/ Average for sunflower based on crops given a similar sensitivity rating by Jones and Hornung  
    (European Commission, 1998). 
4/ Function for strawberry and plum, averaged across available data, suggests no sensitivity. However, 
    this is heavily skewed by the data for strawberry. In applying the function shown a similar logic has 
    been adopted to that given in note 2. 
5/ Values are in euros: for conversion to US$, multiply by 0.928 (according to exchange rates in May 
    2002). 
6/ CEHB: Centre for Ecology and Hydrology, Bangor, United Kingdom.
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Table 3. Estimated losses in crop production (in million euro) by scenario and country 
 

Country 1990 
2010 

Ref. Scenario 
Gothenburg 

Protocol 
J1 Scenario 

Rank 
in 1990 

Albania 9 7 7 6 29 
Armenia (no ozone data)     37 
Austria 71 52 49 44 17 
Azerbaijan (no ozone data)     37 
Belgium and Luxembourg 117 102 91 85 14 
Bosnia and Herzegovina 13 10 10 9 26 
Bulgaria 61 53 51 47 18 
Croatia 49 39 37 34 21 
Czech Republic 141 107 97 88 13 
Denmark 75 51 47 43 16 
Estonia 2 1 1 1 34 
Finland 3 2 2 1 33 
France 1666 1146 1082 981 1 
Georgia 7 4 3 3 31 
Germany 1018 719 656 607 2 
Greece 235 196 188 179 9 
Hungary 177 140 132 116 12 
Ireland 6 5 4 4 32 
Italy 488 372 353 325 4 
Kazakhstan (no ozone data)     37 
Kyrgyzstan (no ozone data)     37 
Latvia 7 5 4 4 30 
Liechtenstein     37 
Lithuania 24 17 15 14 24 
Luxembourg (see Belgium)     37 
Malta (no ozone data)     37 
Netherlands 188 161 146 136 11 
Norway 2 1 1 1 35 
Poland 481 365 336 296 5 
Portugal 36 30 31 26 22 
Republic of Moldova 50 41 40 35 20 
Romania 279 230 221 195 8 
Russian Federation 348 278 268 264 6 
Slovakia 53 43 40 36 19 
Slovenia 11 9 8 8 28 
Spain 292 222 224 197 7 
Sweden 12 7 6 5 27 
Switzerland 24 16 16 14 23 
The FYR of Macedonia 13 11 11 10 25 
Turkey (very limited data) 0.003 0.003 0.003 0.003 36 
Ukraine 541 439 415 390 3 
United Kingdom 215 205 179 163 10 
Yugoslavia 80 66 63 57 15 
Total (million euro) 6794  5151 4831 4425  
 
Where: 1990: Baseline scenario; 2010 Ref. Scenario: essentially business as usual, with legislation that is already in place or in the 
pipeline taking full effect; Gothenburg Protocol: each country precisely meeting Protocol’s targets in 2010; J1 scenario: the main 
scenario for 2010 considered in negotiations on the Protocol, which would have required a greater level of abatement than was 
finally agreed. 
Values are in euros; for conversion to US$, multiply by 0.928 (according to exchange rates in May 2002). 
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Table 4. Estimated losses in crop production (in million euro) by scenario and crop 
 (See notes to table 3 for details of the scenarios and conversion to dollars) 

 

Scenario  1990 2010 
Ref. Scenario 

Gothenburg 
Protocol 

J1 Scenario 

Barley 0 0 0 0 
Carrots 21 17 16 16 
Cotton 243 198 192 179 
Fresh vegetables 42 34 33 31 
Fruit 0 0 0 0 
Grape 400 296 284 258 
Hops 32 23 22 20 
Maize 311 235 224 202 
Millet 0.2 0.1 0.1 0.1 
Oats 0 0 0 0 
Olives 0 0 0 0 
Potatoes 1456 1123 1042 955 
Pulses 433 314 294 268 
Rape 243 175 162 148 
Rice 30 23 22 20 
Rye 0 0 0 0 
Soya 63 48 45 41 
Sugar beet 643 483 449 411 
Sunflower seed 299 230 219 200 
Tobacco 118 92 87 80 
Tomato 227 184 177 163 
Watermelon 14 11 11 10 
Wheat 2217 1664 1551 1421 
Total  
(in million euro)  

6794 5151 4831 4425 

 



  EB.AIR/WG.1/2002/10 
 page 11 
 
Table 5. Percentage damage for each scenario by crop   

(See notes to table 3 for details of the scenarios) 
 

Scenario  1990 2010 
Ref. Scenario 

Gothenburg 
Protocol 

J1 Scenario 

Wheat 32.6 32.3 32.1 32.1 
Potatoes 21.4 21.8 21.6 21.6 
Sugar beet 9.5 9.4 9.3 9.3 
Pulses 6.4 6.1 6.1 6.1 
Grape 5.9 5.7 5.9 5.8 
Maize 4.6 4.6 4.6 4.6 
Sunflower 4.4 4.5 4.5 4.5 
Cotton 3.6 3.8 4.0 4.0 
Rape 3.6 3.4 3.4 3.3 
Tomato 3.3 3.6 3.7 3.7 
Tobacco 1.7 1.8 1.8 1.8 
Soya 0.9 0.9 0.9 0.9 
Fresh vegetables 0.6 0.7 0.7 0.7 
Hops 0.5 0.5 0.4 0.4 
Rice 0.4 0.4 0.5 0.5 
Carrots 0.3 0.3 0.3 0.4 
Watermelon 0.2 0.2 0.2 0.2 
Millet 0.0 0.0 0.0 0.0 
Barley 0.0 0.0 0.0 0.0 
Fruit 0.0 0.0 0.0 0.0 
Oats 0.0 0.0 0.0 0.0 
Olives 0.0 0.0 0.0 0.0 
Rye 0.0 0.0 0.0 0.0 
Total 100.0 100.0 100.0 100.0 

 
 
 
 
 
 
 


