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Introduction 

 
1. During a 15-year period, the means for calculating critical levels of ozone have evolved from daily 
and seasonal means to accumulated concentrations above a threshold of X parts per billion (ppb) 
(AOTX), and most recently to accumulated stomatal fluxes above a threshold of Y nmol m-2 s-1(AFstY). 
The aim of this technical report is to describe the scientific basis for the stomatal flux-based critical levels 
together with the benefits of using this method for quantifying the impacts of ozone in the ECE region 
compared to using AOTX-based critical levels. 
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2. The critical level values of ozone have been set, reviewed and revised at a series of workshops 
under the Convention: Bad Harzburg, Germany (1988 and 1989); Egham, United Kingdom (1992; 
Ashmore and Wilson, 1993); Bern (1993; Fuhrer and Achermann, 1994); Kuopio, Finland (1996; 
Kärenlampi and Skärby, 1996), Gerzensee, Switzerland (1999; Fuhrer and Achermann, 1999) and 
Gothenburg, Sweden (2002; Karlsson et al., 2003a). The new flux-based critical loads were finalized in 
the most recent workshop held in Gothenburg in November 2002 (Karlsson et al, 2003). During the past 
year, the text related to ozone in the previous version of the Mapping Manual (UBA, 1996) has been 
substantially revised to reflect the decisions made at that workshop and subsequent meetings of the Task 
Forces of ICP Vegetation and ICP Modelling and Mapping.  
 
3. The critical levels and methods for their calculation described for ozone in chapter 3 "Critical 
levels for vegetation" of the revised Mapping Manual (UBA, 2004) were prepared by leading European 
experts from available knowledge on impacts of ozone on vegetation, and thus represent the current state 
of knowledge. The chapter provides an in-depth description of critical levels, their scientific bases and 
how to calculate exceedances. All of the indicators included in the chapter for ozone impacts are based 
on the accumulation of ozone (either as concentration or stomatal flux) above a predetermined threshold 
over a specified time period. As described in the chapter, the terms "level I" and "level II" are no longer 
considered appropriate to describe the critical levels of ozone and these terms are not used. Instead, the 
critical levels are described as either concentration-based using AOTX or stomatal flux-based using 
AFstY as the ozone parameter. The latest revision of the Mapping Manual (UBA, 2004) provides 
concentration-based critical levels that are more closely defined for agricultural crops and (semi-) natural 
vegetation, substantially revised for forest trees, and newly defined for horticultural crops, as well as a 
new short-term critical level for visible injury. For the first time, stomatal flux-based critical levels are 
included for wheat, potato and provisionally for beech and birch. The terminology for the revised critical 
levels is reproduced in this report in table 1 and the concentration-based and stomatal flux-based critical 
levels are reproduced in table 2. 
 

I. WHY STOMATAL FLUX-BASED CRITICAL LEVELS ARE RECOMMENDED 
 
4. In agreement with earlier versions of the Mapping Manual, the newly revised version 
indicates that AOTX-based critical levels are well suited to assessing the risk of damage to 
vegetation over large geographical regions. However, several important limitations and     
uncertainties are recognized for this approach. AOTX-based critical levels consider only the ozone 
concentrations at the top of the canopy, but the real impact of ozone depends on the amount of 
ozone reaching the sites of damage within the leaf. At the workshop in Gerzensee (1999) the 
importance of developing an alternative critical level approach based on the flux of ozone from         
the exterior of the leaf through the stomatal pores to the sites of damage (stomatal flux) was 
recognized. This approach requires the development of mathematical models to estimate stomatal  
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flux, primarily from knowledge of stomatal responses to environmental factors. Thus, stomatal flux-
based critical levels (CLef) of ozone take into account the varying influences of temperature, 
atmospheric water vapour pressure deficit (VPD), light (irradiance), soil water potential (SWP), 
ozone concentration and plant development (phenology) on the stomatal flux of ozone. They 
therefore provide an estimate of the critical amount of ozone entering through the stomata and 
reaching the sites of action inside the plant. This is an important new development in the derivation of 
critical levels because, for example, for a given ozone concentration, the stomatal flux in warm, humid 
conditions with moist soil can be much greater than that in hot, dry conditions with dry soil because 
the stomatal pores will be more widely open. Concentration-based critical levels do not differentiate 
between such climatic conditions and would not indicate the increased risk of damage in warm, 
humid conditions.  
 

II. CALCULATING ACCUMULATED STOMATAL FLUX 
 
5. The AFstY index is used to quantify the flux of ozone through the stomata of the uppermost leaf 
level, which is directly exposed to solar radiation, and thus no calculation of light exclusion, caused by the 
filtering of light through the leaves of the canopy, is required. The sunlit leaf level has the largest gas 
exchange in terms of net photosynthesis (i.e. contributes most to growth and seed production) and ozone 
flux, both because it receives most solar radiation and also because it is least senescent. Thus, the ozone 
flux is expressed as the cumulative stomatal flux per unit sunlit leaf area in order to reflect the influence of 
ozone on the fraction of the leaf area which is most important for growth and/or yield. 
 
6. AFstY is calculated using a multiplicative algorithm based on the methodology described by 
Emberson et al. (2000) and illustrated in equation 1: 
 

gsto = gmax *[min(fphen, fO3)]* flight * max{fmin, (ftemp * fVPD * fSWP)}   [1] 
 
where gsto is the actual stomatal conductance (mmol O3 m-2 PLA s-1, where PLA is the projected leaf 
area) and gmax is the species-specific maximum stomatal conductance (mmol O3 m-2 PLA s-1). The 
parameters fphen, fO3, flight, ftemp, fVPD and fSWP are all expressed in relative terms (i.e. they take values 
between 0 and 1) as a proportion of gmax and allow for the modifying influence of phenology, ozone 
concentration, light (irradiance), temperature, VPD and SWP on stomatal conductance to be estimated. 
The parameterization of the algorithm for wheat, potato, birch and beech, and the method used to 
calculate AFstY are described in detail in the Mapping Manual (UBA, 2004). 



EB.AIR/WG.1/2004/8 
page 4 
 
Table 1. Terminology for critical levels of ozone (UNECE, 2004) 
 
Term Abbreviation Units Explanation 
Terms for concentration-based critical levels 
Concentration 
accumulated over a 
threshold ozone 
concentration of X 
ppb 

AOTX ppm h The sum of the differences between the hourly mean ozone 
concentration (in ppb) and X ppb when the concentration 
exceeds X ppb during daylight hours, accumulated over a 
stated time period. Units of ppb and ppm are parts per billion 
(nmol mol-1) and parts per million (µmol mol-1) respectively, 
calculated on a volume/volume basis. 

Concentration-
based critical level 
of ozone  

CLec  ppm h AOTX over a stated time period, above which direct adverse 
effects on sensitive vegetation may occur according to 
present knowledge. 

Concentration 
accumulated over a 
threshold ozone 
concentration of X 
ppb modified by 
vapour pressure 
deficit (VPD) 

AOTXVPD ppm h The sum of the differences between the hourly mean ozone 
concentration (in ppb) modified by a vapour pressure deficit 
factor ([O3]VPD) and X ppb when the concentration exceeds X 
ppb during daylight hours, accumulated over a stated time 
period. 

Terms for flux-based critical levels  
Projected leaf area PLA m2  The projected leaf area is the total area of the sides of the 

leaves that are projected towards the sun. PLA is in contrast 
to the total leaf area, which considers both sides of the leaves. 
For flat leaves the total leaf area is simply 2*PLA. 

Stomatal flux of 
ozone 

Fst  nmol m-2 
PLA s -1 

Instantaneous flux of ozone through the stomatal pores per 
projected leaf area (PLA) unit. Fst can be defined for any part of 
the plant or the whole leaf area of the plant, but for this manual 
Fst refers specifically to the sunlit leaves at the top of the 
canopy. Fst is normally calculated from hourly mean values and 
is regarded here as the hourly mean flux of ozone through the 
stomata. 

Stomatal flux of 
ozone above a flux 
threshold of Y nmol 
m-2 PLA s -1 

Fst Y 
 

nmol m-2 
PLA s -1 

Instantaneous flux of ozone above a flux threshold of 
Y nmol m-2 s -1, through the stomatal pores per projected leaf 
area unit. FstY can be defined for any part of the plant or the 
whole leaf area of the plant, but for this manual FstY refers 
specifically to the sunlit leaves at the top of the canopy. FstY is 
normally calculated from hourly mean values and is regarded 
here as the hourly mean flux of ozone through the stomata. 

Accumulated 
stomatal flux of 
ozone above a flux 
threshold of Y nmol 
m-2 PLA s -1 

AFstY 

 
mmol m-2 

PLA 
Accumulated flux above a flux threshold of Y nmol m-2 s -1, 
accumulated over a stated time period during daylight hours. 
Similar in concept to AOTX. 

Flux-based critical 
level of ozone 

CLef mmol m-2 
PLA 

Accumulated flux above a flux threshold of Y nmol m-2  
s -1(AFstY), over a stated time period during daylight hours, 
above which direct adverse effects may occur on sensitive 
vegetation according to present knowledge. 
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Table 2. Critical levels of ozone. The methods for calculating each critical level are described in the Mapping 
Manual (UNECE, 2004) 
 

Approach Crops  (Semi-)natural 
vegetation 

Forest trees 

CLef 
 

Wheat: An AFst6 of 1 mmol 
m-2 PLA 
Potato: An AFst6 of 5 mmol 
m-2 PLA 

Birch and beech: 
Provisionally AFst1.6 of 
4 mmol m-2 PLA 

Time 
period  

Wheat: Either 970°C days, 
starting 270°C days before 
mid-anthesis (flowering) or 55 
days starting 15 days before 
mid-anthesis  
Potato: Either 1130°C days 
starting at plant emergence or 
70 days starting at plant 
emergence 

One growing season 

Stomatal flux-
based critical 
level 

Effect Yield reduction 

Not available 

Growth reduction 
CLec 
 

Agricultural crops: An 
AOT40 of 3 ppm h 
Horticultural crops: An 
AOT40 of 6 ppm h 

An AOT40 of 3  
ppm h 

An AOT40 of 5 
ppm h 

Time 
period  

Agricultural crops: 3 months 
Horticultural crops: 3.5 
months 

3 months (or growing 
season, if shorter) 

Growing season 

Concentration-
based critical 
level 

Effect Yield reduction for both 
agricultural and horticultural 
crops 

Perennial species: 
growth reduction; 
Annual species: 
reduction of growth 
and/or seed 
production 

Growth reduction 

CLec An AOT30VPD of 0.16 ppm h 
Time 
period  

Preceding 8 days 
VPD-modified 
concentration-
based critical 
level Effect Visible injury to leaves 

Not available 
 

Not available 

Note: The recommendations of the 2002 Gothenburg Workshop, the sixteenth meeting of the Task Force of ICP Vegetation 
and the seventeenth meeting of the Task Force of the ICP Modelling and Mapping were: 

For agricultural crops: use stomatal flux-based critical levels based on AFst6 if the necessary inputs are available for a 
quantitative assessment of the impact on wheat and potato, and the AOT40-based critical level to assess the risk of yield 
reduction if only ozone concentration is available and a risk assessment for all crops is needed. The AOT30VPD critical level 
should be used to assess the risk of visible ozone injury and cannot be used to indicate the risk of yield reduction. 

For horticultural crops: use the AOT40-based critical level to assess the risk of effects on yield. The AOT30VPD critical level 
should be used to assess the risk of visible ozone injury and cannot be used to indicate the risk of yield reduction. 

For (semi-)natural vegetation: use the AOT40-based critical level. 

For forest trees: use the AOT40-based critical level to assess the risk of growth reduction. The provisional stomatal flux-
based critical level is provided for guidance only.  
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III. STOMATAL FLUX-BASED CRITICAL LEVELS FOR AGRICULTURAL CROPS 
 
7. At the 2002 workshop in Gothenburg, it was concluded that, for the time being, it was only 
possible to derive flux-based critical levels of ozone for the crops of wheat and potato because the 
methodology for the other crops considered was not sufficiently robust. In deriving relationships between 
the relative yield and the stomatal flux of ozone for these two crops, it has been observed that the best 
correlations between effect and accumulated stomatal flux are obtained when using a stomatal flux 
threshold, Y (Danielsson et al., 2003; Pleijel et al., 2002).  
 
8. Data from a number of open-top chamber experiments with field-grown crops performed in 
several European countries were combined in order to derive relationships between relative yield (RY) 
and stomatal ozone flux (Fst) using the principles introduced by Fuhrer (1994) to calculate relative yield. 
With this approach, a relative yield of 1 represents the absence of ozone effects. In the case of wheat, 13 
experiments with field-grown wheat exposed to different ozone levels in open-top chambers from four 
different countries (Belgium, Finland, Italy and Sweden) representing five cultivars (Minaret, Dragon, 
Drabant, Satu and Duilio) were used. For potato seven experiments from four different countries 
(Belgium, Denmark, Finland, and Sweden) representing one commonly grown cultivar, Bintje, were 
included (Pleijel et al., 2003).  
 
9. In order to derive response relationships which are consistent with the ozone deposition module 
of the EMEP model (Emberson et al., 2000), the parameterizations of the conductance model presented 
in Pleijel et al. (2002, 2003) and Danielsson et al. (2003) were revised in the Mapping Manual to achieve 
full compatibility with the EMEP model calibration. This revision improved the correlations between 
relative yield and AFstY for both wheat and potato. 
 
10. The strongest relationships between yield effects and AFstY were obtained using Y = 6 nmol m-2 
s-1 for both wheat and potato (table 3). In effect, this means that ozone exposure starts to contribute to 
AFstY at an ozone concentration at the top of the crop canopy of approximately 22 ppb for wheat and at 
approximately 14 ppb for potato if the stomatal conductance is at its maximum. 

 

Table 3. Regression coefficients for the yield response relationships of wheat and potato when Y in AFstY is 
varied between 0, 3, 6 and 9 

 

 Y in AFstY 

 0 3 6 9 

Wheat 0.51 0.74 0.83 0.77 

Potato 0.60 0.72 0.76 0.75 
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11. In line with earlier concepts used for crop critical levels (UBA, 1996), 5% yield reduction was 
used as the loss criterion for the identification of stomatal flux-based critical levels. For wheat, the 
stomatal flux-based critical level for 5% yield loss of an AFst6 of 1 mmol m-2 was statistically significant 
according to the confidence limits of the yield response regressions, which is an important criterion when 
using a yield loss level such as 5% (Pleijel, 1996). This critical level was derived from figure Ia, and is 
accumulated during an effective temperature sum period starting 270°C days before anthesis (flowering) 
and ending 700°C days after anthesis. The total period is 970°C days (base temperature 0°C). On 
average, 970°C days corresponded to 54 days in the experiments used to calibrate the function.  
 
12. For potato, 5% yield loss occurred at an AFst6 of 4.6 mmol O3 m-2 PLA (fig. Ib). This value was 
rounded upwards to 5 mmol O3 m-2 for the critical level for this species and is accumulated over 1130°C 
days starting at plant emergence (base temperature 0°C). On average, the 1130°C days corresponded to 
66 days in the experiments used to calibrate the function; this value has been rounded up to 70 days for 
table 2.  
 
13. The stomatal flux-effect models for wheat and potato provide the best available method for 
estimating the impact of ozone on crops. The impact can be quantified in various ways, inter alia, by 
assessing the risk of damage measured as area of flux-based critical level exceedance, or by estimating 
yield loss using stomatal flux-based functions (fig. Ia and b), which could also be used for economic loss 
evaluation. 
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Figure I. The relationship and the linear regression equation parameters between the relative yield 
and AFst6 for (a) the wheat flag leaf based on five wheat cultivars from four European countries  
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using effective temperature sum to describe phenology, and (b) for sunlit leaves of potato based on 
data from four European countries and using effective temperature sum to describe phenology. 
 

IV. STOMATAL FLUX-BASED CRITICAL LEVELS FOR FOREST TREES 
 
14. It was concluded at the workshop in Gothenburg (Karlsson et al., 2003a) that the effective ozone 
dose, based on the flux of ozone into the leaves through the stomatal pores, also represented the most 
appropriate approach for setting future ozone critical levels for forest trees. However, at the time of 
revising the Mapping Manual, it was considered that the uncertainties associated with using a flux-based 
assessment for forest trees for all of Europe were too large for the method to be fully recommended for 
use (this is discussed in detail in Karlsson et al., 2003b, 2004). It was also agreed that more time and 
data were needed before AFstY-response relationships for trees could be considered sufficiently robust 
for establishing a fully usable stomatal flux-based critical level of ozone for forest trees. Nevertheless, it 
was considered that sufficient progress had been made for the inclusion in the Mapping Manual of a 
provisional flux-based critical level for forest trees that has been developed from analysis of a combined 
data set representing two ozone-sensitive deciduous tree species, beech and birch. It should be 
emphasized that the methodology provisionally presented for forest trees in the Mapping Manual should 
not be used for economic assessments of damage or yield loss, but should be used solely for mapping 
areas at potential risk from ozone and as an alternative to the recommended AOT40 approach. 
 
15. As for crop species, ozone flux is estimated on a projected leaf area basis for sunlit upper canopy 
leaves using the stomatal flux algorithm described in equation 1; full details on parameterization and 
methodology for forest trees are provided in chapter 3 of the Mapping Manual. Ozone flux is 
accumulated for the entire growing season since no information is available to define a particular 
phenologically sensitive period. The growing season is defined as from the onset of bud-burst to the end 
of the leaf senescence period, with default values of year-days 90 to 270 if phenological or local 
information is not available. The ozone concentrations used for the calculation of stomatal ozone flux are 
those at the top of the tree canopy. For beech and birch, a value of 1.6 nmol m-2 PLA s-1 has been 
proposed for Y in AFstY, based on the statistical analysis of flux-response relationships for a variety of 
sensitive deciduous tree species (Karlsson et al., 2003b, 2004). The same analysis concluded that, for 
Y=1.6 nmol m-2 s-1, a growing season cumulative stomatal flux (AFst1.6) of 4 mmol m-2 was statistically 
significant (99% confidence) and represented a 5% reduction in biomass under experimental conditions. 
This indicative value represents the provisional flux-based critical level above which there is a risk of a 
negative impact of ozone on growth for the most sensitive tree species. The data set on which this 
analysis is based is identical to that from which the AOT40-based critical level was derived, and 
represents a combination of data for both birch and beech. 
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16. It should be emphasized that this provisional critical level should be viewed as a first step in the 
derivation of new critical levels which could be used to make quantitative assessments of the ozone 
impact on mature forest trees since the value currently selected is based on a number of assumptions 
(these are discussed in more detail in Karlsson et al., 2003b, 2004). It is envisaged that additional 
analysis and reworking of existing experimental data and improvement of stomatal conductance models 
for forest trees will provide better estimates of both cumulative stomatal flux and also associated flux 
thresholds and critical levels to provide more robust estimates of damage for forest trees. Ozone flux 
modelling methods for trees will be discussed further at a follow-up workshop planned for the autumn of 
2005. 
 

V. CONCLUSION 
 
17. Following intensive effort over the past two years, chapter 3 (Critical levels for vegetation) of the 
Mapping Manual has been substantially revised to reflect the consider able progress made with ozone-
effects research since the earlier version was published in 1996. The chapter includes more closely 
defined AOTX-based critical levels for agricultural crops and (semi-)natural vegetation, revised AOTX 
critical levels for forest trees and a new AOTX critical level for horticultural crops and a new short-term 
critical level for visible injury. For the first time, the chapter also includes stomatal flux-based critical levels 
for wheat and potato, and provisionally for beech and birch. These reflect the need to model the 
accumulated uptake (stomatal flux) of ozone rather than the concentration at the leaf surface since the 
latter can over- or under-estimate ozone effect in conditions which induce enhanced stomatal closure or 
opening respectively. Thus, the new stomatal flux-based critical levels take into account the varying 
influences of temperature, VPD, light (irradiance), SWP, ozone concentration and plant development 
(phenology) on the stomatal flux of ozone and subsequent effect on growth or yield. They therefore 
provide an estimate of the critical amount of ozone entering through the stomata and reaching the sites of 
action inside the plant. 
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