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Abstract: Manual on Methodologies and Criteria for Modelling and Mapping Critical Loads and 
Levels and Air Pollution Effects, Risks, and Trends  

This Manual presents methods that are recommended for use by the Parties to the Convention, 

represented by their National Focal Centres. The Modelling and Mapping Manual can help and 

assist NFCs to: 

1. Model and map critical levels and loads in the ECE region; 

2. Model and map areas with air pollution values exceeding critical levels or loads; 

3. Develop, harmonize and apply methods and procedures (including dynamic modelling) to 

assess recovery and risk of future damage on specific targets including biodiversity in a 

context of climate change; 

4. Determine and identify sensitive receptors and locations. 

Thus, it provides a scientific basis on the application of critical levels and loads, their 

interrelationships, and the consequences for abatement strategies, e.g., for the assessment of 

optimized allocation of emission reductions. 

This Manual includes methodologies used by ICP Materials to assess the impact of pollution on 

corrosion and soiling of building materials (Ch. 4) and by ICP Vegetation concerning the impact 

of air pollutants, and especially ozone, on crops and semi-natural vegetation (Ch. 3). In contrast 

to Manuals (or comparable methodological documents) of other ICPs and EMEP CCC, this 

manual does not contain information on methods of measurements nor on detailed data 

generation. This reflects the aims and tasks of the ICP Modelling and Mapping within the 

Convention. 

Specific technical information as well as detailed results and other information by National Focal 

Centres can be found in CCE Status Reports and publications 

(www.umweltbundesamt.de/en/cce-manual and bibliographic references therein). 

Kurzbeschreibung: Handbuch zu Methoden und Kriterien für die Modellierung und Kartierung von 
Critical Loads und Levels, sowie von Auswirkungen, Risiken und Trends der Luftverschmutzung 

In diesem Handbuch werden Methoden vorgestellt, die den Vertragsparteien der Genfer 

Luftreinhaltekonvention, vertreten durch ihre National Focal Centres, zur Anwendung 

empfohlen werden. Das Modellierungs- und Kartierungshandbuch kann den NFCs helfen und sie 

unterstützen bei: 

1. Der Modellierung und Kartierung von Critical Levels und Loads in der ECE-Region 

2. Der Modellierung und Kartierung von Gebieten mit Luftverschmutzungswerten, die Critical 

Levels oder Loads überschreiten; 

3. Der Entwicklung, Harmonisierung und Anwendung von Methoden und Verfahren 

(einschließlich dynamischer Modelle) zur Bewertung der Erholung und des Risikos künftiger 

Schäden an spezifischen Zielen, einschließlich der biologischen Vielfalt, im Zusammenhang 

mit dem Klimawandel; 

4. Der Bestimmung und Identifizierung empfindlicher Rezeptoren und Standorte. 

Damit bietet es eine wissenschaftliche Grundlage für die Anwendung von Critical Levels und 

Loads, ihre Wechselbeziehungen und die Folgen für Vermeidungsstrategien, z. B. für die 

Bewertung einer optimierten Zuteilung von Emissionsreduktionen. 

Dieses Handbuch enthält Methoden, die von der ICP Materials zur Bewertung der Auswirkungen 

der Verschmutzung auf Korrosion und Verschmutzung von Baumaterialien (Kap. 4) und von der 

ICP Vegetation zur Bewertung der Auswirkungen von Luftschadstoffen, insbesondere von Ozon, 

auf Pflanzen und naturnahe Vegetation (Kap. 3) verwendet werden. Im Gegensatz zu den 

https://www.umweltbundesamt.de/en/cce-manual
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Handbüchern (oder vergleichbaren methodischen Dokumenten) anderer ICPs und des EMEP 

CCC enthält dieses Handbuch keine Informationen zu Messmethoden oder zur detaillierten 

Datengenerierung. Dies spiegelt die Ziele und Aufgaben des ICP Modelling and Mapping im 

Rahmen des Übereinkommens wider. 

Spezifische technische Informationen sowie detaillierte Ergebnisse und andere Informationen 

der Nationalen Zentren sind in den Statusberichten und Veröffentlichungen des CCE zu finden 

(www.umweltbundesamt.de/en/cce-manual und darin enthaltene bibliographische Hinweise). 

  

http://www.umweltbundesamt.de/en/cce-manual
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1 Introduction 
Last updated in 2015 by Anne Christine Le Gall, Chairwoman of the Task Force on Modelling and 

Mapping and Jean Paul Hettelingh, CCE, from initial text by Till Spranger, Mapping Manual 2004. 

Please refer to this document as: CLRTAP, 2015. Introduction, Chapter 1 of Manual on 

methodologies and criteria for modelling and mapping critical loads and levels and air pollution 

effects, risks, and trends. UNECE Convention on Long-range Transboundary Air Pollution; 

accessed on [date of consultation] on the Web at www.umweltbundesamt.de/en/cce-manual. 

1.1 Overview 

The critical loads and levels concept is an effect-based approach by which the need for the 

reduction of atmospheric depositions can be quantified. As a consequence, the concept allows 

the quantification of atmospheric pollutants emission abatement at their source. The critical 

load and level concept were developed under the Convention on Long-range Transboundary Air 

Pollution (LRTAP-Convention) and was first applied under its effect-oriented scientific 

programmes (Hettelingh et al, 2004). The concept has been used for defining emission 

reductions aimed at protecting ecosystems and other receptors, such as materials and human 

health. It is based on indicators defined for specific pollutants, effects, and receptors. Critical 

loads and levels provide a reference point for the sustainability of air pollution against which 

actual as well as modelled pollution levels can be compared. They have been used in a 

framework to address the sustainability of (combinations of) pollution drivers and effects and in 

particular in the effect-based support of the Protocol to Abate Acidification, Eutrophication and 

Ground level Ozone under the LRTAP-Convention (e.g., Reiss et al, 2012) and the national 

Emission Ceiling Directive of the European Commission (e.g., Hettelingh et al. 2013). This 

support consisted of calculating emission ceilings for individual countries with respect to 

acceptable air pollution levels (e.g., defined reductions of critical load/level exceedances). 

Critical loads and levels have been designed to support the setting of ambition levels and assess 

the efficiency of air pollution reduction policies. In policy frameworks such as the LRTAP-

Convention, they have been developed and applied for scenario analyses or optimization of 

effect-based emission reduction, as shown in Figure 1.1. 

Definition of the critical load concept 

Critical loads are related to indirect, soil-mediated effects of elevated deposition and are defined 

as “a quantitative estimate of an exposure to one or more pollutants below which significant 

harmful effects on specified sensitive elements of the environment do not occur according to 

present knowledge” (Nilsson and Grennfelt 1988). Critical levels are defined almost similarly, i.e., 

as ambient concentrations above which damage may occur. 

Critical loads and levels correspond to a maximum allowable exposure of a receptor to deposition 

or ambient concentration respectively. The implications of these definitions in terms of 

calculations and applications within scientific and policy frameworks are presented in Chapters 3, 

5 and 6. 

https://www.umweltbundesamt.de/en/cce-manual
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Figure 1.1: Effect based emission reduction optimization and scenario analysis 
(adapted from Harald Sverdrup) 

Source: This figure is adopted from a previous version of Chapter 1 of the Mapping Manual 

1.2 The critical load and level concept in the UNECE Convention on Long-
range Transboundary Air Pollution 

During the 1970s, it was recognised that trans-boundary air pollution has ecological and 

economic consequences (e.g., for the forest and fish industries) caused by acidifying air 

pollutants. In response to this, the countries of the UN Economic Commission for Europe 

(UNECE) developed a legal, organisational, and scientific framework to deal with this problem. 

The UNECE Convention on Long-range Transboundary Air Pollution (LRTAP) was the first 

international legally binding instrument to deal with problems of air pollution on a broad 

regional basis. Signed in 1979, it entered into effect in 1983. 

The Convention requires that its Parties cooperate in research on the effects of sulphur 

compounds and other major air pollutants on human health and the environment, including 

agriculture, forestry, natural vegetation, aquatic ecosystems, and materials (Article 7(d) of the 

Convention). The Convention also calls for the exchange of information on the physical-chemical 

and biological data relating to the effects of LRTAP and the extent of damage which these data 

indicate can be attributed to LRTAP (Article 8(f) of the Convention). To this end, the Executive 

Body for the Convention established a Working Group on Effects (WGE) that is supported by a 

number of International Cooperative Programmes (ICPs, cf. Figure 1.2). These ICPs provide 

monitoring and modelling methodologies and results on effects of air pollution to establish a 

sound scientific basis in support of effect oriented European emission abatement policies of the 

LRTAP-Convention. More recently, the Long-Term Strategy of the LRTAP-Convention calls for 

effect-based knowledge on the interaction between changes of air pollution, climate, and 

biodiversity. 

In 1986, a work programme under the Nordic Council of Ministers agreed on scientific 

definitions of critical loads for sulphur and nitrogen (Nilsson, 1986). This stimulated the work 

under the Convention and in March 1988 two Convention workshops were held to further 
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evaluate the critical levels and loads concept and to provide up-to-date figures. The Bad 

Harzburg (Germany) workshop dealt with critical levels for direct effects of air pollutants on 

forests, crops, materials, and natural vegetation, and the Skokloster (Sweden) workshop on 

critical loads for sulphur and nitrogen compounds (Nilsson and Grennfelt 1988). Furthermore, 

at the Bad Harzburg workshop the first discussions took place on the possible use of critical 

level/load maps for defining areas at risk. It was foreseen that these could play an important 

role in the development of air policy. 

As a result of these workshops, in 1988 the Executive Body for the Convention approved the 

establishment of a programme for mapping critical loads and levels (Task Force on Mapping) 

under the Working Group for Effects (WGE) with Germany as the lead country. In 1989 the 

Executive Body welcomed the offer of the Netherlands to host a Coordination Centre for Effects 

(CCE) that was established in 1990 at RIVM in Bilthoven, The Netherlands. From 1990 to 2015, 

the CCE organised 25 so-called CCE workshops dedicated to the development of policy relevant 

critical thresholds and other effect-based methodologies. These workshops also aimed to help 

reach scientific consensuses on modelling and mapping methods and databases. In 2018, the 

CCE was transferred from RIVM to the German Environment Agency (UBA, located in Dessau, 

Germany) where the CCE tasks continue to be fulfilled. More information on CCE activities and 

the latest version of the Mapping Manual can be found on the CCE homepage: 

https://www.umweltbundesamt.de/en/Coordination_Centre_for_Effects 

In 1999, the Executive Body replaced the Task Force on Mapping with the Task Force of the 

International Cooperative Programme on Modelling and Mapping of Critical Loads and Levels 

and their Air Pollution Effects, Risks, and Trends (ICP M&M). In September 2009, France became 

the lead country of this programme. 

The mandates of the ICP M&M1, the CCE and its National Focal Centres are described further 

below (see also Hettelingh et al, 2004). The Programme and the CCE positions within the 

Convention are shown in Figure 1.2. 

 

1 established by the Executive Body in 1999 to replace the Task Force on Mapping, see Ch. 1.3 

https://www.umweltbundesamt.de/en/Coordination_Centre_for_Effects
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Figure 1.2: LRTAP organisation chart showing the position of the ICP M&M Task Force within 
the WGE 

Source: This figure is adopted from a previous version of Chapter 1 of the Mapping Manual 

The LRTAP-Convention brings states together with a common purpose and provides a forum for 

solving issues that cannot be addressed by countries and sub-regions alone (UN, 2004). By 2014, 

the Convention was extended with eight protocols, three of which have been revised once 

(cf. http://www.unece.org/env/lrtap/status/lrtap_s.html). The first substance-specific protocols 

were negotiated on the basis of economic and technological information (e.g., best available 

techniques). These set the same emission reduction targets for all Parties relative to an emission 

level of a reference year. These technology-based protocols do not take effects to ecosystems or 

human health into account. A second generation of protocols came into being when, in June 

1994, a second protocol for reducing sulphur emissions (the ‘Oslo protocol’) was signed by 30 

countries. This identified effects-based, cost-effective abatement measures anchored in the 

analysis of impacts using critical loads. The long-term objective for negotiating national emission 

reductions was to eliminate the excess sulphur deposition over critical loads for sulphur, i.e., to 

avoid future exceedances. While cutting sulphur dioxide emissions to achieve deposition levels 

below critical loads was not feasible for all ecosystems in Europe, policies aimed at reducing 

effects. The negotiations were based on both the assessment of environmental effects and the 

protection of ecosystems, as well as technical and economic considerations. 

Three of the eight protocols (Heavy Metals, POP, and the Gothenburg Protocol to abate 

acidification, eutrophication, and ground level ozone) have been amended between 2009 and 

2012. The revised protocols will enter into force when two thirds of the parties have ratified, 

accepted, or approved them. 

https://www.unece.org/env/lrtap/status/lrtap_s.html
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The application of the critical levels and loads concept and the role of critical level/load maps for 

the development and implementation of air pollution control strategies are shown in Figure 1.3. 

Figure 1.3: Critical Loads and Abatement strategies 

Source: This figure is adopted from a previous version of Chapter 1 of the Mapping Manual  

Summarising this figure, the following “crucial steps” are involved: 

► Define methods and criteria to determine and map critical loads and levels (Convention and 

CCE workshops). 

► Obtain international approval (Working Group on Effects and Executive Body). 

► Perform a mapping exercise (based on this Manual and on the proceedings of critical 

levels/loads and mapping workshops; see 

https://www.umweltbundesamt.de/en/Coordination_Centre_for_Effects). 

► Calculate excess deposition/concentration per unit area. This can be done in a scenario or 

optimization mode (Figure 1.1) of integrated assessment models (see Hettelingh et al 2009), 

such as the GAINS model (Amann et al., 2011). 

► Use the results for emission reduction strategies in support of European Air pollution policy 

agreements under the LRTAP Convention and in the European Union. 

In practice, maps of critical loads have been used as yardsticks to assess the need for reducing 

depositions in each EMEP grid cell. An emission reduction scenario can be assessed by 

comparing a computed scenario-specific European deposition map with the European critical 

loads map. In support of the Oslo protocol (1994), the negotiators started to use computer 

models to assess national and European abatement costs of sulphur emission reduction and the 

effectiveness of alternative emission reduction scenarios. In particular, the RAINS model 

(Regional Acidification INformation and Simulation) and its successor, the GAINS model 

http://www.icpmapping.org/
http://www.icpmapping.org/
https://www.umweltbundesamt.de/en/Coordination_Centre_for_Effects
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(Greenhouse Gas and Air Pollution Interactions and Synergies), have been applied to assist key 

policy negotiations on improving air quality in UNECE and in Europe (Amann et al., 2011). 

A full description of the GAINS model is given in Amann et al. (2011) and on the model website 

(http://gains.iiasa.ac.at/models/) from which the following information is adapted. The GAINS 

Model is an integrated assessment model that simultaneously addresses health and ecosystem 

impacts of particulate pollution, acidification, eutrophication, and tropospheric ozone. The 

GAINS Model also considers greenhouse gas emission rates. Thus, pollutants included are: 

► Carbon dioxide (CO2) 

► Methane (CH4) 

► Nitrogen oxides (NOx) 

► Nitrous oxide (N2O) 

► Particulate matter (TSP, PM10, PM2.5 and PM1) 

► Sulphur dioxide (SO2) 

► Volatile organic compounds (VOC) 

► Ozone (O3) 

Certain versions of the GAINS Model also address: 

► Ammonia (NH3) 

► Carbon monoxide (CO) 

► Fluorinated greenhouse gases (F-Gases) 

GAINS has the ability to address various pollutants, emission reduction alternatives, abatement 

costs and impacts in a consistent systematic framework. By this GAINS provides useful 

information on trade-offs between pollution sources, costs, and benefits of pollutant reductions 

as well as impacts of different pollutants to human health and the environment. The GAINS 

model calculates emissions on a medium-term time horizon. Emission projections are specified 

in regular time (e.g., five year) intervals through a future policy-defined target year. Emission 

abatement alternatives and emission control costs can be simulated taking a variety of optional 

emission reduction technologies into account. Atmospheric dispersion processes are modelled 

exogenously by EMEP and integrated into the GAINS model framework in a simplified way (e.g., 

by means of Source-Receptor relationships between country emissions and EMEP grid cells). 

Critical load and critical level data are compiled exogenously under the Working Group on 

Effects and incorporated into the GAINS Model framework. 

The CCE Environmental Impact Assessment scheme (Figure 1.4) shows how the GAINS data may 

be used in conjunction with critical loads established under the Modelling and Mapping 

Programme by the CCE and its network of National Focal Centres. Critical loads are stored in the 

European Critical Loads database held at the CCE. The CCE tailors the European critical load 

database for use by GAINS and other integrated assessment models, in support of European air 

pollution policies. More recently, the European critical load database is also considered in 

national programmes that address protected European natural areas. 

http://gains.iiasa.ac.at/models/
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Figure 1.4: The CCE Environmental impact assessment illustrates the links between the GAINS 
model and critical loads exceedance evaluation (Hettelingh et al., 2008). 

Source: This figure is adopted from a previous version of Chapter 1 of the Mapping Manual  

The GAINS Model can be operated in two modes, i.e., the “scenario assessment” and 

“optimization mode” (see Figure 1.1). The “scenario assessment” mode follows the pathways of 

the emissions from their sources to their impacts. In this case, the model provides estimates of 

regional costs and environmental benefits of several emission control strategies. The GAINS 

model can also operate in the “optimization mode” which identifies cost-optimal allocations of 

emission reductions in order to achieve specified deposition levels, concentration targets or GHG 

emissions ceilings. The current version of the model can be used for viewing activity levels and 

emission control strategies, as well as calculating emissions and control costs for those 

strategies. 

Since 1994 and the Oslo Protocol negotiations, the complexity of the work under the ICP M&M 

has increased, together with the scientific knowledge mobilized to support policy. 

First, the critical load approach had to be completed for use in support of the 1999 Protocol to 

Abate Acidification, Eutrophication and Ground-level Ozone (the “Gothenburg Protocol”). It 

recognizes that: 

► sulphur as well as oxidized and reduced nitrogen contribute to acidification. Therefore, two 

critical loads for acidity had to be distinguished, the critical load of sulphur-based acidity and 

the critical load of nitrogen-based acidity (see Ch. 5.1 - 5.4); 

► both oxidized and reduced nitrogen contribute to eutrophication when critical loads of 

nutrient nitrogen are exceeded (see 5.1 – 5.3); 

► both oxidized nitrogen and volatile organic compounds contribute to the formation of 

tropospheric ozone, for which a critical level was identified for forests, crops, and natural 

vegetation (see Ch. 3.2.4). 
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Second, integrated assessment modelling with GAINS is commonly used to assess relationships 

between economic activities, pollutants emissions, their dispersion, their deposition and 

ambient concentration and their impacts on biological endpoints. 

Third, climate change and the loss of biodiversity have become major issues in the European 

environmental policies in general and the long-term strategy of the LRTAP-Convention (LRTAP, 

2010) in particular. Relevant indicators have been (and still are being) developed (cf. chapter 3 

to 8). These new indicators are provided to policy makers, as they complete the information 

issued from GAINS. 

Furthermore, there have also been major activities to develop effects-based approaches for 

heavy metals in preparation of the review and revision of the 1998 Århus Protocol on Heavy 

Metals. Critical limits, transfer functions and adapted methods to determine and apply critical 

loads of heavy metals are being developed and are listed in Ch. 5.5. 

1.3  Aims and organization of the Modelling and Mapping Programme 

The aims and objectives of the ICP on Modelling and Mapping were approved by the WGE at its 

nineteenth session in 2000 (Annex VII of document EB.AIR/WG.1/2000/4): 

“To provide the Working Group on Effects and the Executive Body for the Convention and its 

subsidiary bodies with comprehensive information on critical loads and levels and their 

exceedances for selected pollutants, on the development and application of other methods for 

effect-based approaches, and on the modelling and mapping of the present status and trends in 

impacts of air pollution.” 

Short-term and specific aims are defined in the convention work plan, agreed at sessions of the 

Working Group and approved by the Executive Body. These are in line with the Convention Long 

Term Strategy and respond to policy needs (LRTAP, 2010). Bi-annual work plans are available 

on the Convention web pages. 

1.3.1 Division of tasks within the programme 

A network of National Focal Centres (NFCs) under the ICP M&M is responsible for the generation 

of national data sets. NFCs cooperate with the Coordination Centre for Effects to develop 

modelling methodologies and European databases for critical loads. CCE reports on this work to 

the Task Force of the ICP M&M in yearly meetings held back-to-back with CCE workshops. 

The Programme’s organization and division of tasks between its subsidiary bodies, as approved 

by the WGE (EB.AIR/WG.1/2000/4) are as follows: 

“The International Cooperative Programme on Modelling and Mapping was established in 1999 

(ECE/EB.AIR/68, para. 52 (f)) to further develop and expand activities so far carried out by the Task 

Force on Mapping of Critical Levels and Loads and their Exceedances and by the Coordination 

Centre for Effects, pursuant to their original mandates (EB.AIR/WG.1/18), amended to reflect the 

present structure of the Executive Body and the new requirements.” 

1.3.2 Mandate for the Task Force of the ICP Modelling and Mapping 

1. The Programme Task Force supports the Working Group on Effects, the Working Group on 

Strategies and Review and other subsidiary bodies under the Convention by modelling, 

mapping, reviewing, and assessing the critical loads and levels and their exceedances and by 

making recommendations on the further development of effect-based approaches, and on 

future modelling and mapping requirements. 
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2. The Task Force plans, coordinates, and evaluates the Programme’s activities. It is 

responsible for updating the Programme Manual, as well as for quality assurance. 

3. The Task Force prepares regular reports, presenting, and, where appropriate, interpreting 

programme data. 

1.3.3 Mandate for the Coordination Centre for Effects 

1. The Coordination Centre for Effects (CCE) assists the Task Force of the ICP on Modelling and 

Mapping. It also gives scientific and technical support in collaboration with the Programme 

Centres under the Convention, to the Working Group on Effects and, as required, to the 

Working Group on Strategies and Review, as well as to other relevant subsidiary bodies 

under the Convention. In their work related to the effects of air pollution, including the 

practical development of methods and models for calculating critical loads and levels and the 

application of other effect-based approaches. 

2. In support of the critical loads/levels mapping and modelling exercise, the CCE is focusing on 

the items listed below. 

a. Provides guidance and documentation on the methodologies and data used in 

developing critical loads and critical levels of relevant pollutants, and their exceedances. 

b. Collects and assesses national and European data used in the modelling and mapping of 

critical loads and levels of relevant pollutants. The Centre circulates draft maps and 

modelling methodologies for review and comment by National Focal Centres, and 

updates modelling methodologies and maps as appropriate. 

c. Produces reports and maps on critical loads/levels documenting mapping and modelling 

methodologies, with the assistance of the National Focal Centres and in cooperation with 

the Task Force on ICP on Modelling and Mapping. 

d. Provides, upon request, the Working Group on Effects and the Task Force on ICP on 

Modelling and Mapping, the Working Group on Strategies and Review and the Task 

Force on Integrated Assessment Modelling, with scientific advice regarding the use and 

interpretation of data and modelling methodologies for critical loads and levels. 

e. Maintains and updates relevant databases and methodologies, and serves as a clearing 

house for data collection and exchange regarding critical loads and levels among Parties 

to the Convention, in consultation with the International Cooperative Programmes and 

EMEP. 

f. Conducts periodic training sessions and workshops to assist National Focal Centres in 

their work, reviews activities and also develops and refines methodologies used in 

conjunction with the critical load and critical level mapping exercise. 

3. The CCE reports to the Working Group on Effects and the Task Force of ICP on Modelling and 

Mapping, and receives guidance and instruction from them concerning tasks, priorities and 

timetables. It also assists the Working Group on Strategies and Review, the Task Force on 

Integrated Assessment Modelling, and other bodies under the Convention, when 

appropriate. 

1.3.4 Responsibilities of the National Focal Centres 

The tasks of the National Focal Centres were defined in the 1996 version of the Mapping Manual. 

The National Focal Centres are responsible for: 
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► the collection and archiving of data needed to obtain maps in accordance with the Mapping 

Manual guidelines and in collaboration with the Coordination Centre for Effects; 

► the communication of national mapping procedures (data, formats, models, maps) to the 

Coordination Centre for Effects; 

► the provision of written reports on the methods and models used to obtain national maps; 

► organising training facilities for national experts in collaboration with the Coordination 

Centre for Effects; 

► making the necessary provisions to obtain national maps in accordance with the resolution 

and standards (measurement units, periodicity, etc.) described in the Mapping Manual; 

► collaborating with the Coordination Centre for Effects to permit assessment of the methods 

applied in order to perform multinational mapping exercises (e.g. using GIS) and model 

comparisons; 

► updating the Mapping Manual as appropriate, in collaboration with the Task Force on 

Mapping and the Coordination Centre for Effects. 

1.4  Objectives of the manual 

The principal objectives of this Mapping Manual are to describe methods that are recommended 

for use by the Parties to the Convention, represented by their National Focal Centres. The 

Modelling and Mapping Manual can help and assist NFCs to: 

► model and map critical levels and loads in the ECE region; 

► model and map areas with air pollution values exceeding critical levels or loads; 

► develop, harmonize and apply methods and procedures (including dynamic modelling) to 

assess recovery and risk of future damage on specific targets including biodiversity in a 

context of climate change; 

► determine and identify sensitive receptors and locations. 

Thus, it provides a scientific basis on the application of critical levels and loads, their 

interrelationships, and the consequences for abatement strategies, e.g., for the assessment of 

optimized allocation of emission reductions. 

This Mapping Manual includes methodologies used by ICP Materials to assess the impact of 

pollution on corrosion and the soiling of building materials (Ch. 4). Furthermore, it contains 

methodologies used by ICP Vegetation concerning the impact of air pollutants, and especially 

ozone, on crops and semi-natural vegetation (Ch. 3). In contrast to manuals (or comparable 

methodological documents) of other ICPs and the EMEP CCC, this manual does not contain 

information on methods of measurements nor on detailed data generation. This reflects the aims 

and tasks of the ICP Modelling and Mapping within the Convention. 

Specific technical information as well as detailed results and other information by the National 

Focal Centres can be found in CCE Status Reports and publications 

(www.umweltbundesamt.de/en/cce-manual and bibliographic references therein). 

http://www.umweltbundesamt.de/en/cce-manual
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1.5 Structure and scope of the manual 

Chapter 1 has given an overview of the Convention’s focal points on impact assessment and ICP 

M&M activities within the Convention. These include the development of impact indicators, 

including the critical loads and levels, whose calculation methods are presented in the following 

chapters. 

Chapter 2 describes methods to map pollutant concentrations and depositions. These may be 

used to generate exceedance maps by subtracting critical levels/loads from them. At the 

European scale, chemistry transport models, such as the EMEP model, are used to construct 

maps (cf. http://www.emep.int/mscw/). The modelled pollutant concentrations and 

depositions are derived from national emissions, which provide the link to negotiations on 

emission controls. In addition, NFCs are encouraged to produce high resolution maps which can 

be used for effects assessments in specific ecosystems at the national and local level. This 

chapter was produced by experts, including those from EMEP. 

Chapter 3 describes the methods developed for the quantification and mapping of critical levels 

and fluxes of gaseous pollutants for vegetation. It is largely based on the conclusions and 

recommendations of Convention workshops while ozone recommendations are based on the 

intensive work coordinated by ICP Vegetation in cooperation with EMEP. This chapter has been 

prepared by ICP Vegetation experts (http://icpvegetation.ceh.ac.uk/). 

Chapter 4 describes the derivation and application of acceptable levels for effects on materials. It 

is part of the Manual of ICP on Materials (https://www.ri.se/en/icp-materials). It has been 

prepared by ICP Materials experts. 

Chapter 5 describes how to quantify and map critical loads of nutrient nitrogen, acidity, and 

heavy metals. The structure of the chapter takes into account three main elements: ecosystem 

types (aquatic and terrestrial), impacts (eutrophication, acidification, pollution by heavy metals) 

and methods (empirical and modelling). The chapter starts with an overview that includes 

definitions (5.1), followed by a subchapter on Empirical Critical Loads (5.2) with sections on 

nutrient nitrogen (results of a workshop organized by the CCE in Noordwijkerhout in 2010; 

Bobbink and Hettelingh, 2011) and acidity (results of a workshop in York in 2000). Chapter 5.3 

describes methods to model critical loads for terrestrial ecosystems (SMB model) and is divided 

into subchapters on eutrophication and acidification. Chapter 5.4 deals with critical loads for 

surface waters (developed in close cooperation with ICP Waters). Again, the chapter is divided 

into subchapters on eutrophication and acidification. Finally, Chapter 5.5 describes methods to 

model and map critical loads of heavy metals. New and preliminary approaches to assess the 

impact of nitrogen on biodiversity are described here. This chapter is at the core of ICP M&M 

activity and has been mainly written by CCE. 

Chapter 6 describes dynamic models for acidification and eutrophication and the use of their 

results. The authors developed it in close cooperation with the Joint Expert Group on dynamic 

modelling. 

The last two chapters present issues common to the use and the calculation of critical loads for 

all type of effects (acidification, eutrophication, heavy metals). 

Chapter 7 describes how to identify critical load exceedance and parameters derived from 

exceedance (protection isolines, [average] accumulated exceedances). 

Chapter 8 describes procedures needed to produce maps, including map geometry / projections, 

spatial generalisation and representativity, and the estimation of uncertainty and bias. 

http://www.emep.int/mscw/
http://icpvegetation.ceh.ac.uk/
https://www.ri.se/en/icp-materials
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1.6  Historical bibliography and websites 

For historical details on the establishment of the Task Force on Mapping and the mandates of 

the cooperating partners in the modelling and mapping exercise see EB Air/R.18/Annex IV, 

Section 3.6 and EB Air/WG.1/R.18/Annex I, as well as document EB.AIR/WG.1/2004/3. 

The historical development of the programme and the approaches used for calculating critical 

loads and levels can be followed by consulting the following background material: 

1. Nilsson J (ed) (1986) Critical Loads of Nitrogen and Sulphur. Environmental Report 1986: 

11, Nordic Council of Ministers, Copenhagen, 232 pp. 

2. Report of the Initial ECE Mapping Workshop, Bad Harzburg 1989. 

3. Mapping Vademecum 1992, available at the Coordination Centre for Effects, Bilthoven, The 

Netherlands, RIVM Report No. 259101002. 

4. Manual on Methodologies and Criteria for Mapping Critical Loads/Levels (First Edition); 

Texte Umweltbundesamt 25/93, Federal Environmental Agency (UBA)(ed.), Berlin, Germany. 

5. Manual on Methodologies and Criteria for Mapping Critical Loads/Levels and Geographical 

Areas Where They Are Exceeded (fully revised in 1995/1996); Texte Umweltbundesamt 

71/96, Federal Environmental Agency (UBA)(ed.), Berlin, Germany. 

6. CLRTAP (2004). Manual on methodologies and criteria for modelling and mapping critical 

loads and levels and air pollution effects, risks and trends. ICP Mapping and Modelling 251 p. 

7. Numerous scientific articles referenced in the following chapters. 

Status, results, and the agenda of the ICP Modelling and Mapping are described in various 

documents to be found on the Convention’s web site. Various aspects concerning technical and 

scientific background and detailed results also of National Focal Centres can be found in CCE 

publications, especially the CCE Status Reports, found on the CCE web site 

(https://www.umweltbundesamt.de/en/Coordination_Centre_for_Effects). 

1.6.1 Gains model 

About the GAINS model as developed by the IIASA, see: 

http://gains.iiasa.ac.at/gains/EUN/index.login?logout=1  

1.6.2 References 

Amann, M., Bertok, I., Borken-Kleefeld, J., Cofala, J., Heyes, C., Höglund-Isaksson, L., Klimont, Z., Nguyen, B., 

Posch, M., Rafaj, P., Sandler, R., Schöpp, W., Wagner, F., Winiwarter, W., 2011. Cost-effective control of air 

quality and greenhouse gases in Europe: Modeling and policy applications. Environmental Modelling & 

Software 26, 1489-1501. 
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report 680359002, Coordination Centre for Effects, RIVM, Bilthoven. 
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2 Guidance on mapping concentration levels and 
deposition levels 

Last update in 2014 by Anne Christine Le Gall, Chairwoman of the Task Force on Modelling and 

Mapping, from initial text edited by D. Fowler and R. Smith, Mapping Manual 2004. 

Please refer to this document as: CLRTAP, 2014. Guidance on mapping concentrations levels and 

deposition levels, Chapter 2 of Manual on methodologies and criteria for modelling and mapping 

critical loads and levels and air pollution effects, risks and trends. UNECE Convention on Long-

range Transboundary Air Pollution; accessed on [date of consultation] on the Web at 

www.umweltbundesamt.de/en/cce-manual. 

2.1 Information relative to modelling and mapping concentration as well as 
deposition 

2.1.1 General remarks and objectives 

The purpose of this chapter is to provide general information to the participating countries on 

the generation and use of concentration level and deposition maps for a range of pollutants. 

These maps may be used for different purposes, such as assessment of air quality for human 

health and assessment of ecosystems via critical loads exceedances. Depositions are then 

compared with critical level/load maps. In this chapter, the main principles of mapping 

concentrations levels and deposition are described and discussed. A range of different 

techniques are described for the provision of maps of concentration and deposition. These 

techniques provided depend on the resources and ambition of the country. Modelling 

procedures are outlined, and the reader is referred to specialist publications for further 

measurement and modelling approaches. Note that within the LRTAP Convention, modelling and 

mapping of air pollutant concentrations and their deposition is an EMEP mandate. The reader is 

therefore referred to EMEP documents and website for further details. 

There are three main objectives for mapping concentrations and depositions over a territory 

within the LRTAP Convention. 

The first aim is to construct exceedance maps relative to critical levels and loads. When used 

within a large scale, such as when covering several countries, transfer coefficients may be 

calculated. They allocate critical load exceedances in each grid cell of a transport chemistry 

model to emissions in all European countries. This approach is particularly well suited to assess 

policy scenarios in integrated assessment modelling. It therefore provides scientific results for 

a) the implementation of, and compliance with, existing LRTAP Convention protocols and b) 

their review and extension. 

The second aim is to map concentrations and depositions which can be used for effects 

assessments in specific ecosystems. Such data are needed with a much better spatial and 

temporal resolutions than required for integrated assessment modelling. National Focal Centres 

should aim at a sufficient spatial resolution for the assessment process, making use of national 

models and measurement networks. Large scale transport chemistry models provide 

background, long-range transported air components which can be used as boundary conditions 

for such national models. 

The third aim is to gain information on deposition at site level. This is particularly important for 

“monitoring” ICPs, such as ICP Forests and ICP Integrated Monitoring. Then concentration 

measurements, coupled with wet, dry and throughfall deposition measurements are used for 

https://www.umweltbundesamt.de/en/cce-manual
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deriving process parametrisations (mainly micrometeorological measurements) and for 

independent model validation (mainly throughfall measurements; see Chapter 2.3.1, 2.3.2 and 

2.3.10). This chapter does not detail field and laboratory methods for concentrations and 

deposition measurements. The interested reader is referred to specific ICPs manuals and to the 

EMEP publications on monitoring methodology (ICP Integrated Monitoring; ICP Forests; ICP 

Waters; ICP Materials; EMEP/CCC). 

2.1.2 UN-ECE EMEP model: a LRTAP chemistry-transport model 

The EMEP model is the reference chemistry-transport model for the LRTAP Convention and 

European air pollution policy assessments. The model covers all of Europe. Its geographic 

resolution has increased over the years (initially it was 150 x 150 km²). Since 1999, the EMEP 

model was run on a 50 x 50 km² grid (1.0° long x 0.5° lat) although local air pollution emission 

and chemistry may now be simulated on a 7 x 7 km² grid (0.125° long x 0.0625° lat). Its vertical 

resolution extends from ground level to the tropopause (100 hPa or arout 16 000 m). It is 

divided in 20 layers, the lowest having a thickness of about 90m. 

The model has changed extensively over the last ten years, with flexible processing of chemical 

schemes, meteorological inputs (from European Centre for Medium- Range Weather Forecasts2) 

and nesting capability. The model is used to simulate photo-oxidants and both inorganic and 

organic aerosols. It considers land use (source CCE/SEI for Europe, Global Land Cover 2000 

elsewhere, or the CCE harmonised land cover map), at a resolution of about 5 km. 

The EMEP model is now available as public domain code, along with all required input data for 

model runs for one year. It is extensively documented in EMEP status reports, EMEP 

publications and in the scientific literature (EMEP, 2013; Simpson et al., 2012). 

Since 2003, the methodology has been revised for the simulation of dry deposition for particles, 

the emissions of hydrocarbons from vegetation, NO emissions from soils, co-deposition of SO2 

and NH3, the calculation of mixing heights, and the introduction of pH response during sulphate 

formation. Smaller changes in the equations or parameters values have also been carried out. 

The EMEP model is the fruit of 30 years of discussions and intense scientific work carried out 

within the LRTAP Convention, and in particular within the MSC West and East Centres of the 

European Monitoring and Evaluation Programme (EMEP programme, http://emep.int). It is 

continuously evolving. A recent update of the model characteristics has been given by Simpson 

et al., 2012. Initial work is described in proceedings from several UN- ECE workshops dealing 

with this subject, most notably the 1992 “Workshop on Deposition” in Göteborg, Sweden 

(Lövblad et al. 1993), the 1993 “Workshop on the Accuracy of Measurements” with WMO 

sponsored sessions on “Determining the Representativeness of Measured Parameters in a Given 

Grid Square as Compared to Model Calculations” in Passau, Germany (Berg and Schaug 1994), 

and in Erisman and Draaijers (1995), Sutton et al. (1998), Slanina (1996), Fowler et al. (1995a, 

2001a) and ICP Forests Manual (UN-ECE 1999). The model characteristics and performances 

have also been discussed within the task Force on measurements and modelling and as part of 

European Research Programmes (such as EC4MACS, EURODELTA). Supplementary information 

can be found in other workshop proceedings and in scientific journals. 

Many other national chemistry-transport models are also available. A large number of inter-

comparisons in recent years have discussed their strengths and weaknesses (Colette et al., 2011; 

Colette et al., 2012; Cuvelier et al., 2013; Cuvelier et al., 2007; Fiore et al., 2009; Huijnen et al., 

2010; Jonson et al., 2010; Langner et al., 2012; van Loon et al., 2007). In terms of performance, 

 

2 http://www.ecmwf.int/ 

http://emep.int/
http://www.ecmwf.int/
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the EMEP model has ranked well in these studies, with consistently good performances for 

different pollutants (ozone, PM, etc.). In terms of complexity, the EMEP model is fairly similar to 

other regional-scale European chemistry-transport models, such as MATCH (Robertson et al., 

1999), CHIMERE (Bessagnet et al., 2004) or DEHM (Christensen, 1997; Frohn et al., 2001). All of 

these models have some flexibility with regard to chemical schemes and have zooming-

capabilities. 

Within the LRTAP convention, the EMEP values are regarded as default data, allowing the 

assessment process to be completed everywhere. In the following sections, references to 

chemistry- transport models are references to the EMEP model. 

Further description of the EMEP grid is given in chapter 8. 

The EMEP model has been developed together with the EMEP monitoring network. This is 

managed by the Chemical Coordinating Centre3 (CCC), who are responsible for collating 

contributing parties’ data, as well as developing monitoring methods and standards. 

2.1.3 Mapped items in long-range chemistry-transport models relevant to critical loads 

In order to fulfil their role, long-range chemistry-transport models simulate reactions between a 

large number of natural and anthropogenic substances and consider many processes. Several 

items are mapped within this text, in the context of the calculation of critical levels/loads and 

their exceedances.  

For critical level exceedance maps:  

► Ozone flux (PODy for vegetation, SOMO35 for human health) and ozone concentration 

(AOT40 values), 

► Sulphur dioxide concentration, 

► Nitrogen dioxide concentration, 

► Ammonia concentration.  

For critical load exceedance maps: 

► Oxidized sulphur (SOx) deposition (total and non-sea-salt), 

► Oxidized nitrogen (NOx) deposition, 

► Reduced nitrogen (NHy) deposition, 

► Total nitrogen deposition, 

► Base cation and chloride deposition (total and non-sea-salt), 

► Total potential acid deposition. 

Heavy metal deposition: 

► Total deposition of mercury, lead and cadmium, 

► Other priority heavy metals as data become available and policy needs are expressed (such 

as copper, nickel, zinc, arsenic, chromium, and selenium). 

 

3 http://www.nilu.no/projects/ccc/index.html 

https://www.nilu.no/projects/ccc/index.html
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Black carbon is also included amongst the species for which concentrations and deposition are 

calculated. Although its impact was initially mainly calculated for human health, this pollutant 

also intervenes in material soiling to an extent that now remains to be defined in ecosystem 

functioning. 

As input into deposition and critical load computations: 

► Precipitation amount and other meteorological parameters; 

► Wet, dry, cloud water/fog and aerosol deposition; 

► In the context of biodiversity and climate changes, meteorological parameters such as 

temperature, light availability, soil wetness become relevant. 

2.1.4 Processes relevant to airborne pollutant concentrations and deposition 

The behaviour and the fate of each chemical species depend on its physical-chemical properties. 

They are also the consequences of the processes the substance undergoes in the atmosphere or 

at the interface with the ecosystems. These processes may be measured at monitoring stations 

and/or considered in the chemistry-transport models. They are described in the following 

sections. 

2.1.4.1 Meteorology  

Meteorological parameters are required inputs for most critical level or critical load calculations, 

whether at site level or for modelling on a wide geographical area. The data requirements and 

data provision will vary from country to country. Data are generally available from national 

weather services. European data can be obtained from the European Centre for Medium-Range 

Weather Forecasts (ECMWF4), who provides modelled data based on observations within 

Europe. There are other sources for some data such as the US National Centre for Atmospheric 

Research global precipitation database5. 

Precipitation amounts are needed for critical load computations, for wet deposition mapping and 

for surface wetness parametrisations. 

Fog and cloud occurrence are needed for cloud water/fog deposition estimates. 

Wind speed, temperature and radiation are basic requirements for the inferential modelling of 

dry deposition. Additionally, relative humidity, soil water deficit and atmospheric stability are 

often required. 

2.1.4.2 Emissions 

The precise knowledge of quantities as well as localisation of substance sources is essential to 

model their fate in the atmosphere. For less well-known sources, emission factors may be used. 

Recent work has shown that the importance of biogenic emissions in the total budget of 

substance exchanges between the atmosphere and ecosystems (Fowler et al., 2009). 

Within the LRTAP Convention, emissions are compiled by the Task Force on Emission 

Inventories and Projection6. Data reported following the “SNAP” nomenclature7 from each party 

is compiled, provided to the EMEP and integrated by assessment modelling teams. This Task 
 

4 http://www.ecmwf.int/ 
5 https://climatedataguide.ucar.edu/climate-data/gpcc-global-precipitation-climatology-centre 
6 http://www.UN-ECE.org/env/lrtap/taskforce/tfeip/welcome.html 
7 SNAP: “Selected Nomenclature for Air Pollutants” nomenclature, which consists of yearly masses per 
surfaces for various domains and resolutions. 

http://www.ecmwf.int/
https://climatedataguide.ucar.edu/climate-data/gpcc-global-precipitation-climatology-centre
https://www.UN-ECE.org/env/lrtap/taskforce/tfeip/welcome.html
http://www.unece.org/env/lrtap/taskforce/tfeip/welcome.html
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Force also provides guidance on estimating emissions from both anthropogenic and natural 

emission sources, with default methods and emissions factors (TFEIP, 2013). 

Total emissions include: 

► Anthropic emissions – these are emissions issued from human activities, including industry, 

transport, energy, urban activities. They are essential in pollution management since they 

are the sources that can most easily be reduced. 

The availability of accurate local meteorological data is often a constraint to detailed local high-

resolution modelling. Therefore, the success of models in improving deposition estimates to 

specific ecosystems may depend as much on the availability of quality meteorological data as on 

the quality of the local concentration estimates or measurements. 

► Biogenic emissions – the vegetation and the soil are receptors for substances but are also 

emitters. They are dependent on surface types and meteorology. Biogenic emissions are of 

particular importance for mapping ozone because of VOC emissions and for mapping 

ammonia, which is emitted as well as absorbed by vegetation. Biogenic emissions are 

therefore linked to the type of vegetation and soil present over the area modelled. Their 

quality is therefore linked to that of the land use map. 

2.1.4.3 Sea salts 

Primary marine aerosols are composed of sea salt and organic material, including sulphur 

compounds such as dimethyl sulphate (DMS). They are an important contributor to the global 

aerosol load (Barthel et al., 2014). In the framework of critical loads, marine aerosols are 

important as they include acid anions (sulphate and chloride) as well as base cations. 

Consequently, the base cation and chloride deposition in the charge balance from which critical 

loads are derived have to be corrected for sea salt contributions, since critical loads are 

compared with anthropogenic inputs only (thus excluding also dust from erosion, especially 

from Sahara). 

There are two main mechanisms for sea salts generation: bubble bursting during whitecap 

formation and through spume drops under the wave breaking (Simpson et al., 2012). In the 

EMEP model, sea salts calculations include particles with diameters up to 10 µm that originate 

mainly from the bubble mediated sea spray (Tsyro et al., 2011). 

Depositions of base cations, sulphur and chloride (given in equivalents) are corrected by 

assuming that either all sodium or all chloride is derived from sea salts, and that the relations 

between ions are the same as in sea water (after Lyman and Fleming 1940, cited in Sverdrup 

1946). Details on how to carry out this correction is given in Chapter 5. 

2.1.4.4 Deposition of airborne substances 

Deposition is the various processes through which airborne substances are transferred from the 

atmosphere to the vegetation, the soil or the water. These processes occur within different time 

and space scales. It is once that they are deposited that these substances may impact ecosystem 

functioning and human health or damage materials. 

Total deposition is the sum of all dry and wet deposition processes. Distinction between the 

different “depositions” type is as much a matter of the physical-chemical characteristics of the 

deposition as a matter of measurement technique. Some of these are briefly described below. 

Information given below is largely inspired by the ICP Forests Manual (chapter 14: Sampling and 

analysis of deposition) as well as the World Meteorological Office Manual (WMO, 2008 – 

updated in 2010). The interested reader will find more detailed information in these references. 
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For information related to the simulation of these parameters, see Simpson et al., 2012 for the 

EMEP model, as well as Hertel et al., 2013; Hertel et al., 2006; Pacyna et al., 2008; Vet et al., 

2013). 

2.1.4.4.1 Bulk deposition  

Bulk deposition includes parts of particulate and gaseous deposition during dry periods as well 

as wet deposition. It is sampled continuously in an open area with a plastic funnel connected to a 

sample bottle. This cheap and simple method makes its implementation easy. However, the 

method is sensitive to dust from neighbouring areas. In regions with calcareous soils, bulk 

deposition gives incorrect information on the pH and chemistry of atmospheric deposition. 

2.1.4.4.2 Dry deposition  

Dry deposition is the settling due to gravity (sedimentation), impaction (due to turbulence) and 

interception (via chemical and biological processes) of aerosols and gases on a surface during 

dry periods. These processes are strongly influenced by the type of surfaces (leaves, needles, 

rocks, water. etc), the humidity of surfaces, the macro- and micrometeorology (stomata closure), 

and the bio-physical-chemical characteristics of the substances. 

Dry deposition is a slow but continuous flux of contaminants to the soil, water or biogenic 

surfaces. It involves pollutants carried in the lowest part of the atmosphere and is thought to be 

of particular importance close to the sources of emissions. 

These processes are simulated through a resistance analogy, including aerodynamic, surface and 

substance specific canopy resistances and stomatal conductance (Menut et al., 2013; Simpson et 

al., 2012). Resistances are modelled using observations of meteorological parameters and 

parametrisation of surface exchange processes for different receptor surfaces and pollution 

climates as described in Erisman et al (1994a), Smith et al. (2000), Nemitz et al. (2001), 

Emberson et al. (2000), Grünhage and Haenel (1997), Gauger et al. (2003). 

2.1.4.4.3 Wet deposition  

Wet deposition occurs when gaseous or particulate contaminants are scavenged from the 

atmosphere by rain, snow, cloud and/or fog and subsequently deposited to surfaces with the 

subsequent rain drops, snowflakes or fog droplets. Due to the scavenging process involved, wet 

deposition is a good integrator of the atmosphere’s chemical content and is potentially 

influenced by long-range transport of chemicals. Also, wet deposition leads to rapid delivery of 

pollutants, highly concentrated in precipitation, during the short times in which precipitation 

events occur. 

The simulation of wet deposition integrates both in-cloud and below-cloud scavenging of gases 

and particles (Simpson et al., 2012). 

There are different sampling methods possible for wet deposition. They are not exactly 

equivalent as they do not sample exactly the same fraction of wet deposition. 

2.1.4.4.3.1 Wet-only deposition 

Wet-only deposition determines the fluxes of dissolved components from the atmosphere in 

rain, snow, and hail in the open field. It gives valuable information on the chemistry of 

atmospheric deposition and on long-range transport of air masses. It requires collectors that 

open automatically at the onset of precipitation by the use of a sensor and close at the end after 

the rain, snow, and/or hail has stopped. It thus excludes the deposition of particles and gases 

during dry periods. This technical equipment requires electrical power and maintenance. 

They may not work properly in the case of heavy snow. 
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Wet deposition is a function of precipitation rates. If wet deposition is assessed from field 

monitoring, it would be inferred from relatively dense meteorological data and less dense 

monitoring of concentrations in rain, snow, and hail. 

Measured solute concentrations may then be interpolated and wet deposition may be estimated 

from a function of the mapped solute concentration and the precipitation amount, the latter 

provided by the meteorological service for the country (cf. for instance in Kopacek et al., 2012). 

A very important increase of wet deposition occurs over wind exposed hills and mountains, 

particularly in the Northern Europe uplands, due to the washing out of topographic clouds by 

falling rain or snow. As networks do not generally measure at high elevation in complex terrain, 

these effects are generally omitted from network measurements. The underlying physical 

process is well documented and the effects may be modelled using the network data (Dore et al. 

1992, Fowler et al. 1995b, Kryza et al., 2011). 

2.1.4.4.3.2 Occult deposition 

Cloud, fog, rime, mist droplets also scavenge the atmosphere from aerosols and gases. When 

they come into contact of a surface (as the air mass meets a hill or passes through a forest), 

droplets are deposited with their chemical charge. This is occult deposition. Although amounts 

deposited are relatively small, concentrations in occult deposition can be very high, which could 

lead to direct impacts. 

This deposition can be estimated from concentration measurements of airborne substances by 

micrometeorological measurements at the process level (for SO2: Fowler et al. 2001c; for NH3: 

Flechard and Fowler 1998; for cloud: Beswick et al. 1991). Micro meteorologically based long- 

term flux measurements (i.e. continuous flux measurements over more than a year) are possible 

for O3, NOx and SO2 (LIFE project, Erisman et al. 1998a) and for CO2 and H2O (Aubinet et al. 

2000). Such measurements give information about the seasonal and interannual variability in 

the fluxes. Low-cost micrometeorological methods, such as the Time Averaged Gradient (TAG) 

system (Fowler et al. 2001b), provide the means of obtaining deposition parameters for many 

more representative terrestrial surfaces in Europe. 

The methods mentioned here only work if stringent prerequisites concerning 

micrometeorological variables (e.g. surface homogeneity) are fulfilled. They cannot be directly 

extrapolated but the process knowledge obtained from such measurements can be parametrized 

in inferential models and fluxes can be mapped using this information (see high resolution 

modelling above). 

The deposition velocities of cloud water/fog droplets can be similarly estimated by modelling 

momentum transfer (Fowler et al. 1993) and a similar technique has been used to estimate base 

cation deposition (Draaijers et al. 1995). Parameters determining the deposition velocity include 

atmospheric parameters (e.g. wind speed, temperature, radiation, relative humidity, 

atmospheric stability, cloud and/or fog frequency) and surface conditions (e.g. roughness, 

wetness, stomatal response, soil water). 

2.1.4.4.3.3 Throughfall and stemflow measurements 

Throughfall deposition gives an estimate of the total deposition (bulk, leached through the 

canopy, dry depositions) that reaches forest floor. 

Stemflow is wet deposition sampled on stems, usually at the trunk base. As water flows along 

the tree stems, it washes off gases and aerosols previously deposited by rain, snow or occult 

deposition. Stemflow also includes leachates from the bark and leaves. In beech forests, 

stemflow is an important contributor to the deposition on the forest floor. 
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The combination of throughfall and stemflow give an estimate of the deposition to the forest 

floor. Throughfall is sampled beneath the canopy, stemflow near the base of the trunk, both via 

cheap, simple, low maintenance devices. 

According to ICP Forests, the main drawback of the throughfall method is the interaction 

between the canopy and the throughfall water for nitrogen, potassium, calcium, magnesium, 

manganese, and protons. However, the results from throughfall monitoring can still be used as a 

valuable indicator for the nitrogen and base cation deposition to the forest. Throughfall 

deposition can give information on the lower limit of the true deposition of nitrogen and the 

upper limit of true deposition of base cations other than sodium. For sodium and sulphur the 

canopy uptake and leaching are considered to be negligible. Consequently, the throughfall flux is 

used to estimate the total deposition. 

The data will provide knowledge on the seasonal variation and the trends of deposition. In many 

cases throughfall monitoring is considered to be sufficient, and stemflow is only measured for 

some tree species, for which it is known to be of importance (e.g., beech trees). 

Throughfall measurements give a good overview of the deposition situation in the forest, not 

only for sulphur but also for nitrogen compounds. Recent Swedish experiences have highlighted 

the problems with comparing throughfall measurements with wet deposition when the dry 

deposition contribution to the total is very low (Westling pers. comm.), as is now the case for 

sulphur in many areas of Europe. Large uncertainties in wet deposition at wind-exposed sites 

have been shown with field intercomparing studies (Draaijers et al. 2001). Even if it is not 

possible to estimate the total deposition of nitrogen with this method, a lower limit can be set. 

Sampling considerations (e.g., location of collectors, species composition, spatial variability) are 

very important for achieving good results. Sampling requirements are described in detail in the 

ICP Forests Manual (UN-ECE 1999), in review articles such as Draaijers et al. (1996a), and 

Erisman et al. (1994b). 

2.1.4.4.4 Total deposition  

Total deposition is the sum of wet-only and dry deposition. It excludes ion exchanges within the 

canopy. It may be inferred from the values of the depositions described above. 

The relation between total deposition and throughfall can be expressed as: 

(II.1) Total DEP = DRY + WET + Cl/Fog = THF - CEX 

where: 

THF = Flux in throughfall plus stemflow 

DRY, WET, Cl/Fog = dry, wet, cloud water/fog deposition 

CEX = canopy exchange; CEX > 0 for leaching, CEX < 0 for uptake 

When CEX=0, the dry deposition can be estimated as the difference between total flux in 

throughfall and independent measurements of wet and cloud water/fog deposition. If CEX 

differs from 0, dry deposition cannot be distinguished from internal cycling. This method can 

give large overestimates of the true deposition flux (CEX>0) due to canopy leaching (for some 

base cations). It can also give large underestimates of the true deposition flux (CEX<0) due to 

canopy uptake (e.g., for nitrogen compounds and protons). The sum of throughfall and stemflow 

is considered to be equal to total deposition only for sodium and sulphur. For other substances, 

throughfall plus stemflow fluxes may be interpreted as the upper bounds of total base cation 

deposition and as the lower bounds of total nitrogen and proton deposition. 
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In some cases, the total deposition to plant canopies can be deduced from throughfall and 

precipitation measurements in the open field using empirical canopy budget models (based on 

equation II.1, see Adriaenssens et al., 2013; Draaijers and Erisman, 1995). There are different 

possible approaches, some being more reliable than others. For instance, special care should be 

given to the choice of main tracer. 

2.1.4.5 Stomatal conductance 

Stomatal conductance is the process through which gas and water may enter leaf cells. It is 

dependent on the plant species, its phenology (including leaf nitrogen content) and 

environmental drivers such as water, CO2 and light availability. 

Stomatal conductance increases when leaf surface is wet (due to humidity in the air being 

greater than 90%) and when soil humidity is high. Then the flux is mostly determined by 

atmospheric resistances (Erisman et al. 1994a). 

2.1.4.6 Land use roughness and topography 

Deposition increases with the roughness of the vegetation, as it filters airborne substances. As a 

consequence, forests receive larger quantities of dry and wet depositions than grasslands or 

bare soils. These effects will influence results from a monitoring station and may be assessed by 

modelling, with the help of land use maps. It is then essential that the land use map being used 

for modelling deposition is the same as the one used for calculating critical loads and 

exceedances. Within the LRTAP Convention, land use maps are issued from Corine Land Cover in 

Europe, Global Land Cover 2000 elsewhere. The development of work on biodiversity has led to 

map vegetation types at a very fine scale (100 x 100 m²) over Europe. The “harmonised land 

cover map” now used under ICP M&M is available from the CCE and is further described in 

Chapter 5. 

Topography influences the exposition of a site to air masses. In valleys, air may be stagnant. 

Coasts are submitted to high winds. Rainfall is more abundant on the windward rather than the 

downwind side of mountains. At high altitudes, the air mass might be “connected” to the 

substance (ozone in particular) reservoir in the boundary layer. Those aspects are therefore to 

be considered when setting up a monitoring site and inferring deposition from collected data. 

2.1.4.7 Temporal variability  

Annual deposition rates are sufficient when determining critical load exceedances, whereas for 

critical level exceedances, short-term information is sometimes needed. However, since there 

can be substantial variability from year to year with deposition and climatic conditions, a three-

year average deposition for calculation of critical load exceedances may be used. 

For some substances (ozone for instance), it is essential to monitor and simulate diurnal 

concentration variability. A time step may then be a minimum of one hour. 

2.1.4.8 Geographical variability 

Geographical variability is induced by the spatial variability of climate, soil conditions, 

topography, and land use for example. These parameters are considered in critical load and level 

calculations as input data. Geographic variability is the result of the sources localisation as well 

as climatic, geo-pedologic, topographic conditions. 
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2.1.5 Complementing methods to assess air pollution: long-range modelling, nested 
models, and monitoring 

Several methods are available to estimate boundary layer atmospheric concentrations and wet, 

dry, and cloud-water/fog deposition on different scales of time and space. In the context of long-

range air pollution, one main characteristic is whether the methods take emission inventories 

into account or whether they are based on site measurements and monitoring. Two groups of 

methods can be defined on these characteristics: 

► Group A: Long-range chemistry- transport modelling 

⚫ Objectives: (1) regional past, present, and future situation analysis, (2) basis for scenario 

analysis, (3) contribution to field processes understanding. 

⚫ Simulations are based on emission inventories. 

⚫ Examples: EMEP, national long-range transport models or hemispheric models. 

► Group B: Monitoring based methods 

⚫ Objectives: (1) model evaluation and validation, (2) site-specific effects analysis at a very 

fine scale (1 to 1000 ha), (3) monitoring and analysing trends. 

⚫ Measuring concentrations and depositions directly on site: Air pollution representation 

is independent from inventories but interpolated (by kriging) from field measurements 

when the monitoring network is dense enough. 

⚫ Examples: Monitoring networks of air concentration and wet deposition including EMEP 

and national networks and their interpolation (for instance, by kriging). 

► Group C: High-resolution models 

⚫ Objectives: (1) simulate air pollution at high spatial resolution (ca. 1 x 1 km² or higher), 

(2) analysis of local impacts of emissions scenarios. 

⚫ Either based on increasing the griding of LRT models or on extrapolating (kriging) data 

from dense monitoring network. 

⚫ Simulations are based on local emission inventories and on LRT models for boundary 

conditions. 

⚫ Examples: most LRT models now have the ability to run in nested mode, allowing 

zooming on specific areas, including the EMEP Model (Simpson et al., 2012). 

Nested models are Group A models, in which simulations cover a wide area on a coarse scale and 

a smaller area (nest) at a finer scale. Thus, they use LRT models for their boundary conditions, 

while focusing their calculations on smaller areas. Nowadays, EMEP has the ability to run in 

nested mode with, for instance, its 7 x 7 km² grid. It allows zooming around urban areas 

(Cuvelier et al., 2013; Simpson et al., 2012). 

These three approaches are essential and complementary to provide information to policy 

makers. Modelling may not be robust without validation via monitoring, while monitoring alone 

cannot be used for scenario analysis. Modelling and monitoring may be used to map 

concentrations and deposition. The accuracy of the results will be strongly dependant on the 

model’s grid size and on the density of points in the monitoring network. 
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Well-structured monitoring networks are set up within the LRTAP Convention (EMEP, ICP 

Forests, ICP Waters, ICP Integrated Monitoring, ICP Materials) and provide a wealth of results. 

They provide measurements that are necessary to test, validate and improve steady state model 

parameterisations. They also provide long term trends that are essential for assessments of 

policy efficiency and sufficiency as well as dynamic modelling tests, validation, and 

improvement. Parties who are developing existing or new monitoring networks may improve 

their data robustness and completion by combining their results with these existing networks. 

2.1.5.1 Long-range chemistry transport models 

Long-range chemistry transport models are most suitable for scenario analyses and country to 

country budgets (‘blame matrices’) used in emission reduction negotiations (if the model 

domain is more than one country). They calculate patterns of concentration and deposition 

across large regions of the world. Within the Convention, the EMEP model is used for the UN-

ECE region. 

Standard multiannual concentrations from long-range chemistry transport models are given as 

one number per year per component per grid square. Deposition fluxes are provided either as 

average deposition to the grid square or as ecosystem specific deposition estimates. These 

model outputs can be provided for shorter time periods. However, there is the overall constraint 

that the emissions inventory, as one of the most important inputs, is often provided only as an 

annual total. 

2.1.5.2 UN-ECE-monitoring based methods 

There are several techniques that may be used to carry out site sampling and monitoring of 

pollutant concentrations and deposition. It is beyond the scope of this manual to describe them 

here. The interested reader is referred to EMEP-CCC8, to ICP Forests9 and ICP integrated 

monitoring relevant documentations as well as specific literature (setting up a network: 

Anshelm and Gauger, 2001). We will give here only some general aspects which are essential in 

the framework of critical load calculations. 

In the framework of long-range air pollution, monitoring stations are set at a rural location, 

avoiding local sources, including farms (for NHy) and roads (for Nox and Sox). However, in order 

to get a monitoring network representative of the whole range of existing situations, stations 

may be located at various altitudes and/or at various distances from the emitters of pollutant 

sources and precursors (Table II.1). Stations at urban locations are not representative of 

extensive areas but they may be required for differentiating areas with rural and urban pollution 

conditions. They are also essential for population and material exposure assessments. 

Table 2.1:  Minimum distance to emission and contamination sources as recommended by 
EMEP, 2001. All values are indicative as optimum distances and also depend on 
sources intensities, meteorological, and topographic site characteristics. 

Type Minimum distance Comment 

Large pollution sources 
(towns, power plants, major 
motorways) 

50 km Depending on prevailing wind directions 

Small scale domestic heating 
with coal, fuel oil or wood 

100 m Only one emission source at minimum distance 

 

8 http://www.nilu.no/projects/ccc/manual/ 
9 http://icp-forests.net/page/icp-forests-manual 

http://www.nilu.no/projects/ccc/manual/
http://icp-forests.net/page/icp-forests-manual
http://icp-forests.net/page/icp-forests-manual
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Type Minimum distance Comment 

Minor roads 100 m Up to 50 vehicles/day 

Main roads 500 m Up to 500 vehicles/day 

Application of manure, 
stabling of animals. 

2 km Depending on the number of animals and size of 
fertilized field or pastures 

Grazing by domestic animals 
on fertilized pasture 

500 m Depending on the number of animals and size of 
fertilized field or pastures 

The preferred sampling height is 3-5 m and the monitoring station requires an open aspect 

without the presence of trees or other tall vegetation in the proximity of the sample intake. The 

elevation of a particular location determines the extent to which it experiences the influence of 

air from the free troposphere and from the boundary layer. 

Maps may be produced directly from point measurements, but only if the network is dense 

enough to account for spatial (and temporal) variations. This may be the case for networks 

measuring air concentrations of compounds with little spatial variation or for measurements of 

wet deposition in areas of simple terrain. Network (point) measurements should be interpolated 

using the kriging technique and it may be helpful to include monitoring data from neighbouring 

countries for interpolation. For some air concentrations, such as ammonia or ozone, or for rain 

concentrations in complex terrain, the required density of the measurement network could be 

too dense for practical application. In these cases, it is recommended that concentrations are 

obtained from less dense networks and that simple models are used to assist the interpolation, 

using, for example, altitude dependences. It is preferable to interpolate concentrations in rain or 

in air and then calculate the deposition at the receptor site using local estimates of rainfall and 

land- use specific ground-level dry deposition rates (see above). 

Data assimilation, combining observed and LRT modelled concentrations, is another method 

applied to provide improved pollutant concentration fields (Flemming, 2003, Rouil et al., 2009). 

In areas with clearly delineated watersheds, the “calibrated watershed method” integrates 

deposition fluxes over a scale compatible to critical load computations, for example for lakes and 

surface waters. Major fluxes to the groundwater and soil exchange must then be accounted for. It 

is most useful for conservative elements (e.g., S, Na, Cl). The data are useful to validate 

deposition estimates derived from modelling. 

Catchment mass balance is an alternative approach, valid at a small (catchment) scale. It 

combines information from monitoring to local modelling. 

2.1.6 Characteristics of substances maps in relation to exceedances calculations 

Specificities for mapping substance concentrations and deposition are given below, in the 

context of the calculation of critical loads and levels exceedances. 

Usually the relevant information is provided either from the EMEP model, from small scale 

modelling or from monitoring network. 

2.1.6.1 Mapping ozone (O3) concentrations and deposition 

Data on ozone concentrations may be available from photochemistry/transport modelling or 

from monitoring networks. 

The concentrations of ozone close to terrestrial surfaces (e.g. within 1 m) show large spatial 

variability in both rural and urban areas. For urban areas, this variability is mainly caused by the 
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rapid chemical consumption of ozone by NO, which is locally emitted. For rural areas away from 

local sources, this variability is largely caused by spatial and temporal changes in the degree to 

which individual sites are vertically 'connected' to the main reservoir of ozone in the boundary 

layer. Like in urban areas, O3 might be consumed by the reaction with NO which can be emitted 

from bacterial processes in the soil (PORG 1997). 

An ozone concentration field of, at least, a grid of 1 x 1 km2 cell-size is useful when providing a 

spatial resolution of the ozone exposure on a horizontal scale which reflects the variations in the 

orography. As the critical levels are based on the concentration measured in the turbulent layer 

near the receptor, ozone levels modelled or measured at higher distances from the ground are 

not directly related to the observed effects. The supply of ozone to vegetation is provided by 

atmospheric turbulence and hence wind speed and the thermal structure of air close to the 

ground are considered. The deposition of ozone on terrestrial surfaces and vegetation causes a 

vertical gradient of the ozone concentration, which is largely determined by the sink activity of 

the soil-vegetation system. 

2.1.6.2 Mapping sulphur dioxide (SO2) concentrations and oxidised sulphur (SOX) deposition 

Data on SO2 gas concentrations, sulphate (SO42-) aerosol concentrations, and SO42- 

concentrations in rain are available from long-range transport modelling, possibly coupled to 

small-scale modelling. 

SO2, in contrast to ozone or sulphate aerosol, is a primary pollutant. It is emitted by both high 

(e.g., power plants) and low (e.g., household) sources. Therefore, the spatial variability of 

concentrations tends to be higher than that of ozone and sulphate aerosol but lower than that of 

ammonia. Close to urban areas, the concentrations of rural sulphur dioxide are elevated. This 

effect should be modelled explicitly where possible, for example, by using urban concentration 

measurements and areas of urbanisation to model the urban effect. 

For rural areas away from local sources, spatial variability is largely caused by spatial and 

temporal changes in the degree to which individual sites are vertically 'connected' to the main 

reservoir in the boundary layer. 

As for ozone, the SO2 levels measured 3-5 m above ground are not directly related to the 

observed effects, since dry deposition causes a systematic vertical concentration gradient 

towards the surface, while the critical levels are based on the concentration measured close to 

the receptor. However, surface-type specific corrections are not generally applied and 

measured/modelled values usually taken uncorrected. 

2.1.6.3 Mapping nitrogen oxides (NOX) concentrations and deposition of oxidised nitrogen 
(NOY) 

Data on nitrogen oxides are available from long-range transport modelling, possibly coupled to 

small-scale modelling or from monitoring networks. 

Like SO2, nitrogen oxides (NOx=NO+NO2) are emitted by both high (e.g., power plants) and low 

(e.g., traffic) sources, mostly as NO and, to a lesser extend as NO2. The spatial variability of NOx 

concentrations is mainly controlled by reactions of NO with O3. It tends to be higher than that of 

ozone and nitrate but lower than that of ammonia. In rural areas, emission of NO from soils 

(both agricultural and semi-natural) can likewise contribute to local NO2 levels. 

Many national modelling activities are able to provide estimates of surface concentrations of 

NO2 at a high resolution of at least 5 x 5 km2. These can incorporate models to adjust 

concentrations for local emissions by using, for example, distance to major roads. 
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The reaction products of NOx in the atmosphere are collectively called NOy. The main chemical 

species of NOy are NOx, NO3-, NO2-, HONO and HNO3. Species of secondary importance for 

deposition (but essential if atmospheric chemistry is to be modelled) are organic oxidised 

compounds, such as PAN (peroxy acetyl nitrates) and its homologues (peroxy alkyl nitrates, 

alkyl nitrates) dinitrogen peroxide N2O5 and the nitrate radical NO3 (Hertel et al., 2011; Seinfeld 

and Pandis, 1998). 

Dry deposition modelling includes principally NOx, NO3- aerosol, and HNO3 (ideally also HONO). 

Reactions with ozone will affect both NO2 and NO concentrations fields. 

2.1.6.4 Mapping ammonia (NH3) concentration, reduced nitrogen (NHX) deposition and total 
nitrogen deposition 

Ammonia is emitted primarily from agricultural sources that may be grouped as (Hertel et al., 

2011): 

► Point sources, i.e. animal houses and manure storages, 

► Application of manure and mineral fertilizers to the fields, 

► Grazing animals, 

► Other sources, including plants. 

Emissions from these sources vary with agricultural practices and meteorological conditions, as 

NH3 emissions is a process that is highly temperature dependant. Gaseous NH3 has a short 

atmospheric residence time (Erisman and Draaijers 1995) and, as a result, its concentrations in 

air may show steep horizontal and vertical gradients (Asman et al. 1988). Even in areas not 

affected by strong local sources, the ambient concentrations of ammonia may vary by a factor of 

three to four on scales less than a few kilometres. 

The very localised pattern of ammonia concentration, and also of ammonia dry deposition, has 

consequences for mapping procedures. Mapping of ammonia concentrations by interpolation 

from measurements alone requires an extremely high measurement network density and the 

method is only feasible over small areas. 

A long-range transport model with, for example, a 50 x 50 km2 spatial resolution, will not resolve 

these large variations, neither for ammonia concentrations nor for the dry deposition of 

ammonia, which will be the major fraction of total reduced nitrogen deposition close to an 

ammonia source. Therefore, assessments of the exceedances of critical loads will be biased when 

using such LRT models. In the absence of very detailed emission data (on the level of the 

individual farm), measurements in a dense network are needed to obtain accurate exceedance 

levels (Asman et al. 1988). 

It is also important to note that ammonia may be emitted by, as well as deposited onto, 

vegetation, and therefore surface– atmosphere exchange modelling must be used to quantify the 

net exchange over the landscape. The background developments that allow these processes to 

be simulated use a compensation point approach (Schjorring et al. 1998; Sutton et al. 2000). 

2.1.6.5 Mapping total reactive nitrogen 

Total reactive nitrogen (Nr) released in atmosphere consists in three main parts (NHx, NOx and 

N2O). Organic compounds form a fourth, poorly quantified, fraction of Nr. N2O takes part of the 

atmospheric cycle of nitrogen and is important as a greenhouse gas but not for the critical loads 

and levels calculations. Organic compounds and N2O will not be discussed further within this 

text. 
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The deposition of total nitrogen is needed for many applications in the critical load framework. 

It is defined as the sum of total deposition of reduced (NHx) nitrogen [NH3 dry deposition, NH4
+ 

aerosol deposition, NH4+ wet deposition, NH4+ cloud water/fog deposition] and oxidised (NOy) 

nitrogen [NO2 dry deposition, HNO3 dry deposition, NO3- aerosol deposition, NO3- wet deposition, 

NO3- cloud water/fog deposition]. The methodological considerations concerning NHx and NOy 

deposition mapping apply accordingly. 

2.1.6.6 Mapping base cation and chloride deposition 

The deposition of physiologically active basic cations (Bc = Ca + Mg + K10, i.e. the sum of calcium, 

magnesium and potassium) counteracts impacts of acid deposition and can improve the nutrient 

status of ecosystems with respect to eutrophication by nitrogen inputs. Sodium (Na) fluxes are 

needed for estimating the sea-salt fraction of sulphur, chloride (Cl) and Bc inputs, and as a tracer 

for canopy and soil budget models. In addition, inputs of Bc as well as sodium and chloride 

determine the potential acidity of deposition. 

Emissions of base cations are from anthropogenic and natural processes, such as rock 

weathering, sea salts, biomass burning, volcanic dust, industrial emission, vehicle emissions. 

Base cations occur in the air in the particulate phase and are deposited in dry and wet processes. 

In precipitation, they are largely dissolved and occur as ions. In Europe, depositions of base 

cations are strongly influenced by Saharan dust, especially in countries around the 

Mediterranean. Sea salt depositions tend to be correlated with the distance to the sea, with 

highest depositions at western European coastal sites (Torseth et al., 2012; Vet et al., 2013). 

As the aim of the Convention is to minimize acid deposition irrespective of other man- made 

emissions, base cation inputs not linked to emissions of acidifying compounds (for example from 

emissions of Sahara dust, large-scale wind erosion of basic topsoil particles, etc.,) should, in 

principle, not be accounted for within the critical load framework. The non- anthropogenic, non-

sea-salt atmospheric input of base cations is defined as a property of the receptor ecosystem and 

indirectly enters the critical load equation for acidity (see Chapter 5, section 5.3). 

Base cation particle deposition can be estimated from concentrations in wet deposition and 

empirical scavenging ratios (Eder and Dennis 1990, Draaijers et al. 1995). Dry deposition 

velocities can be inferred as for SO42- aerosol and the obtained dry deposition estimates added to 

measured and interpolated wet deposition estimates (e.g. Gauger et al. 2003, RGAR 1997, CLAG 

1997). 

Deposition of base cations have been estimated for Europe, and especially for the Nordic 

countries based on monitoring data on concentrations of base cations in precipitation and air-

borne particles (Draaijers et al., 1997; Hellsten et al., 2007; Van Leeuwen et al., 1996; Van 

Leeuwen et al., 1995; Van Loon et al., 2005; Vet et al., 2013; Werner et al., 2011, Lövblad et al., 

2004). 

2.1.6.7 Mapping total potential acid deposition 

Total Potential Acid Deposition is defined as the sum of the total deposition of strong acid anions 

plus ammonium minus non-sea-salt base cations. 

As stated in the preceding subchapter, most chloride inputs are assumed to be of sea-salt origin, 

and these are removed from the equation by removing all other sea-salt inputs (i.e., of sulphate 

and base cations including Na) using a “sea-salt correction” with Na as a tracer. The implicit 
 

10 Na is not taken up by plant (and therefore not « physiologically active »). It is not included in the Bc sum. 
However, it is a base cation and included in the critical loads calculations in Chapter 5 in the BC sum : BC = 
Ca + Mg + K + Na). 
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assumption is that sea-salt is neutral and contains no carbonates. Surplus chloride inputs (Cl*dep) 

are assumed to be due to anthropogenic HCl emissions. 

The sum of critical load (for sulphur) and background (non-anthropogenic) base cation 

deposition has formerly been defined as critical (sulphur) deposition, as used for the 

negotiations for the Second Sulphur Protocol (Oslo, 1994). For comparison to CL(S) + CL(N), as 

defined in Chapter 5.3.2 (eq. V.19), only deposition values of S and N are needed. However, if the 

amount of total acid input is of interest (e.g., for comparison to CL(Acpot), as defined in 

Chapter 5.3.2), non-sea-salt base cation and chloride deposition then has to be included into the 

input side of the potential acidity exceedance equation: 

(II.3) Ac(pot)dep = SO*x dep + NOy dep + NHx dep - BC*dep + Cl*dep 

where: 

SO*
x, dep = non-sea-salt sulphate deposition 

NOy dep, NHx dep = total oxidized/reduced nitrogen deposition 

BC*dep, Cl*dep = non-sea-salt base cation/chloride deposition 

In areas strongly affected by sea spray (high sea-salt Na, Cl, S inputs), the Total Potential Acid 

Depostion definition of eq. II.3 becomes problematic, since base cations have a beneficial 

nutrifying effect irrespective of their chemical form (e.g., CaCl vs. CaCO3). At the Grange-over-

Sands Workshop in 1994, it was concluded that total Mg+Ca+K deposition rates should be used 

to determine critical loads for acidity (Sverdrup et al. 1995) (see Chapter 5.3.2). 

As stated in Chapter 5.3.2, eq. II.3 assumes that deposited NHx is completely nitrified and 

exported from the system as NO3-, thereby acidifying the system. Thus, with respect to soil 

acidification, it is assumed that 1 mol of SO*x is forming 2 mols of H+, and 1 mol of NOy, NHx and 

Cl* each 1 mol of H+. 

It is important to be consistent when determining total acid inputs. If results are determined on 

a site and process level, and if H+ deposition rates are determined separately, NH4
+ inputs 

(max. 2 equivalents H+ per mol) have to be distinguished from NH3 inputs (max. 1 equivalent H+ 

per mol). The same applies to SO2 (2 equivalents H+ per mol) vs. SO42- (0 equivalents H+ per mol). 

On a larger scale, this may be neglected. Note that the emission and subsequent deposition of 1 

mol SO2 and 2 mols NH3 yields the same potential acid deposition as the deposition of 1 mol of 

their reaction product (NH4)2SO4, namely 4 equivalents. 

2.1.7 Use of deposition and concentration maps 

2.1.7.1 Issues related to map scales 

Deposition and concentration maps are designed to be used in combination with critical load 

and critical level maps to show where and by how much critical loads and critical levels are 

exceeded. The use of deposition data with critical loads data very often involves different scales 

of the different data sources and, in most cases, the critical loads data are provided at a finer 

resolution than the deposition data, resulting in an underestimation of the critical load 

exceedance. These issues have been discussed above and improved deposition estimates, for 

example by using national models at a finer spatial resolution, can improve the quality of the 

critical load exceedances. One important point reiterated here is that it is essential to note any 

different scales in the legends to figures and maps. 

The scale at which critical levels/loads and concentration/deposition are mapped greatly 

influences the magnitude of exceedance values (Spranger et al. 2001, Bak 2001, Lövblad 1996, 
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Smith et al. 1995). For example, if the average value from a 50 x 50 km2 grid square is matched 

to critical loads on the 250 squares of 1 x 1 km2 within the 50 x 50 km2 grid square, there will 

generally be less critical load exceedance than if the deposition were available at the 1 x 1 km2 

scale. The only circumstance in which this underestimate would not occur would be if the high 

deposition locations matched the high critical load locations. Over many areas of Europe, exactly 

the opposite occurs. In many areas of complex terrain, the parts of the landscape receiving the 

largest deposition, such as the higher areas in the mountains of north-western Europe, are also 

the most sensitive to the effects of deposition such as, for example, acidification. The same holds 

true for forested areas, which tend to correlate with poor soils in large parts of Europe. This 

problem is worse for components with local sources (NH3, NOx) because the within-grid 

distribution of sources is not reflected in the grid average estimation from a LRT model but does 

markedly increase the within-grid variability of deposition and hence potentially increases 

critical load exceedances over local sensitive areas. As the current deposition estimates from 

EMEP are provided at a scale which is much larger than the scale of this spatial variability, 

depositions are averaged over large areas and “hot spots” are smoothed down. The critical loads 

exceedances for these areas tend to be underestimated. 

These effects are minimised by estimating deposition to the smallest spatial scale possible. They 

are therefore becoming less acute with the use of finer scale in new chemical transport models 

(the latest version of EMEP is now based on a 0.1° x 0.1° grid). However, there is an underlying 

relationship that the critical load exceedances will increase as the spatial resolution of the 

deposition gets closer to that of the critical loads. Beyond the effects caused by a change in grid 

resolution, it has been shown that the constant improvement in scientific knowledge can modify 

air pollution risk assessment results. When comparing assessments of environmental situation, 

it is therefore important to make sure that different assessments are carried out with similar 

tools and based on similar hypotheses (Hettelingh et al., 2013). 

The comparison of national maps and model outputs with data from the EMEP model is a source 

of science and policy relevant information. Identification of differences between model outputs 

may lead to model, parameterization, and methodology improvements. These may be of 

particular significance at borders between countries and may help to avoid “border effects”. 

National data may also complete the information provided to policy makers through EMEP. 

Whether national data confirm or infirm European integrated assessments, they are part of the 

information national representatives may use during protocol negotiations or their 

implementation. Models and approaches intercomparisons are commonly carried out within the 

LRTAP groups and subgroups. 

2.1.7.2 Some preliminary remarks regarding the use of model results by parties 

Within UN-ECE countries, the expertise, and facilities for measurement of concentrations and 

fluxes of pollutants is variable. The extent to which the methods presented in monitoring 

manuals can be applied is therefore variable. In each country, it is necessary to assess the range 

of options available. It is important to stress that involvement in measurement alongside 

modelling activities is highly desirable, as both are complementary. 

Besides, the cooperation of all parties in the air pollution impact assessment process is 

necessary to develop satisfactory and efficient strategies for control of pollutant emissions. 

These require full participation in the underlying science as well as in the political process. 

National Focal Centres are strongly advised to ensure that the monitoring and modelling 

methodologies described in the publications listed above are documented in the development or 

validation of a database for national concentration and deposition (and critical level and load 

exceedance) maps. Compatibility of these maps with other national maps within the Mapping 
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Programme as well as with monitoring methods employed within other deposition monitoring 

programmes under the Convention (ICPs on Forests and on Integrated Monitoring; EMEP) is 

very important. 

2.1.7.3 Identifying ecosystems position for critical load calculations and their exceedances 

The land use maps used for deposition modelling should be identical to the stock- at-risk maps 

used for critical level/load mapping. Land use maps based on Corine Land Cover in Europe and 

Global Land Cover 2000 elsewhere are used within the LRTAP Convention (cf. Section 2.2.4.6 

and cf. Chapter 5, section 5.6.3). Vegetation types are then identified using EUNIS nomenclature. 

In addition to the geographical position of sensitive ecosystems, land use type/vegetation type, 

vegetation height, and crown coverage also are mapped on a scale that allows for correct 

allocation of deposition to all ecosystem types in the model domain. 

For all maps, the most recent available data should be used. Should data not be available for a 

given year, data set filling should not go back in time further than five years unless, of course, the 

objective is to prepare time series. 

2.1.7.4 Uncertainties of mapping methods 

Since the 2004 version of the Mapping Manual, modelling has significantly improved. The 

EMEP/MSC-W 50 x 50 km2 Eulerian LRT has been used, tested, compared to other chemistry 

transport models, and calibrated to a greater number of monitoring stations over longer periods. 

At the time this manual’s update, finer grid scales at around 28 x 28 km² (0.5° Long x 0.25° Lat), 

or finer, are being implemented in the EMEP model. 

There are, of course, a number of persistent issues in chemistry transport model uncertainties 

that lead to uncertainties in critical load exceedance calculations. There are of course also some 

uncertainties in critical load calculations. They are discussed in relevant chapters and sections. 

The following points are mentioned in recent literature, including those related to the EMEP 

Model, as potential sources of uncertainties (Cuvelier et al., 2013; Hertel et al., 2011; Simpson et 

al., 2012): 

► Emission data 

► Climate 

► Atmospheric processes (and their non-linearities) 

► Pollutant dispersion and vertical resolution 

► Deposition and its relation to interactions of pollutants with surfaces and vegetation and 

aerosol size distributions 

When evaluating model-measurement intercomparisons, it is important to recall that 

there are also uncertainties with the measurements, 

the model may be estimating something rather different from what is being measured. 

For instance, the NO2 concentration at a single site in a (50 x 50 km2) grid square is only an 

estimate from a sample of size one of the 'average' NO2 concentration in the square, which is the 

value the EMEP/MSC- W model is attempting to match. An evaluation of the overall uncertainty 

of the model requires that some further information is available on the effects of the spatial 

distribution of measurement sites. 
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3 Mapping critical levels for vegetation and lichens 
Chapter 3 was prepared under the leadership of the ICP Vegetation11 and led by Gina Mills, Head 

of the ICP Vegetation Programme Coordination Centre (PCC), Centre for Ecology & Hydrology, 

Bangor, UK, with support from the editorial team members Harry Harmens (Chair of the ICP 

Vegetation), Felicity Hayes (PCC), Håkan Pleijel (Chair Crops Working Group), Patrick Büker 

(Chair Forest Trees Working Group) and Ignacio González-Fernández (Chair (Semi-)natural 

Vegetation Working Group). Many other ozone experts from the ICP vegetation also contributed 

to the chapter, including Rocio Alonso, Jürgen Bender, Elke Bergmann, Viki Bermejo, Sabine 

Braun, Helena Danielsson, Giacomo Gerosa, Ludger Grünhage, Per Erik Karlsson and Riccardo 

Marzuoli, together with contributions from ICP Forests (Marcus Schaub) and EMEP (David 

Simpson). 

This fully revised version of Chapter 3 includes updates to the critical levels for ozone agreed at the 

30th ICP Vegetation Task Force Meeting on 14-17 February 2017 in Poznan, Poland. The critical 

levels for SO2, NOX, and NH3, and associated text have not been changed since the previous version. 

This version was published in April 2017 (minor edits October 2017). 

Note: in addition to this chapter, two additional scientific background documents (SBD) are 

available on the ICP Vegetation web site (https://icpvegetation.ceh.ac.uk/): 

► SBD-A: Supplementary material to Chapter 3 of Modelling and Mapping Manual; 

► SBD-B: Developing areas and new directions of ozone research. 

Please refer to this document as: CLRTAP, 2017. Mapping critical levels for vegetation, Chapter 3 

of Manual on methodologies and criteria for modelling and mapping critical loads and levels and 

air pollution effects, risks and trends. UNECE Convention on Long-range Transboundary Air 

Pollution; accessed on [date of consultation] on Web at www.umweltbundesamt.de/en/cce-

manual. 

3.1 Introduction to critical levels for vegetation 

The purpose of this chapter is to provide information on the critical levels of air pollutants for 

vegetation and the methodology for calculating critical level exceedance. Methods for mapping 

pollutant concentrations, deposition, and exceedance are provided in Chapter II. The 

International Cooperative Programme on Effects of Air Pollution on Natural Vegetation and 

Crops (ICP Vegetation) has editorial responsibility for this chapter. Further information 

supporting the critical levels for ozone (O3) and associated methodology can be found in the 

Chapter 3 Scientific Background Document A (SBD-A), whilst information on new developments 

in research for ozone critical levels is presented in the Chapter 3 Scientific background 

Document B (SBD-B), both are available on the ICP Vegetation website 

(http://icpvegetation.ceh.ac.uk). 

Excessive exposure to atmospheric pollutants has harmful effects on many types of vegetation, 

as well as the ecosystem and food services that vegetation provides. Critical levels are described 

in different ways for different pollutants, including mean concentrations, cumulative exposures 

and cumulative uptake through small pores in leaves (stomatal flux). The effects vary between 

vegetation type or species and pollutant and include changes in growth for trees and (semi-) 

natural vegetation, yield (quality and quantity) for crops, flower number and seed production 

for (semi-)natural vegetation, and vulnerability to abiotic stresses such as frost or drought and 

 

11 International Cooperative Programme on Effects of Air Pollution on Natural Vegetation and Crops 

http://icpvegetation.ceh.ac.uk/
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biotic stresses such as pests and diseases. Critical levels are defined as indicated in Box 1. 

Critical level exceedance maps show the difference between the critical level and the monitored 

or modelled air pollutant concentration, cumulative exposure or cumulative stomatal flux. 

Box 1: Definition of critical levels for vegetation 

Critical levels for vegetation are the “concentration, cumulative exposure or cumulative stomatal 

flux of atmospheric pollutants above which direct adverse effects on sensitive vegetation may 

occur according to present knowledge”. 

For sulphur dioxide (SO2), nitrogen oxides (NOx) and ammonia (NH3), recommendations are 

made for concentration-based critical levels. For information on critical loads for sulphur and 

nitrogen acidity, and eutrophication due to nitrogen deposition see Chapter 5. For ozone (O3), 

two types of critical levels are described for crops, forest trees and (semi-) natural vegetation: 

cumulative stomatal flux-based and cumulative concentration-based critical levels. Calculation 

of both incorporates the concept that the effects of O3 are cumulative and values are summed 

over a specific threshold flux or concentration during daylight hours for a defined time period. 

As described in Section 3.3.1, cumulative stomatal O3 fluxes are considered biologically more 

relevant as they provide an estimate of the amount of O3 entering the leaf pores and causing 

damage inside the plant (Mills et al., 2011a,b). 

The critical levels have been set, reviewed and revised at a series of UNECE Workshops and ICP 

Vegetation Task Force Meetings, starting with Bad Harzburg (1988) and most recently in Madrid 

(2016) and at the 30th ICP Vegetation Task Force meeting in Poznan (2017); see Annex for a list 

of workshops. The critical levels for O3 and associated methodology have been primarily 

developed by the ICP Vegetation, with those for forests developed in collaboration with the ICP 

Forests (International Cooperative Programme on Assessment and Monitoring of Air Pollution 

Effects on Forests). Following agreement at ICP Vegetation Task Force Meetings or workshops, 

new or amended critical levels were subsequently put forward for approval at Task Force 

meetings of ICP Modelling and Mapping (International Cooperative Programme on Modelling 

and Mapping of Critical Levels and Loads and Air Pollution Effects, Risks and Trends), the joint 

meeting of the EMEP (The European Monitoring and Evaluation Programme) Steering Body and 

the WGE (Working Group on Effects) and the meeting of the Executive Body of the LRTAP 

Convention (http://www.unece.org/env/lrtap/welcome.html). 

3.2 Critical levels for sulphur dioxide (SO2), nitrogen oxides     (NOX), and 
ammonia (NH3)  

3.2.1 Sulphur dioxide (SO2) 

The critical levels for SO2 that were established in Egham in 1992 (Ashmore & Wilson, 1993) are 

still valid (Table 3.1). There are critical levels for four categories of vegetation types – for 

sensitive groups of lichens, for forest ecosystems, (semi-)natural vegetation and for agricultural 

crops. These critical levels have been adopted by WHO (2000). 

Exceedance of the critical level for (semi-)natural vegetation, forests, and, when appropriate, 

agricultural crops occurs when either the annual mean concentration or the winter half-year 

mean concentration is greater than the critical level; this is because of the greater impact of SO2 

under winter conditions. 

http://www.unece.org/env/lrtap/welcome.html
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Table 3.1:  Critical levels for SO2 (µg m-3) by vegetation category. 

Vegetation Type Critical level SO2 [µg m-3] Time period 

Cyanobacterial lichens 10 Annual mean 

Forest ecosystems* 20 Annual mean and  
Half-year mean (October-March) 

(Semi-)natural 20 Annual mean and  
Half-year mean (October-March) 

Agricultural crops 30 Annual mean and  
Half-year mean (October-March) 

*The forest ecosystem includes the response of the understorey vegetation. 

3.2.2 Nitrogen oxides (NOX) 

The critical levels for NOx are based on the sum of the NO and NO2 concentrations because there 

is insufficient knowledge to establish separate critical levels for the two pollutants. Since the 

type of response varies from growth stimulation to toxicity depending on concentration, all 

effects were considered to be adverse. Growth stimulations were of greatest concern for (semi-) 

natural vegetation because of the likelihood of changes in interspecific competition. 

Separate critical levels were not set for classes of vegetation because of the lack of available 

information. However, the following ranking of sensitivity was established: 

(semi-)natural vegetation > forests > crops 

Critical levels for NOx were established in 1992 at the Egham Workshop. The background 

papers on NOx and NH3 presented at the Egham Workshop (Ashmore & Wilson, 1993) were 

further developed as the basis of the Air Quality Guidelines for Europe, published by the WHO in 

2000. This further analysis incorporated a formal statistical model to identify concentrations to 

protect 95% of species at a 95% confidence level. In this re-analysis, growth stimulation was 

also considered as a potentially adverse ecological effect. Furthermore, a critical level based on 

24h mean concentrations was considered to be more effective than one based on 4h mean 

concentrations as included in the earlier version of the Mapping Manual (UNECE, 1996). Since 

the WHO guidelines were largely based on analysis extending the background information 

presented at the Egham Workshop, the critical levels in Table 3.2, which are identical to those of 

WHO (2000), should now be used. 

Table 3.2:  Critical levels for NOx (NO and NO2 added, expressed as NO2 (µg m-3)). 

Vegetation Type Critical level NOX 
(expressed as NO2) [µg m-3] 

Time period 

All 30 Annual mean 

All 75 24-hour mean 

For application for mapping critical levels and their exceedance, it is strongly recommended that 

only the annual mean values are used, as mapped and modelled values of this parameter have 

much greater reliability, and the long-term effects of NOx are thought to be more significant than 

the short-term effects. 

Some biochemical changes may occur at concentrations lower than the critical levels, but there 

is presently insufficient evidence to interpret such effects in terms of critical levels. 
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3.2.3 Ammonia (NH3) 

The fertilization effect of NH3 can, in the longer-term, lead to a variety of adverse effects on 

vegetation, including direct toxic effects on epiphytic lichens through the increase of 

extracellular pH and fertilization effects such as growth stimulation (which can alter species 

balance with some species being potentially out-competed) and increased susceptibility to 

abiotic (drought, frost) and biotic stresses. As for NOx, for application for mapping critical levels 

and their exceedance, it is strongly recommended that only the annual mean values of NH3 are 

used. This is because mapped and modelled values of the longer-term critical levels have much 

greater reliability, and the long-term effects of NH3 are thought to be more significant than the 

short-term effects. 

The critical levels in Table 3.3 refer to ecosystems with the most sensitive lichens and 

bryophytes and vascular plants. The aim of these critical levels is to protect the functioning of 

plant and lichen individuals and communities. Lichens and bryophyte species were found to be 

more sensitive than vascular plants (Table 3.3). Critical levels are currently not set for 

intensively managed agricultural grasslands (pastures) and arable crops, which are often 

sources rather than sinks of ammonia and are less likely to contain sensitive species. 

Table 3.3:  Critical levels for NH3 (µg m-3). 

Plant and lichen individuals and 
communities 

Critical level NH3 [µg m-3] Time period 

Lichens and bryophytes (including 
ecosystems where lichens and 
bryophytes are a key part of 
ecosystem integrity) 

1 Annual mean 

Vascular plants 
(including ecosystems where 
lichens and bryophytes are not a 
key part of ecosystem integrity) 

3* Annual mean 

Provisional critical levels   

Lichens and bryophytes 12## Monthly mean 

Vascular plants 23 Monthly    mean 

*An explicit uncertainty range of 2-4 μg m-3 was set for vascular plants. The uncertainty range is intended to be useful when 

applying the critical level in different assessment contexts (e.g. precautionary approach or balance of evidence). 
##This value is not derived from experiments or observations, unlike other critical levels. It is highlighted here to be 

mathematically consistent with the annual level for lichens and bryophytes.  

The critical levels presented in Table 3.3, except that for the monthly mean for lichens and 

bryophytes, were recommended for inclusion in this manual at a workshop, held in Edinburgh 

from 4-6 December in 2006: Atmospheric ammonia: Detecting emission changes and 

environmental impacts (UNECE, 2007). Their inclusion was subsequently approved at the 20th 

Task Force meeting of the ICP Vegetation (Dubna, Russian Federation, 5-8 March, 2007) and 

adopted at the 23rd meeting of the Task Force on Modelling and Mapping (Sofia, Bulgaria, 26-27 

April, 2007).  

15 years later, the critical levels in Table 3.3 were reviewed and confirmed at an Ammonia 

Expert Workshop, prepared by the Coordination Center for Effects (CCE) and held in Dessau, 

Germany and online 28-29 March 2022. The monthly mean critical level for lichens and 



TEXTE Manual on Methodologies and Criteria for Modelling and Mapping Critical Loads and Levels and Air Pollution 
Effects, Risks, and Trends 

72 

 

bryophytes was added. Amendments to this chapter, based on the Dessau Workshop 

conclusions, were presented and approved at the 36th Task Force Meeting of the ICP Vegetation 

(13-15 February 2023) and the 39th ICP Modelling & Mapping Task Force meeting in Prague 

(28-30 March 2023). 

The following recommendations were given by the Edinburgh meeting (December, 2006) and 

confirmed by the Dessau Workshop (March 2022): 

► The definition of a long-term critical level for lichens and bryophytes, including ecosystems 

where lichens and bryophytes are a key part of the ecosystem integrity, of 1 μg m-3 (annual 

mean); 

► The definition of a long-term critical level for vascular plants, of 3 μg m-3, with an uncertainty 

range of 2-4 μg m-3 (annual mean); 

► Long-term critical level values are based on observation of actual species changes from both 

field surveys and long-term exposure experiments, where effects were related to measured 

ammonia concentrations and could not be assumed to provide a protection for longer than 

20-30 years; 

► To retain the monthly critical level (23 µg NH3 m-3) for vascular plants only as a provisional 

value. This value is based on the assessment of adverse effects of short-term exposures as 

discussed at the UNECE Workshop on Critical Levels held in 1992 in Egham, United Kingdom 

(Van der Eerden et al., 1994). The monthly critical level was estimated with the “envelope” 

method using exposure-response data from mainly short-term fumigation experiments. 

Thus, it does not have the same relevance as the long-term critical levels (annual averages of 

1 and 3 µg NH3 m-3) derived from long-term field studies. The provisionally retained 

monthly value has to be considered as expert judgement to allow the assessment of effects of 

short-term peak concentrations which can occur, for example, during periods of manure 

application (e.g., in spring). 

The following recommendations were added following the Dessau Workshop (March, 2022): 

► The monthly critical level of 23 μg m-3 had been derived for vascular plants, and does not 

apply to lichens, bryophytes and ecosystems where these are important to ecosystem 

integrity, e.g. peatlands. It can easily be seen that one month of 23 μg m-3, would give a 

minimum annual average of 1.9 μg m-3, which already exceeds the long-term critical level for 

lichens and bryophytes. Therefore, to be mathematically consistent with the long-term 

critical level for those very sensitive elements, a maximum monthly value of 12 μg m-3 would 

apply, though further evidence would be needed to assess whether this value is sufficiently 

precautionary for sensitive lichen and bryophyte species.  

► To remove ambiguity (e.g. where lichens and bryophytes are considered to be a key part of 

heathlands and other habitats), references to “heathland, grassland and forest ground flora” 

in the table 3.3 were removed in comparison to the previous version of this chapter. 

Additionally, references to the term “vegetation” as a standalone term as well as to “lower 

and higher plants” were removed, referring instead to ‘lichens and bryophytes’ and ‘vascular 

plants’ respectively and acknowledging that lichens are not part of the vegetation in the 

strict sense. 

► In the background information as well as in the presentations of the Dessau Workshop, both 

published within the workshop proceedings, the latest supporting scientific literature of the 

past 15 years has been compiled (Franzaring and Kösler, 2023, Chapters 2 and 4)1. This 
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literature review focused on studies in which the effects of ammonia on plants and lichens 

were investigated. While many investigations were done in the field using e.g. lichens and 

gradient studies in the lee of farms, there were only a few controlled fumigation experiments 

published, in which reference concentrations of ammonia were set to derive dose-response 

relationships. The compiled research results since the 2009 revision to the ammonia critical 

levels, corroborates the changes made previously. As such, the key evidence (Table 3.4) 

remains unchanged. 

► It must be noted that the effects of ammonia will be modified by concurrent elevated NOx 

concentrations (e.g., Sutton et al., see Section 4.4.1 in Franzaring and Kösler, 2023)1, for 

which further evidence is needed before setting of critical levels that integrate both gases. In 

addition, effects of ammonia depend on the wider ecological status of the ecosystem (e.g. 

combined impacts of management, drought and natural pH preferences). Since most 

research was based on Northwestern European peat bogs and heathlands, it is 

recommended that future revisions of critical levels should include other important 

European habitat types. 

The proceedings of the UNECE Workshop on Ammonia (Edinburgh, December 2006) were 

published in Sutton et al. (2009) by Springer: Sutton M.A., Baker S., Reis S. (eds.), Atmospheric 

Ammonia: Detecting emission changes and environmental impacts. This book includes details of 

the evidence used to justify the change in critical levels, as summarized in Table 3.4. 

The proceedings of the Dessau Workshop in March 2022 were published by the German 

Environment Agency. The report “Review of internationally proposed critical levels for ammonia 

- proceedings of an Expert Workshop held in Dessau and online on 28/29 March 2022” was 

collated by Franzaring and Kösler (2023) and can be downloaded from the website of the 

German Environment Agency12. 

Table 3.4:  Key evidence based on observations of changes in species composition (a true 
ecological endpoint) in response to measured air concentrations of ammonia and 
for justifying separate critical levels for ecosystems where lichens and bryophytes 
are a key part of ecosystem integrity. 

Location Receptor type Lowest measured 
NH3 concentration  
[µg m-3] 

Estimated 
NOEC * 
[µg m-3] 

Reference 

SE Scotland,  
poultry farm 

Epiphytic lichens 0.6 0.7 (on twigs) 
1.8 (on trunks) 

(Pitcairn et al., 2004,  
Sutton et al., 2009) 

Devon, 
SW England 

Epiphytic lichens 
diversity (twig) 

0.8 (modelled) 1.6 (Wolseley et al., 
2006) 

United Kingdom, 
national NH3 
network 

Epiphytic lichens 0.1 1.0 (Leith et al., 2005,  
Sutton et al., 2009) 

Switzerland Lichen population 
index 

1.9 (modelled) 2.4 (Rihm et al., 2009) 

SE Scotland, field 
NH3 experiment, 
Whim bog 

Lichens and 
bryophytes  

0.5 < 4 (Sheppard et al., 
2009) 

 

12 https://www.umweltbundesamt.de/publikationen/review-of-internationally-proposed-critical-levels 
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Location Receptor type Lowest measured 
NH3 concentration  
[µg m-3] 

Estimated 
NOEC * 
[µg m-3] 

Reference 

– damage and 
death 

Corroborative evidence ** 

SW England Epiphytic lichens 1.5 ca. 2 (Leith et al., 2005) 

South Portugal Epiphytic lichens 0.5 1 (Pinho et al., 2009) 

Italy, pig farm Epiphytic lichens 0.7 2.5 (Frati et al., 2007) 

*NOECs were directly estimated from exposure/response curves or calculated with regression analysis. The data are from 

recent experimental studies, both field surveys and controlled field experiments on the impact of NH3 on vegetation. 

**In these cases, NH3 concentration data were available for less than one year, which is why these results are categorised 

as “corroborative evidence”. 

3.3 Critical levels for ozone (O3) 

3.3.1 Overview 

3.3.1.1 O3 damage to vegetation and consequences for food production and ecosystem services 

A large body of evidence has shown that ambient O3 causes damage to O3-sensitive vegetation. 

O3 enters leaves via the stomatal pores on the leaf surface. Once inside the leaf, a series of 

chemical reactions occur leading to cell membrane damage and other negative impacts on plant 

metabolism, including photosynthesis. These effects can be in response to short-term episodes 

or cumulative during the growing season, and can lead to: 

► Visible leaf damage and premature aging of leaves; 

► Reductions in above- and below-ground growth and biomass; 

► Changes in the ratio between shoot and root biomass (including carbon allocation); 

► Reductions in flower number, flower biomass and seed production; 

► Reductions in crop yield quantity and quality, including cereal grains, potato tubers and 

tomato fruit; 

► Changes in forage quantity and quality for pasture; 

► Altered tolerance to abiotic stresses such as drought and frost and biotic stresses such as 

pest attacks and diseases. 

Reviews of O3 effects on vegetation have been published for crops (Ainsworth, 2016), trees 

(Matyssek et al., 2012, Wittig et al., 2009), and (semi-)natural vegetation (Bassin et al., 2007, 

Fuhrer et al., 2016), whilst effects on carbon sequestration are reviewed by Ainsworth et al. 

(2012). ICP Vegetation has published a series of reports on O3 effects on vegetation, including 

food security (Mills & Harmens, 2011), carbon sequestration (Harmens & Mills, 2012), 

ecosystem services, and biodiversity (Mills et al., 2013). 

Widespread evidence of O3 damage to vegetation in Europe was reported (Mills et al., 2011a) 

including visible leaf injury on crops, trees (Gottardini et al., 2016) and (semi-) natural 
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vegetation, reductions in growth of O3-sensitive compared to resistant cultivars and biotypes, 

and beneficial effects on yield and growth of reducing the ambient O3 concentration by filtration. 

O3 effects have also been reported in the field in the USA (Fuhrer et al., 2016; Temple et al., 

2005; U.S. Environmental Protection Agency, 2014) and southeast Asia (Emberson et al., 2009, 

Feng et al., 2015) and are present in other regions of the world (Fuhrer et al., 2016). Meta-

analyses of published data have also indicated that ambient O3 is reducing crop yield (Pleijel, 

2011) and tree biomass production (Wittig et al., 2009), whilst analysis of survey data has 

shown how O3 is reducing tree growth (Braun et al., 2014) and changing species composition, a 

biodiversity indicator (Payne et al., 2011). 

The many impacts of O3 have been considered when developing critical levels. Here, we provide 

critical levels for the potential O3 effects on: 

► Crop yield quantity and quality, for food security applications, including economic 

valuation; 

► Tree biomass for timber production and potentially as a starting point for carbon 

sequestration and biodiversity application; 

► Grassland biomass, potentially as a starting point for carbon sequestration and flower 

and seed production, potentially as a starting point for biodiversity application. 

3.3.1.2 Metrics for critical levels of O3 for vegetation 

A glossary for all terms used for O3 critical levels is provided in Annex III.2. 

For O3, two types of metrics are available for risk assessment, either based on the cumulative 

stomatal flux or the cumulative exposure. Scientific evidence suggests that observed effects of 

O3 on vegetation are more strongly related to the uptake of O3 through the stomatal leaf 

pores (stomatal flux) than to the concentration in the atmosphere around the plants (Mills et 

al., 2011b). Stomata are physiologically controlled and respond to environmental conditions 

such as temperature, light, air humidity, and soil moisture, as well as plant growth stage. For 

example, under hot and dry conditions, plants close their stomata to reduce water loss and as a 

consequence O3 uptake is reduced. The DO3SE model (Deposition of O3 for Stomatal Exchange) 

has been developed to account for the variation in stomatal opening and closing with climatic, 

soil and plant factors (Büker et al., 2012; Emberson et al., 2000a,b, 2001, 2007). This model is 

described in Section 3.3.4.3, and available as an online version at: https://www.sei-

international.org/do3se. It is used to determine the Phytotoxic O3 Dose above a threshold flux of 

Y (PODY) which is the accumulated stomatal O3 uptake during a specified time period. Different 

metrics have been developed for PODY depending on the complexity of the model and its 

application; see Box 2 for definitions. 

Box 2: Metrics for stomatal flux-based critical levels 

PODY (Phytotoxic O3 Dose) is the accumulated plant uptake (flux) of O3 above a threshold of Y 

during a specified time or growth period. 

PODYSPEC is a species or group of species-specific PODY that requires comprehensive input data 

and is suitable for detailed risk assessment. 

PODYIAM is a vegetation-type specific PODY that requires less input data and is suitable for large-

scale modelling, including integrated assessment modelling. 

https://www.sei-international.org/do3se
https://www.sei-international.org/do3se


TEXTE Manual on Methodologies and Criteria for Modelling and Mapping Critical Loads and Levels and Air Pollution 
Effects, Risks, and Trends 

76 

 

The flux-based PODY metrics are preferred in risk assessment over the concentration-

based AOT40 exposure index (defined in Box 3). AOT40 accounts for the atmospheric O3 

concentration above the leaf surface and is therefore biologically less relevant for O3 impact 

assessment than PODY as it does not take into account how O3 uptake is affected by climate, soil, 

and plant factors. This is particularly relevant on the pan-European scale with large climate 

differences between different regions. AOT40 can be used in cases where only O3 concentration 

data are available (when meteorological and/or vegetation-specific information to calculate 

PODY are not available) and/or areas where no climatic or water restrictions to stomatal O3 flux 

are expected. This approach predicts a different spatial pattern of impacts on the pan-European 

scale than PODY (Mills et al., 2011a; Simpson et al., 2007). 

Box 3: Metric for concentration-based critical levels 

AOT40 is the sum of the differences between the hourly mean O3 concentration (in ppb) and a 

threshold value of 40 ppb O3 when the concentration exceeds 40 ppb during daylight hours, 

accumulated over a stated time period. 

Different types of evidence show that the relationships between effects and exposure are 

improved by consideration of the defence capacity of the plants, whereby a certain amount of 

absorbed O3 is detoxified in the plants and does not impact on the overall effect (Mills et al., 

2011b). This is variable by species and is accounted for by including an hourly cut-off Y flux in 

PODY and concentration X in AOTX (with X being 40 ppb in AOT40). 

3.3.1.3 Establishment of critical levels for O3 

The methods described in this chapter have been developed by: 

► Combining data from available field studies to calibrate species-, vegetation type- and 

biogeographical region specific-models of leaf stomatal opening to quantify the stomatal O3 

flux for different plant species; 

► Combining the results from available studies in Europe where plants were exposed to 

different levels of O3 under field conditions to derive response functions from which critical 

levels are derived; 

► Testing the critical levels using observations in the field under ambient conditions, wherever 

feasible. 

Metric-response relationships have been established using experimental data from exposure 

systems, such as open-top chambers, that enable plants to be grown under naturally varying 

climatic conditions for one or more growing seasons. Data from several countries and years of 

experiments have been combined, wherever possible, for a single species/vegetation type. The 

approach described by Fuhrer (1994) for calculating relative effect (e.g., yield or biomass), now 

expressed as a percentage, has been used for each experimental dataset. The relative effect was 

obtained per data point by dividing the observed values of the response variables by the 

intercept of the linear regression between the response variable and O3 exposure for each 

experiment (i.e., for a hypothetical cumulative stomatal flux or exposure equal to zero) and 

converted to percentage, to provide a relative effect for each data point. After this 

transformation, the data from all experiments were combined to derive a common response 

function for each species/vegetation type and effect. The 95% confidence intervals are shown on 

flux-effect relationships to give an indication of the strength of the relationship and the range of 

significance of effect for a given PODY (SPEC or IAM). Response functions used to derive the 

AOT40-based critical levels are provided in the scientific background document A (SBD-A). 
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In some circumstances when the PODY is being calculated, reference against a PODY of 0 could 

theoretically lead to a critical level that is not achievable, as the O3 concentrations needed to 

achieve this could be lower than the estimated “pre-industrial” O3 concentration. Hence, at the 

O3 Critical Level workshop in Madrid in November 2016, it was decided that an accumulated flux 

value calculated at a constant 10 ppb O3 (estimated pre-industrial mean O3 concentration) 

should be set as a reference value (Ref10 PODY) for determining flux-based critical levels (SBD-

A). Ref10 PODY was first determined for the same set of experimental data used for derivation of 

flux-effect relationships by calculating PODY using a constant O3 concentration of 10 ppb and the 

climatic conditions in the experiment. If data from several experiments were combined from 

different climates, the mean of the Ref10 PODY was used as the Ref10 PODY for that function. The 

application of this approach in the derivation of a critical level is shown in Figure 3.1. This 

approach is not needed for AOT40-based critical levels as the cut-off concentration of 40 ppb in 

calculating AOT40 is substantially higher than estimated pre-industrial O3 concentration (SBD-

A). 

Each critical level was derived from a response function using a species or vegetation-specific 

percentage effect. The choice of percentage value for each critical level is explained in the 

separate sections. 

Figure 3.1:  Method for using Ref10 PODY (i.e. PODY at 10 ppb constant O3) as reference point 
for O3 critical level derivation. 

Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual 

3.3.2 Which metric to choose and the input data required 

The flow chart below (Figure 3.2) and table of input requirements (Table 3.5) are provided to 

help users choose which metric to use, depending on data availability and application. 
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Figure 3.2:  Flow chart describing which metric and critical level should be used to assess the 
risk of O3 damage to vegetation, depending on availability of hourly input data and 
application. Additional information required for PODYSPEC and PODYIAM include 
biogeographical region, land cover, average canopy height, and average leaf 
dimension and for PODYSPEC also detailed info on plant phenology. * At canopy 
height; ** VPD = vapour pressure deficit; *** Med. = Mediterranean. 

Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual  

The biologically most relevant risk assessment will be achieved by calculating PODYSPEC, using 

biogeographical region-specific O3 flux models and critical levels for individual plant species or 

groups (Section 3.3.5). An indicative risk assessment is achieved when using PODYIAM, using O3 

flux models and critical levels developed for use in large-scale modelling, including integrated 

risk assessment (IAM; Section 3.3.6). The least biologically relevant risk assessment involves 

calculating the O3 concentration-based metric AOT40 (Section 3.3.7). However, as mentioned 

before, AOT40 can be used in cases where only O3 concentration data are available and/or areas 

where no climatic or water restrictions to stomatal O3 flux are expected. 
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Table 3.5:  Overview of hourly mean input variables required to calculate the Phytotoxic O3 
Dose above a threshold of Y (PODYSPEC and PODYIAM; with reference to tables - T) 
and to calculate AOT40. 

 Data types* PODYSPEC PODYIAM AOT40 

Tables to refer to 
for further 
information 

 Crops (T 3.9),  
Trees (T 3.11),  
(Semi-)natural 
vegetation (T 3.13) 

Crops, Trees,  
(Semi-)natural 
vegetation (All T 
3.15) 

Crops, Trees,  
(Semi-)natural 
vegetation 

O3 concentration at 
the top of the 
canopy (ppb) 

Measured or 
scaled to canopy 
height from 
measurements 

√ √ √ 

Temperature (oC) Measured √ √  

Vapour pressure 
deficit (humidity 
parameter, kPa) 

Calculated from 
measured relative 
humidity, 
temperature and 
atmospheric 
pressure 

√ √  

Light  
(PPFD, µmol m-2 s-

1) 

Measured or 
estimated from 
time and 
geographical 
position 

√ √ √ (astronomic 
daytime can also 
be used). 

Soil water potential 
(kPa) or plant 
available water (%) 

Measured or 
calculated using 
models (e.g., 
within DO3SE) from 
rainfall and soil 
characteristics 

√ **  

* Additional (non-hourly) information required for PODYSPEC and PODYIAM include biogeographical region, land cover, 

average canopy height and average leaf dimension and for PODYSPEC also detailed info on plant phenology. 

** Some chemical transport models (e.g. EMEP) used for application in integrated assessment modelling (IAM) use a 

simplified metric for soil water (e.g. soil moisture index; SBD-B, Simpson et al., 2012). 

3.3.3 PODYSPEC, PODYIAM and AOT40-based critical levels for vegetation 

Table 3.6 lists for which effects O3 critical levels are currently available for different types of 

vegetation from different biogeographic regions of Europe; currently, no critical levels are 

available for alpine regions. The final column of the table indicates the sections with further 

details, the table of the relevant flux-model parameterisation and the figure that contains the 

response function from which the critical level was derived. 
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Table 3.6:  List of effects for which O3 critical levels are available for vegetation. 

Species or vegetation 
type 

Effect parameter Biogeographical 
region* 

Ozone 
metric 

Section Flux model 
parameters, 
critical levels 
(Table - T), 
response 
functions  
(Figure - F) 

Species-specific critical levels, using PODYSPEC (mmol m-2 PLA) 

Crops 

Wheat Grain yield, 1000-
grain weight, 
protein yield 

A, B, C, M  
(S, P)** 

POD6SPEC 3.3.5.2 T 3.9-10, F 3.10 

Potato Tuber yield A, B, C (M, S, P) POD6SPEC 3.3.5.2 T 3.9-10, F 3.11 

Tomato Fruit yield, fruit 
quality 

M (A, B, C, S, P) POD6SPEC 3.3.5.2 T 3.9-10, F 3.11 

Forest trees 

Beech/birch Total biomass B, C (A, S, P) POD1SPEC 3.3.5.3 T 3.11-12, F 3.12 

Norway spruce Total biomass B, C (A, S, P) POD1SPEC 3.3.5.3 T 3.11-12, F 3.12 

Deciduous oak species Root biomass, total 
biomass 

M POD1SPEC 3.3.5.3 T 3.11-12, F 3.12 

Evergreen tree species Above-ground 
biomass 

M POD1SPEC 3.3.5.3 T 3.11-12, F 3.12 

(Semi-)natural vegetation 

Temperate perennial 
grasslands  
(O3-sensitive species) 

Above-ground 
biomass, total 
biomass, flower 
number 

A, B, C (S, P) POD1SPEC 3.3.5.4 T 3.13-14, F 3.13 

Mediterranean annual 
pasture  
(O3-sensitive species) 

Above-ground 
biomass, 
flower/seed 
biomass 

M POD1SPEC 3.3.5.4 T 3.13-14, F 3.14 

Vegetation-type critical levels, using PODYIAM (mmol m-2 PLA) 

Crops Grain yield A, B, C, M (S, 
P)** 

POD3IAM 3.3.6.2 T 3.15-16, F 3.15 

Forest trees 

Broadleaf deciduous Total biomass B, C (A, S, P) POD1IAM 3.3.6.2 T 3.15-16, F 3.15 

M POD1IAM 3.3.6.2 T 3.15-16, F 3.15 

(Semi-)natural vegetation 

Temperate perennial 
grasslands 

Flower number A, B, C (S, P) POD1IAM 3.3.6.2 T 3.15-16, F 3.15 
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Species or vegetation 
type 

Effect parameter Biogeographical 
region* 

Ozone 
metric 

Section Flux model 
parameters, 
critical levels 
(Table - T), 
response 
functions  
(Figure - F) 

Mediterranean annual 
pasture 

Seed/flower 
biomass 

M POD1IAM 3.3.6.2 T 3.15-16, F 3.15 

Concentration-based critical levels, using AOT40 (ppm h) 

Agricultural crops Yield All AOT40 3.3.7.3 T 3.17 

Horticultural crops Yield All AOT40 3.3.7.3 T 3.17 

Forest trees Total biomass All AOT40 3.3.7.3 T 3.17 

(Semi-)natural 
vegetation dominated 
by annuals 

Above-ground 
biomass 

All AOT40 3.3.7.3 T 3.17 

(Semi-)natural 
vegetation dominated 
by perennials 

Above-ground 
biomass 

All AOT40 3.3.7.3 T 3.17 

*  A= Atlantic, B = Boreal, C = Continental, M = Mediterranean, P = Pannonian, S = Steppic; critical levels are also considered 

applicable to regions shown in brackets, based on expert judgement. 

** Different parameterisations for Mediterranean and non-Mediterranean species or varieties. 

3.3.4 Method for modelling stomatal O3 flux and calculating critical level exceedance 

O3 stomatal flux is calculated at the leaf level at the top of the canopy using the DO3SE 

(Deposition of O3 for Stomatal Exchange) model (Büker et al., 2015; Emberson et al., 2000a, b, 

2001, 2007). The DO3SE model is available in downloadable form at . 

Several steps (1-6) are required to model the stomatal flux of O3 at leaf level at the top of the 

canopy and calculate critical level exceedance, and to calculate the percentage of effect (step 7) 

based on the slope of the flux-effect relationships, as listed in Box 4 and described in detail in 

Sections 3.3.4.1 to 3.3.4.7. 

Box 4: Steps to be taken to calculate exceedance of flux-based (PODYSPEC or PODYIAM) critical 

levels and quantification of the risk of effect 

► Decide on the species and biogeographical region(s) to be included 

► Obtain the O3 concentrations at the top of the canopy for the species or vegetation-specific 

accumulation period 

► Calculate the hourly stomatal conductance of O3 (gsto) 

► Model the hourly stomatal flux of O3 (Fst) 

► Calculation of PODY (PODYSPEC or PODYIAM) from Fst 

► Calculation of exceedance of flux-based critical levels 

► Quantification the extent of risk and calculating percentage effect due to O3 
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3.3.4.1 Step 1: decide on the species and biogeographical region(s) to be included 

Plant stomatal functioning varies per plant species and can vary by biogeographical region, 

reflecting different adaptations of plants to climate and soil water in these regions. To 

accommodate these differences, separate parameterisations and accumulation periods have 

been developed for stomatal O3 flux models for different species and biogeographical regions. 

The EEA (2016) classification of biogeographical zones is recommended for application to risk 

assessments for Europe (Figure 3.3); similar classifications should be applied outside of this 

region. For derivation of the critical levels, no data were available from Steppic and Pannonian 

regions, hence the applicability of critical levels for these regions is less certain. Currently, no 

critical levels are available for Alpine regions. 

Note: In earlier versions of this Chapter, countries were assigned to a climate zone (Northern 

Europe, Atlantic Central Europe, Continental Central Europe, Eastern and Western 

Mediterranean). This classification has now been replaced by the use of biogeographical zones. 

Figure 3.3:  Biographic regions in Europe 

Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual  

3.3.4.2 Step 2. Obtain the O3 concentration at the top of the canopy for the species or 
vegetation-specific accumulation period 

Calculation of stomatal flux (or AOT40, see Section 3.3.7.2) is based on hourly mean O3 

concentrations in units of parts per billion (ppb volume/volume). Where O3 concentrations 

require conversion from µg m-3 to ppb, a conversion factor appropriate for standard 

temperature and pressure conditions (293.15 K, 101325 Pa) of 2 µg m-3 per ppb can be applied. 

Alternatively, the equations described in detail in Gerosa et al. (2012) could be used if 

temperature and atmospheric pressure are available. 

In this step, the O3 concentration at the top of the leaf canopy of the vegetation of interest is 

determined. This is needed because surface O3 concentrations generally increase with increasing 
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height above-ground. Thus, O3 data from monitoring stations where the inlet is placed at heights 

of, for example, 2 – 5 m above the ground will overestimate the O3 concentration at the canopy 

height of crops or low (semi-)natural vegetation such as grasslands and will underestimate the 

O3 concentration at the top of the canopy of forests. 

Conversion of O3 concentrations at measurement height to canopy height can be best achieved 

with an appropriate deposition model (see SBD-A). However, if suitable meteorological data are 

unavailable, a simple tabulation of O3 gradients can be used (Table 3.7). This table provides the 

average relationship between O3 concentrations at selected heights, derived from runs of the 

EMEP model over May-July, selecting noon as the representative of daytime (Simpson et al., 

2012). O3 concentrations are normalised by setting the 20 m value to 1.0. For example, with 30 

ppb measured at 3 m height (above ground level) in a crop field, the concentration at 1 m would 

be 30.0 * (0.88/0.95) = 27.8 ppb. If measured in short grasslands at 3 m height, one would 

obtain 30.0 * (0.74/0.96) = 23.1 ppb at a canopy height of 0.1 m and for forests one would obtain 

30.0 * (1/0.96) = 31.3 ppb at a canopy height of 20 m. 

Table 3.7:  Representative O3 gradients above artificial (1 m) crop, and short grasslands (0.1 
m). O3 concentrations are normalised by setting the 20 m value to 1.0. These 
gradients are derived from noontime factors and are intended for daytime use 
only. 

Measurement 
height above 
the ground [m] 

O3 concentration gradient 

 Crops  
(where z1=1m, gmax = 450 mmol O3 m-2 PLA 
s-1) 

Short Grasslands and Forest Trees  
(where z1=0.1m, gmax =270 mmol O3 m-2 
PLA s-1) 

20 1.0 1.0 

10 0.99 0.99 

5 0.97 0.97 

4 0.96 0.97 

3 0.95 0.96 

2 0.93 0.95 

1 0.88 0.92 

0.5 0.81* 0.89 

0.2 - 0.83 

0.1 - 0.74 

* 0.5m is below the displacement height of crops, but may be used for taller grasslands, see text. 

3.3.4.3 Step 3. Calculate the hourly stomatal conductance of O3 (gsto) 

The core of the leaf O3 flux model is the stomatal conductance (gsto) multiplicative algorithm 

included in the DO3SE model and incorporated within the EMEP O3 deposition module (Simpson 

et al., 2012), proposed by Jarvis (2016) and modified by Emberson et al. (2000a, b). The 

multiplicative algorithm has the following formulation: 
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(III.1) 

gsto = gmax * [min(fphen, fO3)] * flight * max{fmin, (ftemp * fVPD * fSW)} 

Where gsto is the actual stomatal conductance (mmol O3 m-2 PLA s-1) and gmax is the species-

specific maximum stomatal conductance (mmol O3 m-2 PLA s-1). 

The parameters fphen, fO3, flight, ftemp, fVPD, fSW and fmin are all expressed in relative terms (i.e., they 

take values between 0 and 1 as a proportion of gmax). These parameters allow for the modifying 

influence on stomatal conductance to be estimated for growth stage such as flowering or release 

of dormancy, or phenology (fphen), O3 concentration (fO3, only used for crops), and four 

environmental variables: light (irradiance, flight), temperature (ftemp), atmospheric water vapour 

pressure deficit (VPD, a measure of air humidity, fVPD) and soil water (SW; soil water potential, 

fSW, measure of soil moisture, replaced by fPAW for crops where PAW is the plant available water 

content); fmin is the relative minimum stomatal conductance that occurs during daylight hours. 

Each parameter modifies the maximum stomatal conductance in different ways. For example, 

stomatal conductance gradually increases as temperature increases reaching an optimum and 

then gradually declines as temperature increases beyond the optimum, whilst stomatal 

conductance increases rapidly as light levels increase, reaching a maximum at relatively low 

light levels and is maintained at that maximum as light levels increase further. Illustrations of 

the modifying effect of each factor on stomatal conductance are provided (Figures 3.4-9). Hourly 

values of all driving variables are required to calculate gsto using Equation III.1, and in step 4 

(see Box 4), the stomatal O3 flux (Fst), with hourly time resolution. In step 5, the hourly values of 

Fst are summed to obtain the total Phytotoxic O3 Dose above a flux-threshold Y (PODY). Table 3.8 

lists all the input variables and parameters required to calculate PODYSPEC and PODYIAM and 

the sources of this information. 

Table 3.8:  Parameters included in the DO3SE model for calculating PODYSPEC and PODYIAM; 
fphen and fSW are not included in PODYIAM. 

Parameter Source PODYSPEC PODYIAM 

gmax Parameterisation table √ √ 

fmin Parameterisation table √ √ 

fphen Calculated using formulae and fixed parameters in 
table 

√  

flight Calculated using formulae and fixed parameters in 
table 

√ √ 

ftemp Calculated using formulae and fixed parameters in 
table 

√ √ 

fVPD Calculated using formulae and fixed parameters in 
table 

√ √ 

fSW (or fPAW) Calculated using formulae and fixed parameters in 
table 

√ 
fPAW can be used    
for crops as an 
alternative 

* 

* Included in the EMEP Model as soil moisture index (Simpson et al., 2012). 
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3.3.4.3.1 GMAX and FMIN 

Species- or vegetation type-specific values are provided in the relevant parameterisation tables 

for gmax and fmin based on analysis of published data (see SBD-A for further details); gmax values 

provided here are in mmol O3 m-2 PLA s-1. These have been converted from gmax (water vapour) 

using a conversion factor of 0.663 to account for the difference in the molecular diffusivity of 

water vapour in relation to that of O3 (Massman,1998; Grünhage et al., 2012); fmin is the 

minimum daylight stomatal conductance expressed as a fraction of gmax. 

3.3.4.3.2 FPHEN 

The phenology function is based on two approaches depending on vegetation type: 

a) For forest trees and (semi-)natural vegetation, fphen is calculated according to 

Equations III.2a, b, c when using parameterisations based on a fixed number of days (FD; 

Figure 3.4a). 

b) For crops, fphen is calculated according to Equations III.3a, b, c, using parameterisations 

based on effective temperature sum accumulation (ETS). 

Each pair of equations gives fphen in relation to the yearly accumulation period for PODYSPEC 

where Astart and Aend are the start and end of the accumulation period, respectively. The 

subscripts FD (e.g., Astart_FD) and ETS (e.g., Astart_ETS) refer to the fixed day and effective 

temperature sum method, respectively. 

Figure 3.4:  An illustration of the formulation of fphen using a) a fixed number of days, as used 
for forest trees and (semi-)natural vegetation (example shown here for 
Mediterranean trees with summer dip in fphen to simulate the effect of mid-season 
water photo-oxidative stress on stomatal conductance, see Equation III.23), and b) 
effective temperature sum accumulation, as used for crops. Note: example shown 
here is for wheat, with effective temperature sum accumulated from day of mid-
anthesis in three steps (fphen_3_ETS, fphen_4_ETS and fphen_5_ETS); fphen_2_ETS can replace 
these three steps and is usually not used for wheat, but is used for potato and 
tomato (hence shown in grey colour here). For potato and tomato the effective 
temperature sum is accumulated from day of tuber initiation and from the day of 
planting at the 4th true leaf stage, respectively. 
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 Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual 

The phenology function consists of terms describing rate changes of gmax (fphen_a-e; expressed as 

fractions) and time periods describing the duration from one phenology stage to another (fphen_1-

5; expressed as days (method (a)) or growing degrees days (method (b)). 

The parameters fphen_a and fphen_e denote the maximum fraction of gmax at Astart and Aend. fphen_b- d 

and fphen_1-5 are species- or vegetation type-specific parameters describing the shape of the 

function within the accumulation period. 

Method (a): based on a fixed time interval 

when Astart_FD ≤ yd < (Astart_FD + fphen_1_FD) 

(III.2a) 

fphen = (1 – fphen_a) * ((yd – Astart_FD)/fphen_1_FD) + fphen_a  

when (Astart + fphen_1_FD) ≤ yd ≤ (Aend – fphen_4_FD) 

(III.2b) 

fphen = 1 

when (Aend – fphen_4_FD) < yd ≤ Aend 
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(III.2c) 

fphen = (1 – fphen_e) * ((Aend – yd)/fphen_4_FD) + fphen_e 

where yd is the year day; Astart and Aend are the year days for the start and end of the O3 

accumulation period, respectively. 

Method (b): based on temperature sum accumulation 

when Astart_ETS  ETS < (Astart_ETS + fphen_1_ETS) 

(III.3a) 

𝑓𝑝ℎ𝑒𝑛 = 1 − (
1 − 𝑓𝑝ℎ𝑒𝑛_𝑎
𝑓𝑝ℎ𝑒𝑛_1_𝐸𝑇𝑆

)((𝐴𝑠𝑡𝑎𝑟𝑡_𝐸𝑇𝑆 + 𝑓𝑝ℎ𝑒𝑛_1_𝐸𝑇𝑆) − 𝐸𝑇𝑆) 

when (Astart_ETS + fphen_1_ETS) ≤ ETS ≤ (Aend_ETS – fphen_2_ETS)  

(III.3b) 

fphen = 1 

when (Aend_ETS – fphen_2_ETS) < ETS ≤ Aend_ETS 

(III.3c) 

𝑓𝑝ℎ𝑒𝑛 = 1 − (
1 − 𝑓𝑝ℎ𝑒𝑛_𝑒
𝑓𝑝ℎ𝑒𝑛_2_𝐸𝑇𝑆

)(𝐸𝑇𝑆 − (𝐴𝑒𝑛𝑑_𝐸𝑇𝑆 − 𝑓𝑝ℎ𝑒𝑛_2_𝐸𝑇𝑆)) 

where ETS is the effective temperature sum in ˚C days using a base temperature of 0 ˚C and 

Astart_ETS and Aend_ETS are the effective temperature sums (above a base temperature of 0 ˚C) at the 

start and end of the O3 accumulation period, respectively. As such, Astart_ETS will be equal to 0 ˚C 

days. Note: A base temperature of 0 °C is currently recommended for wheat and potato. 

3.3.4.3.3 FLIGHT 

Leaf stomata respond to light as indicated in Figure 3.5. This stomatal response is used to define 

flight (Equation III.4). Species (for PODYSPEC) or vegetation type specific (for PODYIAM) values for 

lighta are provided in the parameterisation tables. 

(III.4) 

flight = 1 – EXP((–lighta)*PPFD) 

where PPFD represents the photosynthetic photon flux density in units of μmol m-2 s-1. 
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Figure 3.5:  Illustration of the flight function, using wheat as an example (Pleijel et al., 2007). 

Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual 

3.3.4.3.4 FTEMP 

Leaf stomata respond to temperature (T, air temperature in °C) as indicated in Figure 3.6. This 

stomatal response is used to define ftemp (Equations III.5a,b). Species (for PODYSPEC) or 

vegetation type specific (for PODYIAM) values for Tmin and Tmax (the minimum and maximum 

temperatures at which stomatal closure occurs, respectively) and the optimum temperature 

(Topt) are provided in the parameterisation tables. 

Figure 3.6:  Illustration of the ftemp function, using wheat as an example (Pleijel et al., 2007). 

Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual  

The function used to describe ftemp is given in Equations III.5a,b:  

when Tmin < T < Tmax 
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(III.5a) 

ftemp = max {fmin, [(T – Tmin) / (Topt – Tmin)] * [(Tmax – T) / (Tmax – Topt)]bt} 

when Tmin > T > Tmax  

(III.5b) 

ftemp = fmin 

and bt is calculated as: 

(III.6) 

bt = (Tmax – Topt) / (Topt – Tmin) 

3.3.4.3.5 FVPD and ΣVPD routine 

The leaf stomatal response to air humidity is defined using vapour pressure deficit (VPD in kPa), 

which is the drying power of the air. VPD can be calculated from air temperature and air relative 

humidity. VPD (Equation III.7) is defined as the difference between the potential water vapour 

pressure, es(Ta), at the prevailing air temperature Ta, and the actual water vapour pressure of the 

air ea: 

(III.7) 

VPD = es(Ta) − ea = es(Ta)(1 − hr) 

and can be calculated from Ta (given in °C) and relative humidity (hr, the most often reported 

variable describing air humidity; Equations III8a,b) 

(III.8a) 

ℎ𝑟 =
𝑒𝑎

𝑒𝑠(𝑇𝑎)
 

once es(Ta) has been obtained from the formula  

(III.8b)  

ℎ𝑟 = 𝑎 𝑒𝑥𝑝 (
𝑏𝑇𝑎
𝑇𝑎 + 𝑐

) 

where a, b and c are empirical constants (a = 0.611 kPa, b = 17.502, c = 240.97°C). Further details 

can be obtained from Campbell & Norman (2000). 

The response of leaf stomata to the VPD of the air surrounding the leaves is included in two 

ways: 

c) fVPD 
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Figure 3.7:  Illustration of the fVPD function, using wheat in non-Mediterranean areas as an 
example (Pleijel et al., 2007). 

Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual  

Applicable to all species and vegetation types, this function describes the response shown in 

Figure 3.7. As VPD increases (i.e., the air becomes drier) above a threshold value of VPD (VPDmax; 

VPD where gsto is at maximum), the stomatal pores begin to close until a maximum VPD value is 

reached at which the stomatal pores are fully closed (VPDmin) and conductance (gsto) is at a 

minimum value. This response of the stomata to VPD is described by the fVPD function (Equation 

III.9): 

(III.9) 

fVPD = min{1,max {fmin, ((1–fmin)*(VPDmin – VPD) / (VPDmin – VPDmax)) + fmin}} 

d) VPD 

For PODYSPEC for crops, an additional effect of VPD is included. During the afternoon the 

temperature typically decreases, which is normally followed by a decline in VPD. The fVPD 

function would then suggest stomatal re-opening, but this does not usually happen in crops. 

During the day plants lose water through transpiration faster than water is replaced by root 

uptake, resulting in a reduction of the plant water potential, preventing stomatal re-opening. The 

plant water potential recovers during the night when transpiration is low. To model this effect, 

the hourly VPD values during the daylight hours (when global radiation is more than 50 W m-2) 

are summed as VPD (Uddling et al., 2004). A large VPD is related to large transpiration. If the 

VPD exceeds a certain value, stomatal re-opening in the afternoon is prevented in the model: 

If VPD  VPD_crit, then: 

gsto_hour_n+1 ≤ gsto_hour_n 

where gsto_hour_n and gsto_hour_n+1 are the gsto values for hour n and hour n+1 respectively calculated 

according to Equation III.1. 

VPD (kPa) should be calculated for daylight hours until dawn of the next day. If VPD ≥ 

VPDcrit , gsto calculated using Equation III.1 is valid if smaller or equal to gsto of the preceding 

hour. If gsto is larger than gsto of the preceding hour, given that VPD is larger than or equal to 

VPDcrit, it is replaced by the gsto of the preceding hour. 
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3.3.4.3.6 FSW 

For PODYIAM, fSW is set to have no effect within the calculation of gsto. However, the effect of soil 

moisture is important, and in large-scale applications surrogate indices are usually applied, such 

as the Soil Moisture Index in the EMEP model (Simpson et al., 2012). 

For PODYSPEC, fSW uses soil water potential (SWP) to determine the leaf stomatal response to 

soil drying. The function takes the shape indicated in Figure 3.8 and is given in Equation III.10): 

(III.10) 

fSW = min{1, {fmin, ((1–fmin)*(SWPmin–SWP) / (SWPmin – SWPmax)) + fmin }} 

where SWPmin is the minimum SWP for stomatal conductance and SWPmax is the SWP above 

which conductance is maximum. 

Figure 3.8:  Illustration of the fSW function, using soil water potential (SWP) for potato as an 
example. 

Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual 

Note: For crop species such as wheat, root zone Plant Available Water (PAW) can be used instead 

of SWP in fSW. PAW is the amount of water in the soil (%) which is available to the plants. At PAW 

= 100% the soil is at field capacity, at PAW = 0% the soil is at wilting point. PAWt is the threshold 

PAW, above which stomatal conductance is at a maximum, i.e., the function used to describe fPAW 

is given in Equation III.11 and the shape of the response is indicated in Figure 3.9: 

When PAWt ≤ PAW ≤ 100 %,  

fPAW = 1 

whilst, when PAW < PAWt 

(III.11) 

𝑓𝑃𝐴𝑊 = 1 +
𝑃𝐴𝑊 − 𝑃𝐴𝑊𝑡

𝑃𝐴𝑊𝑡
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Figure 3.9:  Illustration of the fPAW, using wheat as an example fPAW for wheat (Grünhage et al., 
2012). 

 

Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual  

3.3.4.3.7 FO3 

For wheat and potato in POD6SPEC only, a function is included to allow for the influence of O3 on 

stomatal flux by promoting premature senescence, as described for wheat by Danielsson et al. 

(2003) and for potato by Pleijel et al. (2002). As such, this function is used in association with 

the fphen function to estimate gsto. The fO3 function typically operates over a one-month period and 

only comes into operation if it has a stronger senescence-promoting effect in reducing stomatal 

conductance than normal senescence. Equations are provided for wheat and potato in 

Section 3.3.5.2.1. 

3.3.4.4 Step 4. Modelling hourly stomatal flux of O3 (FST) 

The stomatal flux of O3 (Fst) is calculated based on the assumption that the concentration of O3 at 

the top of the canopy represents a reasonable estimate of the concentration at the upper surface 

of the laminar layer for a sunlit upper canopy leaf (e.g., flag leaf for wheat). If c(z1) is the 

concentration of O3 at canopy top (height z1, unit: m), in nmol m-3, then Fst (nmol m-2 PLA s-1), is 

given by Equation 12a. Equation 15 shows how to convert the O3 concentration from ppb to 

nmol m-3. In order to be used correctly in Equations III.12a and III.12b, gsto from equation III.1 

has to be converted from units mmol m-2 s-1 to units m s-1. At standard temperature (20 oC) and 

air pressure (1.013 x 105 Pa), the conversion is made by dividing the conductance value 

expressed in mmol m-2 s-1 by 41000 to give conductance in m s-1. 

(III.12a) 

𝐹𝑠𝑡 = 𝑐(𝑧1) ∗
1

𝑟𝑏 + 𝑟𝑐
∗

𝑔𝑠𝑡𝑜
𝑔𝑠𝑡𝑜 − 𝑔𝑒𝑥𝑡

 

The 1/(rb+rc) term represents the deposition rate to the leaf through resistances rb (quasi-

laminar resistance) and rc (leaf surface resistance). The fraction of this O3 taken up by the 



TEXTE Manual on Methodologies and Criteria for Modelling and Mapping Critical Loads and Levels and Air Pollution 
Effects, Risks, and Trends 

93 

 

stomata is given by gsto/(gsto+gext), where gsto is the stomatal conductance, and gext is the external 

leaf, or cuticular, resistance. As the leaf surface resistance, rc, is given by rc = 1/(gsto + gext), we 

can also write Equation III.12a as: 

(III.12b) 

𝐹𝑠𝑡 = 𝑐(𝑧1) ∗ 𝑔𝑠𝑡𝑜 ∗
𝑟𝑏

𝑟𝑏 + 𝑟𝑐
 

A value for gext has been chosen to keep consistency with the EMEP deposition modules “big-

leaf” external resistance, Rext = 2500/SAI, where SAI is the surface area index (green + senescent 

LAI). Assuming that SAI can be simply scaled: 

(III.13) 

gext = 1/2500 [m s-1] 

Consistency of the quasi-laminar boundary layer is harder to achieve, so the use of a leaf-level rb 

term (McNaughton & van den Hurk, 1995) is suggested, making use of the cross-wind leaf 

dimension L (i.e. leaf width; unit: m) and the wind speed at height z1, u(z1): 

(III.14) 

𝑟𝑏 = 1.3 ∗ 150 ∗ √
𝐿

𝑈(𝑍1)
 [𝑚 𝑠−1] 

where the factor 1.3 accounts for the differences in diffusivity between heat and O3. 

To convert the O3 concentration (C) at canopy height from ppb to nmol m-3, the following 

equation should be used: 

(III.15) 

C [nmol m-3] = C [ppb] * P/(RT) 

where P is the atmospheric pressure in Pa, R is the universal gas constant of 8.31447 J mol-1 K-1 

and T is the air temperature in degrees Kelvin. At standard temperature (20 oC) and air pressure 

(1.013 x 105 Pa), the concentration in ppb should be multiplied by 41.56 to calculate the 

concentration in nmol m-3. 

3.3.4.5 Step 5. Calculation of PODY (PODYSPEC or PODYIAM) 

Hourly averaged stomatal O3 fluxes (Fst) in excess of a Y threshold are accumulated over a 

species or vegetation-specific accumulation period using the following equation: 

(III.16) 

PODY=∑[(Fst-Y)·(3600/106)] (mmol m-2 PLA) 

The value Y (nmol m-2 PLA s-1) is subtracted from each hourly averaged Fst (nmol m-2 PLA s-1) 

value only when Fst>Y, during daylight hours (when global radiation is more than 50 W m-2). The 

value is then converted to hourly fluxes by multiplying by 3600 and to mmol by dividing by 106 

to get the stomatal O3 flux in mmol m-2 PLA. 

Species- or vegetation-specific flux threshold values of Y and accumulation periods are provided 

in the relevant sections. 
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3.3.4.6 Step 6. Calculation of exceedance of flux-based          critical levels 

If the calculated PODY value is larger than the flux-based critical level for O3, then there is 

exceedance of the critical level (CLexceedance). Exceedance of the critical level is calculated as 

follows: 

(III.17) 

CLexceedance = PODY – critical level 

3.3.4.7 Step 7. Quantification of extent of risk and    calculating percentage effect due to O3 

Quantification of the level of risk is based on the slope of flux-effect relationships, without taking 

the intercept of the response function into account. 

For each PODYSPEC critical level, the percentage effect is provided per mmol m-2 PLA, for 

quantifying the potential maximum magnitude of effect. Hence, the percentage effect due to O3 

impact should be calculated as follows: 

(III.18a) 

(PODYSPEC – Ref10 PODYSPEC) * % reduction per mmol m-2 PODYSPEC 

For PODYIAM, the above approach can only be applied for crops, not for forest trees or (semi-) 

natural vegetation. Hence, the percentage effect due to O3 impact on crop yield estimated in 

large-scale modelling should be calculated as follows: 

(III.18b) 

(PODYIAM – Ref10 PODYIAM) * % reduction per mmol m-2 PODYIAM. 

3.3.5 Species-specific flux effect relationships and critical levels for detailed 
assessments of risk (using                                    PODYSPEC) 

3.3.5.1 Application 

PODYSPEC O3 flux models have been derived for a number of crop, forest trees and (semi-) 

natural vegetation species using the modelling approach described in Section 3.3.4. These 

species-specific flux models have been used to derive flux-effect relationships and critical levels 

based on PODYSPEC. Their application is described in Box 5. Additional flux models are included 

in SBD-A for receptors for which a robust flux model is available but a flux-effect relationship is 

not currently available, and are suitable for mapping risk of effects without quantification of the 

extent of damage. 

Box 5: Applications for species-specific flux-effect relationships and critical levels 

The species-specific flux models and associated response functions and critical levels are the most 

biologically relevant. They can be used at any geographical scale and are particularly useful for 

application at the local scale to quantify the degree of risk to a specific species or a group of plant 

species. For several species, biogeographical region-specific flux parameterisations are included. 

3.3.5.2 Crops 

3.3.5.2.1 Parameterisation of the O3 stomatal flux model for crops 

The parameterisations recommended for use in calculating POD6SPEC for wheat (bread wheat - 

Triticum aestivum and durum wheat - Triticum durum; Grünhage et al., 2012; González-

Fernández et al., 2013), potato (Solanum tuberosum; Pleijel et al., 2007), and tomato (Solanum 
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lycopersicum; González-Fernández et al., 2014) are shown in Table 3.9. Species-specific notes to 

aid calculation of stomatal O3 fluxes are found below the table. 

For crops, the following additional information is required for calculating stomatal flux using the 

method provided in Section 3.3.4.3 and the parameterisation provided in Table 3.9: 

Wheat 

Timing of accumulation period 

The accumulation period for wheat is 200 °C days before mid-anthesis (mid-point in flowering) 

to 700 °C days after mid-anthesis. The timing of mid-anthesis can be estimated using several 

methods, depending on application and availability of data, including: 

► Observational data describing actual growth stages; 

► Local agricultural statistics/information describing the timings of growth stages by region 

or country; 

► Phenological growth models in conjunction with daily meteorological data; 

► Fixed time periods (which may be moderated by climatic region or latitude) or growth 

stage intervals. 

For European maps of risk, it is recommended that the timing of mid-anthesis is estimated by 

starting at the first date after the 1st of January when the temperature exceeds 0 °C, or the 1st of 

January if the temperature exceeds 0 °C on that date. The mean daily temperature should then 

be accumulated (temperature sum), and mid-anthesis is estimated to be a temperature sum of 

1075 °C days, with local variation including 1256 °C days for bread wheat and 1192 °C days for 

durum wheat in Spain (González-Fernández et al., 2013) and 1089-1102 days for winter wheat 

cultivars in France (Grünhage et al., 2012). Where suitable temperature data is not available, the 

timing of mid-anthesis for both spring and winter wheat can be approximated as a function of 

latitude (degrees N) using Equation III.19: 

(III.19) 

Mid-anthesis = 2.57 * latitude + 40 

Table 3.9:  Parameterisation of the DO3SE model for POD6SPEC for wheat flag leaves and the 
upper-canopy sunlit leaves of potato and tomato. 

Parameter Units Crop species parameterisation – POD6SPEC 

Region 
(may also 
be 
applicable 
in these 
regions) 

 Atlantic, 
Boreal, 
Continental 
(Pannonian, 
Steppic) 

Mediterranean Mediterranean Atlantic, Boreal, 
Continental 
(Mediterranean, 
Pannonian, 
Steppic) 

Mediterran
ean 

Species Common 
name 

(Bread) 
Wheat 

(Bread) Wheat (Durum) 
Wheat 

Potato Tomato 

Latin 
name 

Triticum 
aestivum 

Triticum 
aestivum 

Triticum 
durum 

Solanum 
tuberosum 

Solanum 
lycopersicu
m 
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Parameter Units Crop species parameterisation – POD6SPEC 

gmax mmol O3 
m-2 PLA 
s-1 

500 430 410 750 330 

fmin fraction 0.01 0.01 0.01 0.01 0.06 

light_a - 0.0105 0.0105 0.0105 0.005 0.0125 

Tmin °C 12 12 11 13 18 

Topt °C 26 28 28 28 28 

Tmax °C 40 39 45 39 37 

VPDmax kPa 1.2 3.2 3.1 2.1 1 

VPDmin kPa 3.2 4.6 4.9 3.5 4 

ΣVPDcrit kPa 8 16 16 10 - 

PAWt
i % 50 - - - - 

SWCmaxi % 
volume 

- 18.6 18.0 - - 

SWCmini % 
volume 

- 4.7 4.1 - - 

SWPmax MPa - - - -0.5 - 

SWPmin MPa - - - -1.1 - 

fO3 POD0 
mmol O3 
m-2 PLA 
s-1 
(wheat) 

14 - - - - 

fO3 AOT0, 
ppmh 
(potato) 

- - - 40 - 

fO3 exponent 8 - - 5 - 

Astart_ETS °C day - - - - 250ii 

Aend_ETS °C day - - - - 1500ii 

Leaf 
dimension 

cm 2 2 2 4 3 (leaflet 
width) 

Canopy 
height 

m 1 0.75 0.75 1 2 

fphen_a fraction 0.3 0.0 0.0 0.4 1.0 

fphen_b fraction - - - - - 

fphen_c fraction - - - - - 

fphen_d fraction - - - - - 



TEXTE Manual on Methodologies and Criteria for Modelling and Mapping Critical Loads and Levels and Air Pollution 
Effects, Risks, and Trends 

97 

 

Parameter Units Crop species parameterisation – POD6SPEC 

fphen_e fraction 0.7 0.99 0.99 0.2 0.0 

fphen_1_ETS °C day -200 -300 -300 -330 0 

fphen_2_ETS °C day 0 0 0 800 2770ii 

fphen_3_ETS °C day 100 70 100 - - 

fphen_4_ETS °C day 525 0 0 - - 

fphen_5_ETS °C day 700 550 675 - - 

The values in brackets represent “dummy” values required for DO3SE modelling purposes. “-“ = parameterisation not 

required for this species. 
i Soil water content (SWC) is calculated as the soil water content available for transpiration, i.e., the actual SWC minus the 

SWC at the wilting point. PAWt is the threshold for plant available water (PAW), above which stomatal conductance is at a 

maximum. 
ii Flux accumulation period in degree-days over a base temperature of 10 °C since the date of tomato planting in the field at 

the 4th true leaf stage, BBCH code of 14. 

However, it should be recognised that this method is less preferable to the use of the effective 

temperature sum models described above since latitude is not directly related to temperature 

and this method will not distinguish between spring and winter wheat growth patterns. 

Equation III.19 is based on data collected by the ICP Vegetation (Mills & Ball, 1998, Mills et al., 

2007) from ten sites across Europe (ranging in latitude from Finland to Slovenia) describing the 

date of mid-anthesis of commercial winter wheat. Applying Equation III.19 across the European 

wheat growing region would give mid-anthesis dates ranging from the end of April to mid-

August at latitudes of 35 to 65 °N, respectively. These anthesis dates fall approximately within 

recognised spring wheat growing seasons as described by Peterson (1965). 

fphen 

The phenology function for wheat, based on accumulation of thermal time, should be modified 

as described in the equations below: 

► when (fphen_2_ETS − fphen_1_ETS)  ETS  (fphen_2_ETS + fphen_3_ETS)  

(III.20a)  

fphen = 1 

► when (fphen_2_ETS + fphen_3_ETS) < ETS ≤ (fphen_2_ETS + fphen_4_ETS) 

(III.20b) 

𝑓𝑝ℎ𝑒𝑛 = 1 − (
𝑓𝑝ℎ𝑒𝑛_𝑎

𝑓𝑝ℎ𝑒𝑛_4_𝐸𝑇𝑆 − 𝑓𝑝ℎ𝑒𝑛_3_𝐸𝑇𝑆
) (𝐸𝑇𝑆 − 𝑓𝑝ℎ𝑒𝑛_3_𝐸𝑇𝑆) 

► when (fphen_2_ETS + fphen_4_ETS) < ETS ≤ fphen_5_ETS 

(III.20c) 

fphen = fphen_e − (fphen_e / fphen_5_ETS − fphen_4_ETS)*(ETS − fphen_4_ETS) 

where ETS is the effective temperature sum in ˚C days using a base temperature of 0 ˚C. As such, 

Astart_ETS (itself not defined for wheat) will be at 200 ˚C days before mid-anthesis (-200 ˚C days, as 
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defined by fphen_1_ETS), mid-anthesis at 0 ˚C days and Aend_ETS (itself not defined for wheat) at 700 ˚C 

days after mid-anthesis (as defined by fphen_5_ETS). The total temperature sum thus being 900 ˚C 

days. 

fVPD 

Under Mediterranean conditions the stomata of wheat remain open under drier humidities 

(higher VPDs) than indicated with the parameterisations for fVPD for non-Mediterannean 

climates (González-Fernández et al, 2013), and thus two climate region-specific fVPD 

parameterisations are provided. 

fPAW 

fPAW is used instead of fSW for wheat, see Equation III.11. 

fO3 

The fO3 function typically operates over a one-month period and only comes into operation if it 

has a stronger senescence-promoting effect than normal senescence. 

The O3 function for spring wheat (based on Danielsson et al. (2003) but recalculated for 

projected leaf area - PLA) is: 

(III.21)  

fO3 = ((1+(POD0/14)8)-1), where POD0 is accumulated from Astart 

 

Potato 

fphen 

Use the thermal time equations (Equations III.3,a,b,c). Tuber initiation has the same phenology 

function as anthesis has for wheat (Equations III.20a,b,c). Note that Astart_ETS (itself not defined 

for potato) will be at 330 ˚C days before tuber initiation (-330 ˚C days, as defined by fphen_1_ETS), 

tuber initiation at 0 ˚C days and Aend_ETS (itself not defined for potato) at 800 ˚C days after tuber 

initiation (as defined by fphen_2_ETS). The total temperature sum thus being 1130 ˚C days. 

fO3 

The O3 function for potato (based on Pleijel et al., 2002) is: 

(III.22)  

fO3 = ((1+(AOT0/40)5)-1), where AOT0 is accumulated from Astart 

 

Tomato  

gmax 

A mean value is provided in Table 3.9. Cultivar-specific values of gmax are provided in González-

Fernández et al. (2014). 

Timing of accumulation period 

The accumulation period for tomato is 250 ˚C days to 1500 ˚C days after transplantation in the 

field over a base temperature of 10 ˚C (González-Fernández et al., 2014). The timing of 

transplantation into the field can vary widely depending on regions, years, cultivars and 

agronomic practices from March to July in the Northern Hemisphere (Battilani et al., 2012). The 
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tomato transplantation date can be estimated using several methods, depending on the 

availability of data, including: 

► Observational data describing actual growth stages; 

► Local agricultural statistics/information describing the timings of growth stages by region or 

country; 

► Phenological growth models in conjunction with daily meteorological data; 

► Fixed time periods (which may be moderated by climatic region or latitude) or growth stage 

intervals. 

For European maps of risk, it is suggested that the timing of transplantation is set on a fixed 

date, such as the 1st of June. 

3.3.5.2.2 Flux-effect relationships and critical levels for crops 

Box 6: Applications for species-specific (POD6SPEC) flux-effect relationships and critical levels for 

crops 

The species-specific flux models and associated response functions and critical levels for ozone-

sensitive crops and cultivars can be used to quantify the potential negative impacts of O3 on the 

security of food supplies at the local and regional scale. They can be used to estimate yield losses, 

including economic losses. 

The applications of the PODYSPEC functions and critical levels for crops are described in Box 6. A 

flux-threshold Y of 6 (POD6SPEC) provides the strongest flux-effect relationships for crops 

(Pleijel et al., 2007). O3 effects proved to be significant at a 5% reduction of the effect parameter 

(Mills et al., 2011b), hence critical levels were determined for a 5% reduction of the effect based 

on the slope of the relationship and are summarised in Table 3.10, with further information on 

the sources of data provided in Annex 3, Table A2. The flux-effect relationships for wheat-yield 

and quality are shown in Figure 3.10, whilst those for potato yield, and tomato yield and quality 

are shown in Figure 3.11. 

Table 3.10:  POD6SPEC critical levels (CL) for crops. 

Species Effect 
parameter 

Biogeograph
ical region* 

Potential 
effect at CL  
(% 
reduction) 

Critical level 
(mmol m-2 
PLA)** 

Ref10 POD6 
(mmol m-2 
PLA) 

Potential 
maximum 
rate of 
reduction 
(%) per 
mmol m-2 
PLA of 
POD6SPEC*
** 

Wheat Grain yield A ,B, C, M (S, 
P)**** 

5% 1.3 0.0 3.85 

Wheat 1000-grain 
weight 

A, B, C, M (S, 
P)**** 

5% 1.5 0.0 3.35 

Wheat Protein yield A, B, C, M (S, 
P)**** 

5% 2.0 0.0 2.54 
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Species Effect 
parameter 

Biogeograph
ical region* 

Potential 
effect at CL  
(% 
reduction) 

Critical level 
(mmol m-2 
PLA)** 

Ref10 POD6 
(mmol m-2 
PLA) 

Potential 
maximum 
rate of 
reduction 
(%) per 
mmol m-2 
PLA of 
POD6SPEC*
** 

Potato Tuber yield A, B, C  
(M, S, P) 

5% 3.8 0.0 1.34 

Tomato Fruit yield M  
(A, B, C, S, P) 

5% 2.0 0.0 2.53 

Tomato Fruit quality M  
(A, B, C, S, P) 

5% 3.8 0.0 1.30 

       

       

* A = Atlantic, B = Boreal, C = Continental, M = Mediterranean, P = Pannonian, S = Steppic; Derived for regions not in 

brackets, but could also be applied to regions in brackets. 

** Represents the (POD6SPEC – Ref10 POD6SPEC) required for a 5% reduction; 

*** Calculate the % reduction using the following formula: (POD6SPEC – Ref10 POD6SPEC) * potential maximum rate of 

reduction; 

**** Different parameterisation of DO3SE applied for Mediterranean and non-Mediterranean regions. 
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Figure 3.10:  The relationship between the percentage yield of wheat and stomatal O3 flux 
(POD6SPEC) for the wheat flag leaf based on five wheat cultivars from three or four 
European countries (Belgium, Finland, Italy, Sweden): a) grain yield, b) 1000-grain 
weight, and c) protein yield. The grey area indicates the 95%-confidence interval 
(Grünhage et al., 2012). 

Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual 
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Figure 3.11:  The relationship between the percentage a) tomato fruit yield and b) tomato fruit 
quality and POD6SPEC for sunlit leaves (González-Fernández et al., 2014) based on 
data from Italy and Spain, and c) tuber yield of potato and POD6SPEC for sunlit 
leaves (Pleijel et al., 2007) based on data from Belgium, Finland, Germany, Sweden. 
The grey area indicates the 95%-confidence interval. 

 

Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual 

3.3.5.3 Forest trees 

3.3.5.3.1 Parameterisation of the O3 stomatal flux model for forest trees 

Species-specific stomatal flux-based critical levels are available for non-Mediterranean 

beech/birch (combined; Fagus sylvatica/Betula pendula) and Norway spruce (Picea abies), 

Mediterranean deciduous oak species (Quercus faginea, Q. pyrenaica and Q. robur) and 

Mediterranean evergreen species (Pinus halepensis, Quercus ilex, Q. ballota, Ceratonia siliqua). 

The parameterisation of these flux models is provided in Table 3.11 and is based on data from 
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mature trees species, except for Mediterranean deciduous oak species. Parameterisation of the 

DO3SE model using data from young oak tree species was considered to better represent risk 

assessment of deciduous trees in Mediterranean areas than the previous parameterisation based 

on mature Mediterranean beech. Information on the sources of these parameterisations is 

summarised in Annex III.3 (Table A.3) and SBD-A and available in detail in Büker et al. (2015; 

trees in non-Mediterranean regions of Europe), Marzuoli et al. (in prep., Mediterranean 

broadleaf deciduous species) and Alonso et al. (in prep., Mediterranean evergreen species). 

A uniform O3 flux threshold of Y = 1 nmol m-2 s-1 PLA was adopted for use in PODYSPEC for all 

tree species at the O3 Critical Levels workshop in Madrid, November 2016, based on data and 

analyses as presented in Büker et al. (2015). For the majority of tree species, this threshold 

fulfilled the recommendations that the confidence interval of the intercept includes 100% and 

that the R2 value is within 2% of the maximum R2 value (Büker et al., 2015). 

For forest trees, the following additional information is required for calculating stomatal flux 

using the method provided in Section 3.3.4.3 and the parameterisation provided in Table 3.11. 

Start (Astart) and end (Aend) of flux accumulation period 

POD1SPEC is accumulated between the start and end of the growing season. For all main 

receptor species, the start of the growing season is assumed to be equivalent to the start of the 

flux accumulation period (Astart) and is defined as the date of budburst/leaf emergence or the 

release of winter dormancy. For all main receptor species, the end of the growing season is 

assumed to be equivalent to the end of the flux accumulation period (Aend) and is defined as the 

onset of dormancy. For beech and birch, as well as for Norway spruce in the boreal region, Astart 

is estimated using a simple latitude model where Astart occurs at year day 105 at latitude 50°N, 

and Astart will alter by 1.5 days per degree latitude earlier on moving south and later on moving 

north. Aend is estimated as occurring at year day 297 at latitude 50°N, and Aend will alter by 

2 days per degree latitude earlier on moving north and later on moving south. Leaf 

discolouration is assumed to occur 20 days prior to dormancy and is assumed to be the point at 

which fphen will start to decrease from gmax. Between the onset of dormancy and leaf fall, gsto will 

be assumed to be zero. The effect of altitude on phenology is incorporated by assuming a later 

Astart and earlier Aend by 10 days for every 1000 m a.s.l. 

This latitude model agreed relatively well with ground observations from the Mediterranean 

(Mediavilla & Escudero, 2003; Aranda et al., 2005; Damesin & Rambal, 1995; Grassi & Magnani, 

2005) and the Atlantic (Broadmeadow, pers comm.; Duchemin et al., 1999) and with remotely 

sensed observations for the whole of Europe (Zhang et al., 2004). The latitude model is used 

mainly due to its simplicity. It is understood that the modelled timing of deciduous tree 

budburst, at least in northern Europe, may differ from the observed timing of budburst (SBD-B, 

Karlsson et al., Braun et al.). Furthermore, the start of the gas exchange of coniferous tree 

species in northern Europe may occur at dates earlier than predicted by the latitude model 

(SBD-B, Karlsson et al.). The latitude model is not able to reflect changes in the climate. Hence, it 

is the aim that the latitude model should be replaced with a methodology that is based on 

meteorological parameters once a more robust model has been fully developed (SBD-B, Karlsson 

et al., Braun et al.). 

For Norway spruce in the continental region, the growth period is determined by air 

temperature defined according to the ftemp function. The growing season is assumed to occur 

when air temperatures are between the Tmin and Tmax thresholds of the ftemp relationships. During 

such periods there is no limitation on conductance associated with leaf development stage (i.e., 

fphen = 1). 
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fphen 

For forest trees, a modified formulation for the fphen relationship as given in Equations III.2a-c is 

used (see below). This method allows the use of a consistent formulation irrespective of whether 

there is a mid-season dip in fphen (to simulate the effect of mid-season photo-oxidative stress on 

stomatal conductance). The values in brackets for the phenology function in Table 3.11 

represent “dummy” values to be used in areas where this mid-season dip does not occur: 

when yd  Astart_FD 

(III.23a)  

fphen = fphen_a when Astart_FD < yd  fphen1_FD + Astart_FD 

(III.23b)  

fphen = ((1-fphen_a)*((yd- Astart_FD)/fphen1_FD)+fphen_a) 

when fphen1_FD + Astart_FD < yd  LIMstart_FD (III.23c) fphen = fphen_b 

when LIMstart_FD < yd < LIMstart_FD + fphen2_FD 

(III.23d)  

fphen = (1-fphen_c) * (((fphen2_FD + LIMstart_FD) - (LIMstart_FD + (yd- LIMstart_FD))) /fphen2_FD) + fphen_c  

when LIMstart_FD + fphen2_FD  yd  LIMend_FD - fphen3_FD  

(III.23e)  

fphen = fphen_c 

when LIMend_FD - fphen3_FD < yd < LIMend_FD 

(III.23f)  

fphen = (1-fphen_c) * ((yd-(LIMend_FD - fphen3_FD))/fphen3_FD) + fphen_c when LIMend_FD  yd  Aend_FD - fphen4_FD 

(III.23g)  

fphen = fphen_d when Aend_FD - fphen4_FD < yd < Aend_FD 

(III.23h)  

fphen = (1-fphen_e) * ((Aend_FD-yd) / fphen4_FD) + fphen_e  

when yd ≥ Aend_FD 

(III.23i)  

fphen = fphen_e 



TEXTE Manual on Methodologies and Criteria for Modelling and Mapping Critical Loads and Levels and Air Pollution 
Effects, Risks, and Trends 

105 

 

Table 3.11:  Summary of the parameterisation of the DO3SE model for POD1SPEC calculations of 
sunlit leaves at the top of the canopy of individual tree species or groups of tree 
species growing in Europe. Note: Further region- and species-specific 
parameterisations for species can be found in SBD-A and SBD-B. 

Parameter Units Forest tree species parameterisation - POD1SPEC 

Region 
(may also 
be 
applicable 
in these 
regions) 

 Boreal Continental (Atlantic, 
Steppic, Pannonian) 

Mediterranean 

Forest 
type 

 Coniferous Broadleaf 
deciduous 

Coniferous Broadleaf 
deciduous 

Broadleaf 
deciduous 

Evergreen 

Tree 
species 

Common 
name 

Norway 
spruce 

Silver 
birch 

Norway 
spruce 

Beech Deciduous 
oak 
speciesi, ii 

Evergreen 
speciesiii 

Latin name Picea abies Betula 
pendula 

Picea abies Fagus 
sylvatica 

  

gmax mmol O3 
m-2 PLA s-1 

125 240 130 155 265 195 

fmin fraction 0.1 0.1 0.16 0.13 0.13 0.02 

light_a - 0.006 0.0042 0.01 0.006 0.006 0.012 

Tmin °C 0 5 0 5 0 1 

Topt °C 20 20 14 16 22 23 

Tmax °C 200iv 200iv 35 33 35 39 

VPDmax kPa 0.8 0.5 0.5 1.0 1.1 2.2 

VPDmin kPa 2.8 2.7 3.0 3.1 3.1 4.0 

ΣVPDcrit kPa - - - - - - 

PAWt % - - - - - - 

SWCmax
v % volume 15 15 - - - - 

SWCmin
v % volume 1 1 - - - - 

SWPmax MPa - - -0.05 -0.05 -1.0 -1.0 

SWPmin MPa - - -0.5 -1.25 -2.0 -4.5 

fO3 fraction - - - - - - 

Astart_FD day of year Latitude 
model 

Latitude 
model 

ftemp
vi Latitude 

model 
Latitude 
model 

1 (Jan 1) 

Aend_FD day of year Latitude 
model 

Latitude 
model 

ftemp
vi Latitude 

model 
Latitude 
model 

365 (Dec 
31) 

Leaf 
dimension 

cm 0.8 5.0 0.8 7.0 4.2 3 
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Parameter Units Forest tree species parameterisation - POD1SPEC 

Canopy 
height 

m 20 20 20 25 20 20 

fphen_a fraction 0.0 0.0 0.0 0.0 0.3 1.0 

fphen_b fraction (1.0) (1.0) (1.0) (1.0) (1.0) (1.0) 

fphen_c fraction 1.0 1.0 1.0 1.0 1.0 0.3 

fphen_d fraction (1.0) (1.0) (1.0) (1.0) (1.0) (1.0) 

fphen_e fraction 0.0 0.0 0.0 0.4 0.3 1.0 

fphen_1_FD no. of days 20 20  20 15 (0) 

fphen_2_FD no. of days (200) (200) (200) (200) (200) 130 

fphen_3_FD no. of days (200) (200) (200) (200) (200) 60 

fphen_4_FD no. of days 30 30 0 20 20 (0) 

LIMstart_FD year day (0.0) (0.0) (0.0) (0.0) (0.0) 80 (Mar 
21) 

LIMend_FD year day (0.0) (0.0) (0.0) (0.0) (0.0) 320 (Nov 
16) 

The values in brackets represent “dummy” values required for DO3SE modelling purposes. “-“ = parameterisation not 

required for this species. 
i Mediterranean deciduous oak are represented here by Quercus robur, Q. pyrenaica and Q. faginea. Only for these tree 

species is the parameterisation based on young trees (Marzuoli, in prep.). 
ii Local species-specific parameterisations can be found in scientific background document A (SBD-A). 
iii Mediterranean evergreen species are represented here by the parameterisation for adult Quercus ilex trees. 
iv The Tmax value is set at 200 °C to simulate the weak response to high temperatures of Norway spruce and birch trees 

growing under Northern European conditions (the stomatal response is instead mediated by high VPD values). Hence, the 

Tmax value should be viewed as a forcing rather than descriptive parameter. 
v Soil water content (SWC) is calculated as the soil water content available for transpiration, i.e., the actual SWC minus the 

SWC at the wilting point. 
vi For continental Norway spruce, the growing season is assumed to occur when air temperatures are between the Tmin and 

Tmax thresholds of the ftemp relationships. Actual data are recommended if available! 

3.3.5.3.2 Flux-effect relationships and critical levels for forest trees 

Box 7: Applications for species-specific (POD1SPEC) flux-effect relationships and critical levels for 

forest trees 

The species-group or species-specific flux models, associated response functions and critical levels 

for forest trees were derived from experiments with young trees and can be used to quantify the 

potential negative impacts of O3 on the annual growth of the living biomass of trees at the local 

and regional scale. They can be used as a starting point for calculation of impacts on carbon 

sequestration and tree diversity. 

The applications of the PODYSPEC functions and critical levels for forest trees are described in 

Box 7. Methods are currently being developed for quantifying O3 impacts on tree growth rates, 

such as the Net Annual Increment (NAI; SBD-B, Büker et al.). When developed, such methods 

should be applied to assess O3 impacts over the entire rotation periods of trees. Flux models 

have been developed for the effects of O3 on individual tree species in one year. Where effects 
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were reported over more than one year in experiments, the mean flux was determined by 

dividing the total by the number of years of O3 exposure. Based on the exponential nature of the 

growth of young trees, the following procedure was applied for the correction of the biomass 

change in multiannual experiments: 

(III.24) 

𝑏𝑖𝑜𝑚𝑦𝑟 = 𝑏𝑖𝑜𝑚
1

𝑦𝑒𝑎𝑟𝑠 

where biomyr is the corrected biomass, biom is the biomass in fractions of the control and years 

is the duration of the experiment in years. 

The critical levels for forest trees were set to values for an acceptable biomass loss. Critical 

levels have been derived for either a 2% (Norway spruce) or a 4% (beech/birch, Mediterranean 

deciduous oaks and Mediterranean evergreen species) reduction in annual new growth (based 

on above ground, root, or whole tree biomass) of young trees of up to 10 years of age. For each 

species, data was from independent experiments conducted in two countries with three species 

for Mediterranean deciduous oaks; one country with four species for Mediterranean evergreen; 

two countries with one species for Norway spruce; and three countries with two species for 

beech and birch (combined in one function) (see Annex 3, Table A2). Critical levels were 

determined based on the slope of the flux-effect relationship and are summarised in Table 3.12. 

Table 3.12:  POD1SPEC critical levels (CL) for forest tree species. 

Species Effect 
parameter 

Biogeograph
ical region* 

Potential 
effect at CL 
(% annual 
reduction) 

Critical level 
(mmol m-2 
PLA)** 

Ref10 POD1 
(mmol m-2 
PLA) 

Potential 
maximum 
rate of 
reduction 
(%) per 
mmol m-2 
PLA of 
POD1SPEC**
* 

Beech and 
birch 

Whole tree 
biomass 

B, C (A, S, P) 4% 5.2 0.9 0.93 

Norway 
spruce 

Whole tree 
biomass 

B, C (A, S, P) 2% 9.2 0.1 0.22 

Med. 
deciduous 
oaks 

Whole tree 
biomass 

M 4% 14.0 1.4 0.32 

Med. 
deciduous 
oaks 

Root 
biomass 

M 4% 10.3 1.4 0.45 

Med. 
evergreen 

Above-
ground 
biomass 

M 4% 47.3 3.5 0.09 

* A: Atlantic; B: Boreal; C: Continental, S: Steppic, P: Pannonian; M: Mediterranean. Derived for regions not in brackets, but 

could also be applied to regions in brackets. 

** Represents the (POD1SPEC – Ref10 POD1SPEC) required for a x% reduction 

*** Calculate the % reduction using the following formula: (POD1SPEC – Ref10 POD1SPEC) * potential maximum rate of 

reduction. 
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The flux-effect relationships for individual tree species or groups of tree species are shown in 

Figure 3.12. 

Figure 3.12:  The relationship between the percentage total biomass and the stomatal O3 flux 
(POD1SPEC) for sunlit leaves of a) beech (Fagus sylvatica) and silver birch (Betula 
pendula) based on data from Finland, Sweden and Switzerland (Büker et al., 2015), 
b) Norway spruce (Picea abies) based on data from France, Sweden and Switzerland 
(Büker et al., 2015), c) Mediterranean deciduous oak based on data from Italy and 
Spain (Calatayud et al., 2011; Marzuoli et al., 2016, in prep.), d) between the 
percentage root biomass and the stomatal O3 flux (POD1SPEC) for sunlit leaves of 
Mediterranean oak (Calatayud et al., 2011; Marzuoli et al., 2016, in prep.), and e) 
between the percentage of above-ground biomass and the stomatal O3 flux 
(POD1SPEC) for sunlit leaves of Mediterranean evergreen species based on data 
from Spain (Alonso et al., in prep). The grey area indicates the 95%-confidence 
interval. 
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Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual 

3.3.5.4 (Semi-)natural vegetation 

3.3.5.4.1 Choice of representative species and ecosystems 

The (semi-)natural vegetation type includes all vegetation not planted by humans, excluding 

forests, but influenced deliberately or inadvertently by human actions (Di Gregorio & Jansen, 

2000). This vegetation type is the most florally diverse of those considered – there are 4000+ 

species of (semi-)natural vegetation in Europe – making the generalisations needed for setting 

critical levels difficult. Although response functions and relative sensitivities have been derived 

for >100 species (Hayes et al., 2007; Bergmann et al., 2015), at least 98 % of (semi-)natural 

species remain untested. 

Due to the large diversity of (semi-)natural vegetation communities across Europe in terms of 

ecophysiology, life form, management practices such as grazing, cutting or fertilization regime or 

species composition, O3 critical levels have been established for widespread O3 sensitive species 

representing broad categories of (semi-)natural vegetation plant communities. Critical levels 

have been established for: 

► Temperate perennial grasslands found in Boreal, Atlantic and Continental biogeographical 

regions of Europe that are dominated by grasses and forbs and have little or no tree cover, 

and may be grazed. The majority of vegetation species are perennials, but annual species 

may also be present. Parameterisations and critical levels for temperate perennial 

grasslands may also be applicable for Pannonian and Steppic regions, but this has not been 

tested yet and stronger soil water limitations might be expected. 

► Mediterranean annual pastures that are dominated by annual plants (grasses and forbs, 

including legumes). They include Dehesa annual pastures and other grazed annual pastures 

found in the Mediterranean region of Europe. 

Information from field experiments to date indicates that subalpine grassland vegetation is 

moderately tolerant to current ambient O3 concentrations (Bassin et al., 2013, 2015; Volk et al., 
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2014). Hence, O3 critical levels have not been established for (sub)alpine grassland communities. 

Currently there is insufficient data to establish a flux-based O3 critical level for other (semi-) 

natural vegetation communities. 

Only experiments conducted in Europe under semi-controlled conditions have been considered 

for critical level derivation, in which the selected species were growing in competition with 

other grassland species (Temperate perennial grasslands) and as single species or two-species 

mixtures (Mediterranean annual species) and subjected to different fertilization and cutting 

regimes. Several independent experiments have been included in each function. 

3.3.5.4.2 Parameterisation of the O3 stomatal flux model for (semi-)natural vegetation 

Parameterisations of the DO3SE model for representative species of (semi-)natural vegetation 

are shown in Table 3.13. For temperate perennial grasslands it is recommended to use the 

forbs parameterisation as an indicator of a general risk to grassland habitats. The grass 

parameterisation can be used to specifically assess the risk for grass species. For 

Mediterranean annual pastures it is recommended to use the legumes parameterisation as an 

indicator of a general risk to annual pasture habitats. 

Time window 

Time windows are “default” parameters that should be adjusted by the user if more appropriate 

local information is available. Select the accumulation period that gives the highest flux or is the 

most suitable season. 

Canopy height 

Default values are provided for general application.  

EUNIS classifications 

The most suitable EUNIS classes (http://eunis.eea.europa.eu/) to use are those represented by 

the habitats for which the critical levels have been derived. 

Temperate perennial grassland: 

► E2.1 Permanent mesotrophic pastures and aftermath-grazed meadows 

► E2.2 Low and medium altitude hay meadows 

► E2.7 Unmanaged mesic grassland 

► E2.5 Meadows of the steppe zone  

Mediterranean annual pasture: 

► E1.3 Mediterranean xeric grassland 

► E1.6 Subnitrophilous annual grassland 

► E1.8 Closed Mediterranean dry acid and neutral grassland 

► E7.3 Dehesa 

http://eunis.eea.europa.eu/
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Table 3.13:  Parameterisation of the DO3SE model for POD1SPEC calculations for sunlit leaves at 
the top of the canopy for representative O3-sensitive (semi-)natural vegetation 
species. 

Parameter Units (Semi-)natural vegetation parameterisation for sunlit leaves at 
top of canopy - POD1SPEC 

Region (may also 
be applicable in 
these regions) 

 Atlantic, Boreal, 
Continental, 
(Pannonian, 
Steppic) 

Atlantic, Boreal, 
Continental, 
(Pannonian, 
Steppic) 

Mediterranean 

Land cover type  Perennial 
grasslands (Grass 
spp.) 

Perennial 
grasslands (Forbs 
incl. legumes) 

Annual pastures 
(Legume spp.) 

gmax mmol O3 m-2 PLA s-

1 
190 210 782 

fmin fraction 0.1 0.1 0.02 

light_a - 0.01 0.02 0.013 

Tmin °C 10 10 8 

Topt °C 24 22 22 

Tmax °C 36 36 33 

VPDmax kPa 1.75 1.75 2.2 

VPDmin kPa 4.5 4.5 4.3 

ΣVPDcrit kPa - - - 

PAWt % - - - 

SWCmax % volume - - 18.3 

SWCmin % volume - - 0.03 

SWPmax MPa -0.1 -0.1 - 

SWPmin MPa -1 -0.6 - 

fO3 fraction - - - 

Astart_FDi day of year 91 (April 1st) 91 (April 1st) 32 (February 1st) 

Aend_FDi day of year 273 (September 
30th) 

273 (September 
30th) 

181 (June 30th) 

Time window 
length 

month 3 3 1.5 

Leaf dimension cm 2ii 4ii 2 

Canopy height m 0.2 0.2 0.2 

fphen_a fraction 1 1 1 

fphen_b fraction 1 1 1 

fphen_c fraction 1 1 1 
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Parameter Units (Semi-)natural vegetation parameterisation for sunlit leaves at 
top of canopy - POD1SPEC 

fphen_d fraction 1 1 1 

fphen_e fraction 1 1 1 

fphen_1_FD no. of days - - - 

fphen_2_FD no. of days - - - 

fphen_3_FD no. of days - - - 

fphen_4_FD no. of days - - - 

LIMstart_FD year day - - - 

LIMsend_FD year day - - - 

“-“ = parameterisation not required for this species. 
i Days of year given for non-leap year. 
ii Not given, set to match wheat (grass species) and potato (forb species, including legumes). 

3.3.5.4.3 Flux-effect relationships and critical levels for (semi-)natural vegetation 

Box 8: Applications for species-specific (POD1SPEC) flux-effect relationships and critical levels for 

(semi-)natural vegetation 

The species-group specific flux models, associated response functions, and critical levels for (semi-) 

natural vegetation were derived from experiments with O3-sensitive species grown in competition 

(temperate perennial grasslands) or as single species and two-species mixtures (Mediterranean 

annual pastures). Response functions and critical levels can be used to quantify the risk of 

potential negative O3 impacts on biomass, and reproductive capacity. They can be used as a 

starting point for the calculation of impacts on carbon sequestration and plant biodiversity. 

The applications of the PODYSPEC functions and critical levels for (semi-)natural vegetation are 

described in Box 8. For (semi-)natural vegetation, a flux-threshold Y of 1 nmol m-2 s-1 

(POD1SPEC) was used. This threshold fulfilled the recommendations made by Büker et al. 

(2015), i.e., that the confidence interval of the intercept includes 100% and that the R2 value is 

within 2% of the maximum R2 value and matches the one used for forest trees. 

Table 3.14:  POD1SPEC critical levels (CL) for O3 sensitive (semi-)natural vegetation. 

Species Effect 
parameter 

Biogeographical 
region* 

Potential 
effect at CL 
(% reduction) 

Critical 
level 
(mmol m-2 
PLA)** 

Ref10 POD1 
(mmol m-2 
PLA) 

Potential 
maximum rate 
of reduction 
(%) per mmol 
m-2 PLA of 
POD1SPEC*** 

Temperate 
perennial 
grassland 

Above-
ground 
biomass 

A, B, C (S, P) 10% 10.2 0.1 0.99 

Temperate 
perennial 
grassland 

Total 
biomass 

A, B, C (S, P) 10% 16.2 0.1 0.62 
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Species Effect 
parameter 

Biogeographical 
region* 

Potential 
effect at CL 
(% reduction) 

Critical 
level 
(mmol m-2 
PLA)** 

Ref10 POD1 
(mmol m-2 
PLA) 

Potential 
maximum rate 
of reduction 
(%) per mmol 
m-2 PLA of 
POD1SPEC*** 

Temperate 
perennial 
grassland 

Flower 
number 

A, B, C (S, P) 10% 6.6 0.1 1.54 

Med. 
Annual 
pasture 

Above-
ground 
biomass 

M 10% 16.9 5.2 0.85 

Med. 
Annual 
pasture 

Flower/ 
seed 
biomass 

M 10% 10.8 4.6 1.61 

* A: Atlantic; B: Boreal; C: Continental, S: Steppic, P: Pannonian; M: Mediterranean. Derived for species growing in regions 

not in brackets, but could also be applied to regions in brackets. 

** Represents the (POD1SPEC – Ref10 POD1SPEC) required for a x% reduction 

*** Calculate the % reduction using the following formula: (POD1SPEC – Ref10 POD1SPEC) * potential maximum rate of 

reduction. 

A 10% reduction in the effects parameter was considered to be an important effect that could 

change ecosystem dynamics. Hence, critical levels were determined for a 10% reduction of the 

effect based on the slope of the relationship and are summarised in Table 3.14. The flux-effect 

relationships for (semi-)natural vegetation are shown in Figures 3.13 and 3.14 and further 

details can be found in Annex 3, Table A.4. It should be noted that the critical levels and response 

functions were derived from experimental data in Europe. Two sets of critical levels are 

provided per habitat reflecting O3 impacts on growth or reproductive output. Users should select 

the most appropriate response for their requirements. PODYSPEC-based critical levels can be 

used to assess the potential risk of O3 impacts on the biomass and vitality of (semi-)natural 

vegetation species. These critical levels may also protect against loss of plant biodiversity, but 

this has not yet been confirmed. 
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Figure 3.13:  The relationship between the stomatal O3 flux (POD1SPEC) for sunlit leaves and 
percentage a) above-ground biomass, b) total biomass and c) flower number of 
temperate perennial grasslands. The grey area indicates the 95%-confidence 
interval. Data are from experiments conducted in the UK (Hayes et al., 2011, 2012, 
Hewitt et al., 2014, Wagg et al., 2012, Wyness et al., 2011) and unpublished data 
peer-reviewed at the Madrid Workshop, (2016). 

 

Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual  

The flux models and critical levels are the most applicable to areas where the vegetation is 

similar to the species/vegetation type for which a flux-based critical level has been derived (see 

suitable EUNIS classifications above). For other (semi-)natural vegetation communities the 

critical levels only provide an indication of a relative risk to these communities, except for Alpine 

grasslands and pastures which are rather resilient to ozone in terms of biomass growth (Volk et 

al., 2014). 
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Figure 3.14:  The relationship between the stomatal O3 flux (POD1SPEC) for sunlit leaves and 
percentage a) aboveground biomass and b) seed/flower biomass of Mediterranean 
annual pastures. The grey area indicates the 95%-confidence interval. Data are 
from experiments conducted in Spain (Gimeno et al., 2004a,b; Sanz et al., 2005, 
2007, 2014, 2016). 

 

Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual  

3.3.6 Vegetation-specific flux-effect relationships and critical levels for assessing risk in 
large-scale integrated assessment modelling (using PODYIAM) 

3.3.6.1 Applications 

The simplified flux models (PODYIAM) and associated response functions and critical levels 

described in this section are for use in integrated assessment modelling (IAM) on a 

European, regional and potentially global scale for similar biogeographic regions. Using 

PODYIAM, the degree of risk of damage within large scale modelling, including scenario analysis 

and optimisation runs within the GAINS model (Greenhouse Gas and Air Pollution Interactions 

and Synergies) can be determined by using simplified parameterisations to represent vegetation 

types. PODYIAM flux models provide an indicative risk assessment and are less robust than 

PODYSPEC flux models. They can be applied to assess exceedance of critical levels and/or to 

quantify the risk of adverse O3 impacts for the most sensitive vegetation under the worst case 

scenario (Box 9). 

Separate simplified flux models, associated response relationships and critical levels have been 

defined for crops, forest trees and (semi-)natural vegetation, with parameterisations provided 

for Mediterranean and non-Mediterranean areas. 

Text Box 9: Applications for vegetation-type flux models and critical levels, PODYIAM 

These flux models have simpler form than PODYSPEC and have been developed specifically for use 

in large-scale integrated assessment modelling, including for scenario analysis and optimisation 

runs. Separate parametrisations are provided for Mediterranean and non-Mediterranean areas for 

application in risk assessments for crops, forest trees and (semi-)natural vegetation. 
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The flux-effect relationships can be used for: 

► Crops: potential maximum yield loss calculation and indicative economic losses in worst case 

scenario. 

► Forest trees and (semi-)natural vegetation: indicative of the potential maximum risk for 

estimating environmental cost, but not economic losses. 

The critical levels can be used for calculating critical levels exceedances, both amount and area. 

For applications in a climate change context, the PODYSPEC method is recommended as key 

factors, such as phenology and soil moisture, are not included in the parameterisation of 

PODYIAM. 

3.3.6.2 PODYIAM-based flux-effect relationships and critical levels for crops, forest trees, and 
grasslands/pasture 

3.3.6.2.1 Parameterisation of the O3 stomatal flux model (PODYIAM) 

The simplified flux models suitable for IAM do not include the modifying effect of soil moisture 

and phenology (and O3 in the case of crops) on the stomatal conductance, hence fSW and fphen 

(and fO3 for crops) are set to 1 between the start and the end of the accumulation period. Using 

the simplified flux models as a stand-alone application, this method would indicate the risk of O3 

damage under the worst case scenario where soil moisture is not limiting stomatal O3 flux. 

However, when used within the EMEP model (Simpson et al., 2012), a simplified soil moisture 

index is included and further work is ongoing to optimise the applicability of the soil moisture 

index in soil moisture limited areas or under scenarios of climate change. The parameterisations 

for PODYIAM are provided in Table 3.15. 

Crops 

For crops, the parameterisation for the PODYIAM flux model is based on wheat, a sensitive crop 

for which abundant information exists (Table 3.15). Due to difficulties in estimating the O3 flux 

using Y = 6 nmol m-2 s-1 in large scale modelling and IAM arising from the strong increase in the 

uncertainty in modelled POD with increasing Y, Y= 3 nmol m-2 s-1 is to be used (POD3IAM). To 

accommodate the need for IAM to use a longer time period than the thermal time-based time 

window used for POD6SPEC, POD3IAM is accumulated over 90 days, centred on the timing of 

mid-anthesis (flowering) in wheat (see Section 3.3.5.2). 

Forest trees 

For forest trees, the parameterisation for the POD1IAM flux models has been developed from the 

POD1SPEC models for non-Mediterranean broadleaf deciduous species (beech - Fagus sylvatica, 

birch - Betula pendula, temperate oak - Quercus petraea and Q. robur, and poplar - Populus spp.) 

and Mediterranean broadleaf deciduous species (Quercus faginea, Q. robur and Q. pyrenaica). For 

the derivation of a flux-effect relationship, a Y value of 1 nmol m-2 s-1. 
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Table 3.15:  Parameterisation of the DO3SE model for PODYIAM calculations for the flag 
leaves/sunlit leaves at the top of the canopy for crops, forests, and (semi-) natural 
vegetation. Separate parameterisations are provided for Mediterranean and non-
Mediterranean areas. 

Parameter Units Crop parameterisation 
POD3IAM 

Forest trees 
parameterisation 
POD1IAM 

(Semi-)natural 
vegetation 
parameterisation 
POD1IAM 

Biogeogra
phic region 

 Atlantic, 
Boreal, 
Continenta
l, Steppic, 
Pannonian 

Mediterra
nean 

Atlantic, 
Boreal, 
Continenta
l, Steppic, 
Pannonian 

Mediterra
nean 

Atlantic, 
Boreal, 
Continenta
l, Steppic, 
Pannonian 

Mediterra
nean 

Based on 
species 

 Wheat Wheat Beech, 
birch, 
temperate 
oak, poplar 

Deciduous 
oak spp. 

O3-
sensitive 
forbs, 
including 
legumes 

O3-
sensitive 
legumes 

gmax mmol O3 
m-2 PLA s-1 

500 430 150 265 210 782 

fmin fraction 0.01 0.01 0.1 0.13 0.1 0.02 

light_a - 0.0105 0.0105 0.006 0.006 0.02 0.013 

Tmin °C 12 13 0 0 10 8 

Topt °C 26 28 21 22 22 22 

Tmax °C 40 39 35 35 36 33 

VPDmax kPa 1.2 3.2 1.0 1.1 1.75 2.2 

VPDmin kPa 3.2 4.6 3.25 3.1 4.5 4.3 

ΣVPDcrit kPa 8 8 - - - - 

PAWt % fSW = 1 fSW = 1 - - - - 

SWCmax % volume - - - - - - 

SWCmin % volume - - - - - - 

SWPmax MPa - - fSW = 1 fSW = 1 fSW = 1 fSW = 1 

SWPmin MPa - - fSW = 1 fSW = 1 fSW = 1 fSW = 1 

fO3 fraction 1 1 - - - - 

Astart_ETS  ˚C day 45 days 
before 
mid-
anthesis in 
wheat* 

45 days 
before 
mid-
anthesis in 
wheat* 

Latitude 
model 

Latitude 
model 

91 (April 
1st) 

32 
(February 
1st) 

Aend_ETS  ˚C day 45 days 
before 
mid-

45 days 
before 
mid-

Latitude 
model 

Latitude 
model 

273 
(Septembe
r 30th) 

181 (June 
30th) 
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Parameter Units Crop parameterisation 
POD3IAM 

Forest trees 
parameterisation 
POD1IAM 

(Semi-)natural 
vegetation 
parameterisation 
POD1IAM 

anthesis in 
wheat* 

anthesis in 
wheat* 

Time 
window 
length 

month - - - - 3 1.5 

Leaf 
dimension 

cm 2 2 7 4.2 4 2 

Canopy 
height 

m 1 1 20 20 0.2 0.2 

fphen_a fraction 1.0 1.0 0.0 0.0 1.0 1.0 

fphen_b fraction 1.0 1.0 0.0 0.0 1.0 1.0 

fphen_c fraction 1.0 1.0 1.0 1.0 1.0  

fphen_d fraction 1.0 1.0 (1.0) (1.0) 1.0 1.0 

fphen_e fraction 1.0 1.0 0.0 0.0 1.0 1.0 

fphen_1_ETS ˚C day - - - - - - 

fphen_2_ETS ˚C day - - - - - - 

fphen_3_ETS ˚C day - - - - - - 

fphen_4_ETS ˚C day - - - - - - 

fphen_5_ETS ˚C day - - - - - - 

fphen_1_FD no. of days - - 15 20 - - 

fphen_2_FD no. of days - - (200) (200) - - 

fphen_3_FD no. of days - - (200) (200) - - 

fphen_4_FD no. of days - - 20 50 - - 

LIMstart_FD year day - - (0.0) (0.0) - - 

LIMsend_FD year day - - (0.0) (0.0) - - 

The values in brackets represent “dummy” values required for DO3SE modelling purposes. “-“ = parameterisation not 

required for this species. 

* 90d accumulation period, centred on the timing of mid-anthesis in wheat; see Section 3.3.5.2.1 for details. 

(POD1IAM) was used in agreement with POD1SPEC (see Section 3.3.5.3). The start and the end of 

the accumulation period is still determined by the latitude model. 

(Semi-)natural vegetation 

For (semi-)natural vegetation, the parameterisation for the POD1IAM flux models has been 

developed from the POD1SPEC models for temperate perennial grasslands, using the 

parameterisation for forbs (including legumes) and for legumes for Mediterranean annual 

pasture (see Section 3.3.5.4). 
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3.3.6.2.2 Flux-effect relationships and critical levels for integrated assessment modelling (IAM) 

The critical levels for use with PODYIAM are shown in Table 3.16. These have been derived from 

response functions based on POD3IAM for crops, and POD1IAM for forest trees and (semi-) 

natural vegetation (Figure 3.15). It should be noted that for crops, the function was first derived 

for datasets based on 45 days (the minimum exposure period in the experiments). The values 

have been doubled to accommodate the longer 90-day time interval required. For crops, the 

effect parameter was grain yield, for forest trees it was total biomass and for (semi-)natural 

vegetation it was flower number (temperate perennial grasslands) or flower/seed biomass 

(Mediterranean annual pastures). 

Table 3.16:  PODYIAM critical levels (CL) for crops, forest trees and (semi-)natural vegetation. 

Vegetation 
type 
(PODYIAM) 

Effect 
parameter 

Used to 
assess risk of 
reduction in 

Biogeograph
ical region* 

Potential 
effect at CL  
(% 
reduction) 

Critical level 
(mmol m-2 
PLA)** 

Ref10 PODY 
(mmol m-2 
PLA) 

Crops 
(POD3IAM) 

Grain yield Grain yield A, B, C, M  
(S, P)*** 

5% 7.9 0.1 

Forest trees 
(POD1IAM) 

Total 
biomass 

Annual 
growth of 
living 
biomass of 
trees 

A, B, C (S, P) 4% 5.7 0.6 

M 4% 13.7 1.7 

(Semi-) natural vegetation (POD1IAM) 

Temperate 
perennial 
grasslands 

Flower 
number 

Vitality of 
species-rich 
grasslands 

A, B, C (S, P) 10% 6.6 0.1 

Med. annual 
pastures 

Flower/ seed 
biomass 

M 10% 10.8 4.6 

A: Atlantic; B: Boreal; C: Continental, S: Steppic, P: Pannonian; M: Mediterranean. Suitable for vegetation types in regions 

not in brackets, but could also be applied to regions in brackets. 

** Represents the (PODYSPEC – Ref10 PODYSPEC) required for a x% reduction 

*** Separate parameterisations should be used for Mediterranean and non-Mediterranean areas. 
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Figure 3.15:  Flux (PODYIAM) effect relationships for application in large-scale modelling, 
including Integrated Assessment Modelling (IAM), a) for crops, for broadleaf 
deciduous trees in b) non-Mediterranean and c) Mediterranean regions, and for 
(semi-)natural vegetation in d) non-Mediterranean and e) Mediterranean regions. 

 

Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual 
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3.3.7 Concentration-based critical levels for O3 (AOT40) 

3.3.7.1 Applications 

These are based on accumulation of the hourly mean O3 concentration at the top of the canopy 

over a threshold concentration of 40 ppb during daylight hours (when global radiation is more 

than 50 W m-2) for the appropriate time-window (AOT40) and thus do not take account of the 

stomatal influence on the amount of O3 entering the plant. Hence, the spatial distribution of the 

risk of adverse impacts on vegetation generally mimics the spatial distribution of O3 

concentration and is different from the spatial distribution of PODY on the pan-European scale 

(Mills et al., 2011a, Simpson et al., 2007). Potential applications for AOT40-based critical levels 

are described in box 10. 

Box 10: Applications for AOT40-based critical levels 

AOT40-based critical levels are suitable for estimating the risk of damage where climatic data or 

suitable flux models are not available and/or areas where no climatic or water restrictions to 

stomatal O3 flux are expected. Critical levels are defined for agricultural and horticultural crops, 

forests and (semi-)natural vegetation. 

3.3.7.2 AOT40 methodology for all vegetation types 

It is recommended that AOT40 values for comparison with the critical levels be calculated as the 

mean value over the most recent five years for which appropriate quality assured data are 

available. For local and national risk assessment, it may also be valuable to choose the year with 

the highest AOT40 from amongst the five years. 

In summary, the following steps are required for calculation of AOT40 and exceedance of the 

critical level for a given year for a specific species/vegetation type: 

Step 1: The vegetation- or species-specific accumulation period is determined. 

Step 2: Collate the hourly mean O3 concentrations for the measurement height and 

accumulation period. 

Step 3: Adjust the O3 data from measurement height to canopy height using an appropriate 

model or the algorithm in this manual (see Section 3.3.4.2 and SBD-A). 

Step 4: Calculate the AOT40 index by subtracting 40 from each hourly mean during daylight 

hours (when global radiation is more than 50 W m-2) and then summing the resulting 

values (see example in Figure 3.16). 
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Figure 3.16:  Calculation of O3 accumulated over a threshold of 40 ppb (AOT40) in ppb h for 
Balingen (6 May, 1992). The AOT40 for this day is 383 ppb h, calculated as 17 
(exceedance of 40 ppb for 11th hour) + 35 (12th hour) + 30 (13th hour) + 47 (14th 
hour) + 51 (15th hour) + 55 (16th hour) + 52 (17th hour) + 51 (18th hour) + 45 (19th 
hour). Exceedance of 40 ppb in the 20th hour is not included because it occurred 
after daylight (global radiation was less than 50 W m-2) had ended. 

 

Source: This figure is adopted from a previous version of Chapter 3 of the Mapping Manual 

3.3.7.3 AOT40-based critical levels for crops, forest trees, and (semi-)natural vegetation 

Here we provide a summary of AOT40-based critical levels for vegetation, for further details see 

SBD-A. 

Crops 

AOT40-based critical levels have been defined for agricultural and horticultural crops, based on 

dose-response relationships for wheat (Mills et al., 2007) and tomato (González-Fernández et al., 

2014) respectively (Table 3.17). The timing of the three-month accumulation period for 

agricultural crops should reflect the period of active growth of wheat and be centred on the 

timing of mid-anthesis (see Section 3.3.5.2.1). For horticultural crops, the timing of the start of 

the growing season is more difficult to define because they are repeatedly sown over several 

months in many regions, especially in the Mediterranean. For local application within the 

Mediterranean, appropriate three-month periods should be selected between March and August 

for eastern Mediterranean areas, and March and October for western Mediterranean areas. Since 

the cultivars used to derive the response function for tomato also grow in other parts of Europe, 

it is suggested that appropriate three-month periods are selected between the period of April to 

September for elsewhere in Europe. 

Forest trees 

AOT40-based critical levels have been defined for forest trees, based on dose-response 

relationships for beech and birch (Table 3.17; Karlsson et al., 2003; 2007). The default window 

for the accumulation of AOT40 is the 1st of April to the 30th of September for all deciduous and 

evergreen species in Europe. This time period does not take altitudinal variation into account 

and should be viewed as indicative only. The default window should only be used where local 
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information on the growing season is not available, with the start and end of the growing season 

clearly defined from measurements, the latitude model or phenological models. 

(Semi-)natural vegetation 

AOT40-based critical levels for (semi-)natural vegetation are applicable to all (semi-)natural 

vegetation. Two AOT40-based critical levels have been defined based on a limited number of 

sensitive species: one for communities dominated by annual, and one for communities 

dominated by perennial species (Table 3.17). 

Table 3.17:  Summary of AOT40-based critical levels for vegetation. 

Vegetation type Effect (% reduction 
at critical level) 

Critical level 
(ppm h) 

Accumulation 
period 

Reference 

Crops 

Agricultural Grain yield (5%; 
based on wheat) 

3 3 months Mills et al, 2007 

Horticultural Fruit yield (5%; 
based on tomato) 

8 3 months González-
Fernández et al., 
2014 

Trees 

 Total biomass (5%; 
based on beech 
and birch) 

5 Growing season 
(default: 6 months) 

Karlsson et al., 
2003, 2007 

(Semi-)natural vegetation 

Dominated by 
annuals 

Above ground 
biomass (10%) 

3 3 months (or 
growing season, if 
shorter) 

Ashmore & 
Davidson, 1996; 
Fuhrer et al., 2003 

Dominated by 
perennials 

Effects on total 
above-ground or 
below-ground 
biomass and/or on 
the cover of 
individual species 
and/or on 
accelerated 
senescence of 
dominant species 
(10%) 

5 6 months UNECE, 2006 
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3.5 Annexes for chapter 3  

3.5.1 Annex 1: history of the development of the included critical levels 

The critical level values have been set, reviewed and revised for O3, SO2, NOx and NH3 at a series 

of UNECE Workshops and associated Task Force meeting of the ICP Vegetation: 

► Bad Harzburg (1988; UNECE, 1988) 

► Bad Harzburg (1989) 

► Egham (1992; Ashmore & Wilson, 1993) 

► Bern (1993; Fuhrer & Achermann, 1994) 

► Kuopio (1996; Kärenlampi & Skärby, 1996) 

► Gerzensee (1999; Fuhrer & Achermann, 1999) 

► Gothenburg (2002; Karlsson et al., 2003) 

► Obergurgl (2005; Wieser & Tausz, 2006) 

► Edinburgh (2006; UNECE, 2007; Sutton et al., 2009) 

► Ispra (2009) 

► Tervuren (23rd ICP Vegetation Task Force Meeting, 2010, UNECE 2010; Mills et al., 2011) 

► Madrid (2016); preceded by preparatory meetings in Hindås (2015) and Deganwy (2016) 

► Poznan (30th ICP Vegetation Task Force Meeting, 2017; UNECE, 2017) 
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The earliest version of this manual (UNECE, 1996) included concentration-based critical levels 

that used AOTX (O3 concentrations accumulated over a threshold of X ppb) as the O3 parameter. 

However, several important limitations and uncertainties have been recognised for using AOTX. 

In particular, the real impacts of O3 depend on the amount of O3 reaching the sites of damage 

within the leaf, whereas AOT40-based critical levels only consider the O3 concentration at the 

top of the canopy. 

The Gerzensee Workshop in 1999 recognised the importance of developing an alternative 

approach based on the flux of O3 from the exterior of the leaf through the stomatal pores to the 

sites of damage (stomatal flux or Phytotoxic Ozone Dose above a threshold flux of Y nmol m-2 

PLA s-1; PODY). This approach required the development of mathematical models to estimate 

stomatal flux, primarily from knowledge of stomatal responses to environmental factors. It was 

agreed at the Gothenburg Workshop in 2002 that O3 flux-effect models were sufficiently robust 

for the derivation of flux-based critical levels, and such critical levels should be included in this 

chapter for wheat, potato, and provisionally for beech and birch combined. An additional 

simplified flux-based “worst-case” risk assessment method for use in large-scale and integrated 

assessment modelling was discussed at the Obergurgl Workshop (2005) and after further 

revision (approved at appropriate Task Force meetings) is included here. 

At the Hindås meeting (2015), Deganwy meeting (2016), Madrid Workshop (2016), and 

subsequent 30th Task Force meeting of the ICP Vegetation (2017) in Poznan, the methodology, 

flux-effect relationships and critical levels were reviewed and revised where needed and added 

for new (groups of) species or vegetation types. The current version of this chapter incorporates 

all of these new/revised flux-based critical levels together with the updated AOT40-based 

critical levels (no changed made). Currently, 16 species or groups of species-specific vs (based 

on PODYSPEC) and 5 vegetation type-specific critical levels (based on PODYIAM) are included. 

The critical levels and risk assessment methods for vegetation described in this chapter were 

prepared by leading European experts from available knowledge on impacts gaseous air 

pollutants on vegetation, and thus represent the current “state of knowledge”. 
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3.5.2 Annex 2: terminology 

Table A1:  Terminology for calculating O3 critical levels for vegetation. 

Term  Abbreviation 
[Units] 

Explanation 

Terminology 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 horizontal leaves the 
total leaf area is simply 2*PLA. 

Stomatal flux of 
O3 

Fst [nmol m-2 
PLA s-1] 

Instantaneous flux of O3 through the stomatal pores per unit 
projected leaf area (PLA). 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 O3 into the stomata. 

Stomatal flux of 
O3 above a flux 
threshold of Y 
nmol m-2 PLA s-1 

FstY [nmol m-2 
PLA s-1] 

Instantaneous flux of O3 above a flux threshold of Y nmol m-2 PLA s-1, 
through the stomatal pores per unit projected leaf area. 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 O3 through the 
stomata. 

Phytotoxic O3 
dose above a flux 
threshold of Y 
nmol m-2 PLA s-1 

PODY [mmol 
m-2 PLA] 

Phytotoxic O3 dose (POD) is the accumulated flux above a flux 
threshold of Y nmol m-2 PLA s-1, accumulated over a stated time 
period during daylight hours. Similar in mathematical concept to 
AOT40. 

Phytotoxic O3 
dose calculated 
for a specific 
plant species or 
group of plant 
species 

PODYSPEC 
[mmol m-2 
PLA] 

Phytotoxic O3 dose above a flux threshold of Y nmol m-2 PLA s-1 for a 
specific plant species or group of plant species (PODYSPEC), 
accumulated over a stated time period during daylight hours. 

Phytotoxic O3 
dose calculated 
for a for a 
vegetation type 

PODYIAM 
[mmol m-2 
PLA] 

Phytotoxic O3 dose above a flux threshold of Y nmol m-2 PLA s-1 for a 
vegetation type for application in large-scale modelling such as 
integrated assessment modelling (PODYIAM), accumulated over a 
stated time period during daylight hours. 
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Term  Abbreviation 
[Units] 

Explanation 

Reference PODY 
at constant 10 
ppb O3, 
representing 
average ‘pre-
industrial’ O3 
concentration 

Ref10 PODY 
[mmol m-2 
PLA] 

Phytotoxic O3 dose above a flux threshold of Y nmol m-2 PLA s-1 
calculated at a constant O3 concentration of 10 ppb, accumulated 
over a stated time period during daylight hours. 

Flux-based critical 
level of O3 

Flux-based CL 
[mmol m-2 
PLA] 

Phytotoxic O3 dose above a flux threshold of Y nmol m-2 PLA s-1 
(PODY), over a stated time period during daylight hours, above which 
direct adverse effects may occur on sensitive vegetation according to 
present knowledge. 

Terminology for concentration-based critical levels 

Concentration 
accumulated over 
a threshold O3 
concentration of 
40 ppb 

AOT40  
[ppm h] 

The sum of the differences between the hourly mean O3 
concentration (in ppb) and 40 ppb when the concentration exceeds 
40 ppb during daylight hours1), 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 O3 

Concentration-
based CL  
[ppm h] 

AOT40 over a stated time period, above which direct adverse effects 
on sensitive vegetation may occur according to present knowledge. 

3.5.3 Annex 3: Data sources and references for flux-effect relationships 

3.5.3.1 Crops 

Table A2 provides a summary of the data sources and O3 flux-effect relationships for crops as 

described in Section 3.3.5.2. 

Table A2:  Date sources and response functions for agricultural crops. 

Crop Wheat Wheat Wheat Potato Tomato Tomato 

Effect 
parameter 

Grain yield 1000 grain 
weight 

Protein yield Tuber yield Fruit yield Fruit quality 

% reduction 
for critical 
level 

5% 5% 5% 5% 5% 5% 

Critical level 
(POD6SPEC, 
mmol m-2) 

1.3 1.5 2.0 3.8 2.0 3.8 

Biogeographi
cal region* 

A, B, C, M  
(S, P) 

A, B, C, M  
(S, P) 

A, B, C, M  
(S, P) 

A, B, C  
(M, S, P) 

M  
(A, B, C, S, P) 

M  
(A, B, C, S, P) 

Countries 
involved in 
experiments 

Belgium, 
Finland, 
Italy, 
Sweden 

Belgium, 
Finland, 
Sweden 

Belgium, 
Finland, 
Sweden 

Belgium, 
Finland, 
Germany, 
Sweden 

Italy, Spain Italy, Spain 



TEXTE Manual on Methodologies and Criteria for Modelling and Mapping Critical Loads and Levels and Air Pollution 
Effects, Risks, and Trends 

133 

 

Crop Wheat Wheat Wheat Potato Tomato Tomato 

Number of 
data points 

36 33 33 17 17 17 

Number of 
cultivars 

5 4 4 1 5 (sensitive 
cultivars 
only) 

5 (sensitive 
cultivars 
only) 

Data sources Pleijel et al., 
2007 

Piikki et al., 
2008 

Piikki et al., 
2008 

Pleijel et al., 
2007 

González-
Fernández et 
al., 2014 

González-
Fernández et 
al., 2014 

Time period 200 °C days 
before 
anthesis to 
700 °C days 
after 
anthesis 

200 °C days 
before 
anthesis to 
700 °C days 
after 
anthesis 

200 °C days 
before 
anthesis to 
700 °C days 
after 
anthesis 

1130 °C days 
starting at 
plant 
emergence 

250 to 
1500 °C days 
starting at 
planting in 
the field (at 
4th true leaf 
stage) 

250 to 
1500 °C days 
starting at 
planting in 
the field (at 
4th true leaf 
stage) 

Response 
function 

RY(%) = 
100.3 - 3.85 
x POD6SPEC 

RY(%) = 
100.6 - 3.35 
x POD6SPEC 

RY(%) = 
101.1 - 2.54 
x POD6SPEC 

RY(%) = 

101.4 – 1.34 

x POD6SPEC 

RY(%) = 99.3 
- 2.53 x 
POD6SPEC 

RY(%) = 99.7 
- 1.30 x 
POD6SPEC 

Adjusted R2 0.83 0.71 0.61 0.80 0.61 0.55 

P value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Data curator 
(E-mail) 

Håkan Pleijel (hakan.pleijel@bioenv.gu.se) Ignacio González-Fernández 
(ignacio.gonzalez@ciemat.es
) 

* A = Atlantic; B = Boreal; C, = Continental, M = Mediterranean, S = Steppic, P = Pannonian. In brackets: not derived for 

those regions but could be applied there too. 

3.5.3.2 Forest trees 

Table A3 provides a summary of the data sources and O3 flux-effect relationships for forest trees 

as described in section 3.3.5.3. 

Table A3:  Data sources and response functions for forest trees. 

Tree species Beech and 
birch 

Norway spruce Deciduous 
oaks 

Deciduous 
oaks 

Evergreens 

Effect 
parameter 

Whole tree 
biomass 

Whole tree 
biomass 

Whole tree 
biomass 

Root biomass Above-ground 
biomass 

% reduction for 
critical level 

4% (annual) 2% (annual) 4% (annual) 4% (annual) 4% (annual) 

Critical level 
(POD1SPEC, 
mmol m-2) 

5.2 9.2 14.0 10.3 47.3 

Biogeographica
l region* 

B, C (A, S, P) B, C (A, S, P) M M M 



TEXTE Manual on Methodologies and Criteria for Modelling and Mapping Critical Loads and Levels and Air Pollution 
Effects, Risks, and Trends 

134 

 

Tree species Beech and 
birch 

Norway spruce Deciduous 
oaks 

Deciduous 
oaks 

Evergreens 

Countries 
involved in 
experiments 

Finland, 
Sweden, 
Switzerland 

Sweden, 
Switzerland 

Spain, Italy Spain, Italy Spain 

Number of data 
points 

34 (9 different 
experiments) 

29 (8 different 
experiments) 

10 (2 different 
experiments) 

10 (2 different 
experiments) 

22 (4 different 
experiments) 

Years of 
experiments 

1-5 1-4 2 2 1.5-3 

Data sources Braun and 
Flückiger, 1995; 
Büker et al., 
2015; Karlsson 
et al., 2003; 
Oksanen, 2003; 
Uddling et al., 
2004 

Braun and 
Flückiger, 1995; 
Büker et al., 
2015; Karlsson 
et al, 2004 

Calatayud et al. 
2011; Marzuoli 
et al. 2016 and 
in preparation 

Calatayud et al. 
2011; Marzuoli 
et al. 2016 and 
in preparation 

Alonso et al., 
2014 and in 
preparation; 
Barnes et al., 
2000; 
Calatayud et 
al., 2011; Inclán 
et al., 2005; 
Ribas et al., 
2005 

Time period Growing 
season 

Growing season Growing 
season 

Growing 
season 

Growing season 

Response 
function 

RB(%) = 100.2 – 
0.93 x 
POD1SPEC 

RB(%) = 99.8 – 
0.22 x 
POD1SPEC 

RB(%) = 100.3 – 
0.32 x 
POD1SPEC 

RB(%) = 100.6 – 
0.45 x 
POD1SPEC 

RB(%) = 99.8 – 
0.09 x 
POD1SPEC 

Adjusted R2 0.67 0.31 0.41 0.48 0.42 

P value <0.001 <0.001 0.027 0.016 <0.001 

Data curator  
(e-mail) 

Patrick Büker 
(patrick.bueker@york.ac.uk) 

Riccardo Marzuoli 
(riccardo.marzuoli@unicatt.it) 

Rocio Alonso 
(rocio.alonso 
@ciemat.es) 

* A = Atlantic; B = Boreal; C, = Continental, M = Mediterranean, S = Steppic, P = Pannonian. In brackets: not derived for 

those regions but could be applied there too. 

3.5.3.3 (Semi-)natural vegetation 

Table A4 provides a summary of the data sources and O3 flux-effect relationships for (semi-) 

natural vegetation as described in section 3.3.5.4. 

Table A4:  Data sources and response functions for (semi-)natural vegetation. 

O3-sensitive 
species of: 

Temperate 
perennial 
grassland 

Temperate 
perennial 
grassland 

Temperate 
perennial 
grassland 

Mediterranean 
annual pasture 

Mediterranean 
annual pasture 

Representative 
species used to 
derive flux-
effect 
relationship 

Campanula 
rotundifolia, 
Trifolium 
pratense, 
Sanguisorba 
major, 
Sanguisorba 

Campanula 
rotundifolia, 
Dactylis 
glomerata, 
Leontodon 
hispidus, 

Campanula 
rotundifolia, 
Primula veris, 
Potentilla 
erecta, 
Scabiosa 
columbaria 

Trifolium 
striatum, 
T.cherleri, 
T.glomeratum, 
T.angustifolium
, 
T.subterraneum

Trifolium 
striatum, 
T. cherleri, 
T. subterraneu
m 
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O3-sensitive 
species of: 

Temperate 
perennial 
grassland 

Temperate 
perennial 
grassland 

Temperate 
perennial 
grassland 

Mediterranean 
annual pasture 

Mediterranean 
annual pasture 

officinalis, 
Scabiosa 
columbaria, 
Fritillaria 
meleagris 

Ranunculus 
acris 

, Medicago 
minima, 
Biserrula 
pelecinus 

Effect 
parameter 

Above-ground 
biomass 

Total biomass Flower number Above-ground 
biomass 

Seed/flower 
biomass 

% reduction for 
critical level 

10% 10% 10% 10% 10% 

Critical level 
(POD1SPEC, 
mmol m-2) 

10.2 16.2 6.6 16.9 10.8 

Biogeographica
l regions* 

A, B, C (S, P) A, B, C (S, P) A, B, C (S, P) M M 

Countries 
involved in 
experiments 

UK UK UK Spain Spain 

Number of data 
points 

47 53 32 51 15 

Years of 
experiments 

4 4 3 5 3 

Data sources Hayes et al., 
2012; Hewitt et 
al., 2014; Hayes 
et al. 
unpublished 

Wagg et al., 
2012, Hayes et 
al., 2011, 
Wyness et al., 
2011; Hayes et 
al., unpublished 

Hayes et al., 
2012; Hayes et 
al., 2011; Hayes 
et al. 
unpublished 

Gimeno et al., 
2004a; Sanz et 
al., 2005, 2007, 
2014, 2016 

Gimeno et al., 
2004b; Sanz et 
al., 2007, 2016 

Accumulation 
period 

3 months 3 months 3 months 1.5 months 1.5 months 

Time period for 
accumulation 
period 

1 April to 30 
Sept 

1 April to 30 
Sept 

1 April to 30 
Sept 

1 February to 
30 June 

1 February to 
30 June 

Response 
function 

RB(%) = 93.9 – 
0.99 x 
POD1SPEC 

RB(%) = 94.7 – 
0.62 x 
POD1SPEC 

RF(%) = 101.2 – 
1.54 x 
POD1SPEC 

RB(%) = 97.1 – 
0.85 x 
POD1SPEC 

RB(%) = 92.3 – 
1.61 x 
POD1SPEC 

Adjusted R2 0.10 0.34 0.30 0.57 0.59 

P value 0.018 <0.001 <0.001 <0.001 <0.001 

Data curator 
(e-mail) 

Felicity Hayes (fhay@ceh.ac.uk) Ignacio González-Fernández 
(ignacio.gonzalez@ciemat.es) 

* A = Atlantic; B = Boreal; C, = Continental, M = Mediterranean, S = Steppic, P = Pannonian. In brackets: not derived for 

those regions but could be applied there too. 
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4 Mapping of Effects on Materials 

4.1 Introduction 

Please refer to this document as: CLRTAP, 2022. Mapping of effects on materials, Chapter 4 of 

Manual on methodologies and criteria for modelling and mapping critical loads and levels and 

air pollution effects, risks, and trends. UNECE Convention on Long-range Transboundary Air 

Pollution; accessed on [date of consultation] on Web at www.umweltbundesamt.de/en/cce-

manual. 

4.1.1 Aims 

Atmospheric pollution is an important factor in material deterioration, including the 

degradation of systems used for material protection and the degradation of cultural heritage 

materials. Due to pollution, the lifetime of technological products is shortened. Building and 

other structures deteriorate more rapidly, including objects of cultural heritage that are exposed 

to the atmosphere. The resulting physicochemical and economic damage can be significant – not 

to mention the loss of unique parts of cultural heritage and the hazards that arise due to the 

compromised reliability of complicated technological devices. Therefore, as a result of 

weathering, in particular due to acidifying pollutants, a significant part of metals used in 

constructions and products are emitted to the biosphere with a potential hazard to the 

environment. Lastly, air pollution induces the soiling of glass and other materials (stone, 

coatings, painted surfaces etc.) that requires either a frequent potentially expensive cleaning, or 

maintenance operations. 

This part of the manual provides methods used to assess the impact of atmospheric pollution on 

materials in terms of corrosion and soiling. These methods are based on studies carried out by 

ICP Materials since 1987. The approach initially proposed was based on results obtained after an 

8-year field exposure (1987–1995, Tidblad et al., 2001). It was revised in 2005, following a 

multi-pollutant exposure programme (1997–2003, Kucera et al., 2007). Since then, a series of 

trend exposures each third year, including several materials for the evaluation of soiling effects, 

have been performed. These new results together with practical experiences in mapping areas of 

increased risk of corrosion has led to the present update, which mainly consist of new functions 

for soiling (4.2.3) and how they should be used for mapping (4.4) (2021). 

This chapter considers the corrosive and soiling effects of gaseous SO2, NOx, O3, HNO3, particulate 

matter and acid rainfall in combination with climatic parameters. The chapter also aims to 

define procedures for mapping values of pollutants that are acceptable for buildings and 

materials and tolerable values for cultural and historical monuments in a way that is analogous 

to the methods defined elsewhere for critical levels and loads for natural ecosystems. 

4.1.2 Definitions 

Atmospheric deterioration of materials is a cumulative, irreversible process, which proceeds 

even in the absence of pollutants, which means “critical” values are not as easily defined as for 

some natural ecosystems. A rate of deterioration must be defined which may be considered as 

“acceptable” or “tolerable”, based on technical, economic, and social considerations. This 

approach provides the basis for mapping “acceptable areas” for corrosion and deriving areas 

where the acceptable pollution level/load is exceeded, in an analogous way to the maps 

produced for natural ecosystems. The term “acceptable” is reserved for materials used in 

technical constructions while “tolerable” is used in connection with degradation of cultural 
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heritage. Thus, in the following, “acceptable” can be replaced by “tolerable” when considering 

cultural heritage specifically. 

Acceptable load/level. The "acceptable level or load" of pollutants for buildings and materials is 

the concentration or load which does not lead to an unacceptable increase in the rate of 

corrosion or deterioration. 

Acceptable rate of corrosion or deterioration may be defined as the corrosion, which is 

considered "acceptable" based on technical and economic considerations and is in principle 

material and application dependent. The concept can, however, be simplified when developing or 

assessing policies within the LRTAP Convention (see 4.3.3 below). 

Dose-response function. The relationship between the corrosion or deterioration rate and the 

levels or loads of pollutants in combination with climatic parameters. 

Using the above definitions, it is possible to calculate the acceptable pollution level from the 

acceptable corrosion rate by using a dose-response function that relates corrosion rate to 

pollutant and climate exposure. 

4.2 Dose-response functions 

4.2.1 Introduction 

Deterioration rates can be calculated using dose-response functions. The functions 

recommended have been derived from the field research programmes undertaken as part of the 

UN ECE ICP Materials Exposure Programmes and are developed primarily by considering the 

need of the LRTAP Convention to quantify effects of pollution. However, if other functions of the 

same form or of other forms are considered more suitable, then they can be used as an 

alternative. 

This could, for example, be in particular areas where pollution is not considered the main cause 

of corrosion. In any case, the range of values over which the dose-response function is derived 

must be considered. Two sets of dose-response functions described in the following sections 

have been derived: functions for the SO2 dominating situation and functions for the multi-

pollutant situation. For glass soiling, only the multi-pollutant situation was considered. 

4.2.2 Dose-response functions for corrosion of materials 

4.2.2.1 Dose-response functions for the SO2 dominating situation 

The following equations are based on 8-year results from an exposure carried out within ICP 

Materials (1987–1995). They reflect the increased level of the physicochemical understanding of 

the corrosion mechanisms, including the synergistic effects of SO2 and O3 in the case of copper. 

The equations are valid for unsheltered exposure of materials (Tidblad et al., 2001), where r2 

denotes the explained variability and N the number of observations used in the statistical 

analysis. 

Structural metals r2  N  

Weathering steel (C<0.12%, Mn 0.3-0.8%, Si 0.25-0.7%, P 0.07-0.15%, 
S<0.04%, Cr 0.5-1.2%, Ni 0.3-0.6%, Cu 0.3-0.55%, Al<0.01%) 

𝑀𝐿 = 34[𝑆𝑂2]
0.13𝑒{0.020𝑅ℎ+𝑓(𝑇)}𝑡

0.33
 

f(T) = 0.059(T-10) when T≤10°C, otherwise -0.036(T-10) 

0.68 148 (4.1) 

Zinc 0.84 98 (4.2) 
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𝑀𝐿 = 1.4[𝑆𝑂2]
0.22𝑒{0.018𝑅ℎ+𝑓(𝑇)}𝑡

0.85
+ 0.029𝑅𝑎𝑖𝑛[𝐻+]𝑡 

f(T) = 0.062(T-10) when T≤10°C, otherwise -0.021(T-10) 

Aluminium 

𝑀𝐿 = 0.0021[𝑆𝑂2]
0.23𝑅ℎ ⋅ 𝑒{𝑓(𝑇)}𝑡

1.2
+ 0.000023𝑅𝑎𝑖𝑛[𝐶𝑙−]𝑡 

f(T) = 0.031(T-10) when T≤10°C, otherwise -0.061(T-10) 

0.74 106 (4.3) 

Copper  

𝑀𝐿 = 0.0027 [𝑆𝑂2]
0.32[𝑂3]

0.79𝑅ℎ ⋅ 𝑒{𝑓(𝑇)}𝑡
0.78

+ 0.000023𝑅𝑎𝑖𝑛[𝐻+]𝑡0.89 
f(T) = 0.083(T-10) when T≤10°C, otherwise -0.032(T-10) 

0.73 95 (4.4) 

Bronze (Cu Sn6Pb7Zn5, ISO/R 1338 (Cu 81%, Sn 5.8%, Pb 6.7%, Zn 4.5%, Ni 
1.6% + trace elements) 

𝑀𝐿 = 0.026 [𝑆𝑂2]
0.44𝑅ℎ ⋅ 𝑒{𝑓(𝑇)}𝑡

0.86
+ 0.029𝑅𝑎𝑖𝑛[𝐻+]𝑡0.76

+ 0.00043𝑅𝑎𝑖𝑛[𝐶𝑙−]𝑡0.76 
f(T) = 0.060(T-11) when T≤11°C, otherwise -0.067(T-11) 

0.81 144 (4.5) 

Stone materials r2  N  

Limestone 

𝑅 = 2.7 [𝑆𝑂2]
0.48𝑒{−0.18𝑇}𝑡

0.96
+ 0.019𝑅𝑎𝑖𝑛[𝐻+]𝑡0.96 

0.88 100 (4.6) 

Sandstone (White Mansfield dolomitic sandstone) 

𝑅 = 2.7 [𝑆𝑂2]
0.48𝑒{−0.18𝑇}𝑡

0.96
+ 0.019𝑅𝑎𝑖𝑛[𝐻+]𝑡0.96 

f(T) = 0 when T≤10°C, otherwise -0.013(T-10) 

0.86 101 (4.7) 

Paint coatings r2  N  

Coil coated galvanised steel with alkyd melamine 

𝐿 = [
5

0.084 [𝑆𝑂2] + 0.015𝑅ℎ + 𝑓(𝑇) + 0.00082𝑅𝑎𝑖𝑛
]

1
0.43⁄

 

f(T) = 0.040(T-10) when T≤10°C, otherwise -0.064(T-10) 

0.73 138 (4.8) 

Steel panels with alkyd 

𝐿 = [
5

0.033 [𝑆𝑂2] + 0.013𝑅ℎ + 𝑓(𝑇) + 0.0013𝑅𝑎𝑖𝑛
]

1
0.41⁄

 

f(T) = 0.015(T-11) when T≤11°C, otherwise -0.15(T-11) 

0.68 139 (4.9) 

where 

ML = mass loss, g m-2, NOTE: see section 4.2.2.3 

R = surface recession, μm 

t = exposure time, years 

L = maintenance interval (lifetime), years 

Rh = relative humidity, % – annual average 

T = temperature, °C – annual average 

[SO2] = concentration, μg m-3 – annual average 

[O3] = concentration, μg m-3 – annual average 

Rain = amount of precipitation, mm year-1 – annual average 

[H+] = concentration, mg l-1 – annual average 

[Cl-] = concentration, mg l-1 – annual average 
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NOTE: the unit for [H+] is not the normal one (M) used for this denomination and the relation 

between pH and [H+] is therefore here [H+] = 1007.97 ∙ 10-pH ≈ 103-pH 

These equations are valid for regions without strong influence of sea salts with a total chloride 

content in precipitation < 5 mg l-1 approx., regardless of the source. 

The functions for paint coatings are expressed as lifetime equations. These lifetimes can be 

mapped but the functions cannot at present be used for calculating acceptable levels using the 

concept of acceptable corrosion rates since tolerable lifetime has not yet been established for 

these materials. 

For all these materials, and also electric contact materials and tin, data for exposure in sheltered 

positions are available but are of less general validity for mapping at the UNECE level since 

actual corrosion rates are highly dependent on the particular sheltering conditions. 

4.2.2.2 Dose-response functions for the multi-pollutant situation 

The following equations are based on 4-year results from the exposure within UN ECE ICP on 

Materials (1997–2001). These were complemented with environmental measurements of HNO3 

and particulate matter as a result from the extra effort connected to the MULTI-ASSESS project 

in 2002–2003. Later data of HNO3 and particulate matter show no significant trend. They reflect 

the increased level of the physicochemical understanding of the corrosion mechanisms including 

the effect SO2 and acid rain for all materials, the effect of nitric acid for zinc and Portland 

limestone, and the effect of particulate matter for carbon steel, cast bronze and Portland 

limestone. The functions were first derived with an inclusion of time as an independent variable 

(Kucera et al., 2007). However, discussions within the ICP Materials Task Force have concluded 

that the mapping of areas with increased risk of corrosion and calculation of acceptable levels of 

pollution should be based on one-year exposure. Therefore, the functions are to be only over 

periods of one year. Time-dependent corrosion rates are necessary for the calculation and the 

mapping of costs caused by atmospheric corrosion. They are described below, in the cost 

section. 

Carbon steel 

R = 6.5 + 0.178[S02]0.6Rh60ef (T) + 0.166Rain[H+] + 0.076[PM10] (4.10) 

f(T) = 0.15(T-10) when T<10°C, otherwise f(T) = -0.054(T-10) 

Zinc 

R = 0.49 + 0.066[S02]0.22e0.018Rh+f (T) + 0.0057Rain[H+] + 0.192[HN03] (4.11) 

f(T) = 0.062(T-10) when T<10°C, otherwise f(T) = -0.021(T-10) 

Cast Bronze 

R = 0.15 + 0.000985[S02]Rh60ef (T) + 0.00465Rain[H+] + 0.00432[PM10] (4.12) 

f(T) = 0.060(T-11) when T<11°C, otherwise f(T) = -0.067(T-11) 

Portland limestone 

R = 4.0 + 0.0059[S02]Rh60 + 0.054Rain[H+] + 0.078[HN03]Rh60 + 0.0258[PM10] (4.13) 

where 

Rh60 = Rh - 60 when Rh > 60, 0 otherwise 

[HNO3] = annual average concentration, μg m-3 

[PM10] = annual average concentration, μg m-3 
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and other symbols as in the previous section. 

4.2.2.3 Units for corrosion attack of metals 

Mass loss and surface recession, the two units of corrosion attack proposed, have been denoted 

as ML (g m-2) and R (μm). It is recommended that all maps for metals are produced with the unit 

R (μm) with the exception of aluminium, where it is recommended to use ML (g m-2). For 

aluminium the corrosion is localised, therefore, it would be misleading to express the results in 

μm since this is not reflecting the depth of local attack. For the purpose of conversion from ML to 

R the following densities should be used: steel (7.8 g cm-3), zinc (7.14 g cm-3), copper (8.93 g cm-

3), and bronze (8.8 g cm-3). 

4.2.2.4 Direct effects of ozone 

The effect of ozone (O3) on corrosion of materials is complex and there is still serious gaps of 

knowledge that are needed in order to characterise it. Both O3 and NO2 have a direct effect on the 

corrosion and degradation, especially on some organic materials. In recent years, the synergistic 

effect of SO2 in combination with O3 and NO2 has been shown to lead to severely increased 

corrosion on several inorganic materials in laboratory exposures. In field exposures so far only 

the synergistic effect of SO2 and O3 has been shown in the UN ECE exposure programme, and 

only for copper, as can be inferred from the dose-response functions. 

4.2.3 Dose-response functions for soiling of materials 

Soiling is the visual effect that results from the darkening of exposed surfaces following the 

deposition and accumulation of atmospheric particles. It can be assessed by the change of optical 

properties of different materials, generally, as the loss of reflectance for opaque materials (such 

as stones, concrete, painted steel, etc.), and as the loss of transparency (i.e., transmittance, for 

transparent materials, such as glass). Most of the measurements were carried out on samples 

that were exposed in a vertical position under sheltered conditions to avoid recurring washing 

by rain. 

For non-transparent materials, several dose-response functions were defined (Watt et al., 2008). 

They relate the loss of reflectance ΔR to the PM10 concentration ([PM10] in μg m-3) and time (t in 

days): 

White painted steel 

Δ𝑅 = 𝑅0[1 − 𝑒
−3.96⋅10−6[𝑃𝑀10]𝑡] (4.14) 

White plastic 

Δ𝑅 = 𝑅0[1 − 𝑒
−4.43⋅10−6[𝑃𝑀10]𝑡] (4.15) 

Polycarbonate membrane 

Δ𝑅 = 𝑅0[1 − 𝑒
−3.47⋅10−6[𝑃𝑀10]𝑡] (4.16) 

where 

∆R  = loss of reflectance, % 

Ro = reflectance from uncovered surface, % 

[PM10]  = annual average concentration, μg m-3 

t = exposure time, days 
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There is no DRF for Portland limestone as the correlation with PM10 was too poor to predict a 

relationship with any confidence. 

For transparent material, such as float glass, two kinds of dose-response functions were 

developed: 

(1) The first one is based on multilinear regression, where haze is a temporal trend whose 

amplitude is controlled by [SO2], [NO2] and [PM10] (in μg m-3) (Lombardo et al., 2010): 

𝐻 =
0.2529[𝑆𝑂2]+0.1080[𝑁𝑂2]+0.1473[𝑃𝑀10]

1+(
382

𝑡
)
1.86   (4.17) 

where 

H = haze, % 

t = exposure time, days 

and other symbols as in the previous section. 

(2) The second one is based on a neural network approach (Verney-Carron et al., 2012). It 

corresponds to a pure statistical model that uses a non-linear parametric regression with a 

hyperbolic tangent function. Once set up, this function is easy to use: 

Hest = 4.81Hnorm + 5.27 (4.18) 

Hnorm = 3.951 - 39.193 tan(S1) + 44.067 tan(S2) (4.19) 

𝑆1 = −1.498 − 0.145(
𝑡−387.18

275.17
) + 0.031(

[𝑆𝑂2]−9.7

11.82
) + 0.297 (

[𝑁𝑂2]−33.29

19.37
) + 0.28 (

[𝑃𝑀10]−28.93

15.68
) 

 (4.20) 

𝑆2 = −1.45 − 0.073(
𝑡−387.18

275.17
) + 0.033 (

[𝑆𝑂2]−9.7

11.82
) + 0.281 (

[𝑁𝑂2]−33.29

19.37
) + 0.261(

[𝑃𝑀10]−28.93

15.68
) 

 (4.21) 

where 

Hest = estimated haze, % 

Hnorm = normalized haze, % 

S1, S2 = 2 neurons 

and other symbols as in the previous section. 

The range of use of this model must be within the range of the data used to parameterize the 

function: a duration less than 1638 days, [SO2] less than 51.1 μg m-3, [NO2] between 1.3 and 90.1 

μg m-3, and [PM10] between 5.4 and 84.3 μg m-3. This model can therefore be used in rural, urban, 

and traffic areas. 

4.3 Use of dose-response functions for mapping “acceptable corrosion 
rates” and “acceptable levels” for pollutants 

4.3.1 Recommendations regarding the selection of functions 

For the following materials, two sets of functions have been given, one for the SO2 dominating 

situation and one for the multi-pollutant situation: 

► Zinc 

► Cast bronze 
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► Portland limestone 

It is not possible to exactly define the SO2 dominating situation and the multi-pollutant situation. 

However, it is possible to specify the recommended use of the functions: 

► The multi-pollutant functions are the preferred choice. This is especially true when making 

maps of future scenarios and comparing the situation of today with those in the future 

arising from different pollution scenarios. 

► The SO2-dominating functions may be used if it can be shown that effects of other pollutants 

besides SO2 and acid rain are not contributing significantly to the general appearance of 

maps or to conclusions. This could, for example, be the case when showing the significant 

improvements made in the past for Europe or when mapping areas of the world where SO2 

values are very high. 

4.3.2 Recommendations regarding the use of environmental data 

Any user who is considering producing maps on the pollution effects of materials based on 

procedures specified in this chapter should also consult the general chapters of this manual, 

including Chapter 1: Introduction, Outline, and General Considerations and, especially, Chapter 

2: Mapping Concentration Levels and Deposition Loads. In chapter 2, the general methods of 

mapping, their underlying assumptions, and data requirements are given for many of the 

parameters needed for mapping effects on materials. Regarding the wet deposition parameters, 

it should be noted that the term Rain[Cl-] given in this chapter is identical to the chloride wet 

deposition parameter described in chapter 2. Deposition of protons (Rain[H+]) is not mentioned 

explicitly in chapter 2 but it should be noted that recommendation “measured solute 

concentrations may then be interpolated and wet deposition may be estimated from a function 

of the mapped solute concentration and the precipitation amount, the latter provided by the 

meteorological service for the country” is valid also for H+. Annual averages of environmental 

parameters shall always be used in the dose-response functions but could be based either on 

measured or modelled values. Data valid for longer periods may also be used depending on the 

purpose. For example, when climatic data for a particular year is missing or when the purpose is 

to isolate the effect of pollutants, it is possible to use long term average data for climatic 

parameters (e.g., 30-year averages) as so-called “climate normals”. 

Values of climatic and pollution data can usually be obtained from national or international 

meteorological centres, international organisations (e.g., WMO), international research 

programmes (e.g., EMEP), or national organisations and authorities responsible for 

environmental protection. 

4.3.2.1 Supporting function for the calculation of HNO3 

Nitric acid is a parameter that is not measured within dense monitoring networks very 

frequently. The availability of data is therefore limited. The following empirical function, which 

has been derived within the MULTI-ASSESS project (MULTI-ASSES final report), gives a good 

possibility of calculating the nitric acid concentrations from NO2, O3, relative humidity (Rh) and 

temperature (T). 

𝐻𝑁𝑂3 = 516𝑒
−3400

(𝑇+273) ⋅ ([𝑁𝑂2][𝑂3]𝑅ℎ)
0.5  (4.22) 

4.3.3 Recommendations regarding selection of intervals for mapping corrosion attack 

The acceptable rate of corrosion or deterioration (Ra), expressed in μm, or the acceptable soiling 

(Sa), expressed in %, was defined as being dependent on the technical and economic 
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considerations for the particular material and application. In reality, it is not considered 

practical in the context of Convention policy to do this for each individual material and for each 

individual application separately. Instead, it is recommended that the acceptable corrosion rate 

is expressed as a multiple of a constant, material dependent, “background corrosion”. ICP 

Materials has calculated reference levels representing the background corrosion or 

deterioration rate (Rb) as the lower 10th percentile of observed corrosion rates in the materials 

exposure programme, which started in 1987 and ended in 1995. Acceptable corrosion rates can 

then be expressed as a multiple (n) of the background corrosion or rate: 

Ra = n · Rb (4.23) 

An appropriate n value still has to be selected based on technical/economic consideration but 

will then be independent of material. 

Acceptable rate of corrosion can be used to produce maps. They will show where corrosion 

exceeds the acceptable deterioration rate (Ra) for simple samples of material. Thus, no 

correction is implemented for the form in which the material is used (e.g., the type of 

component). Practical n values 1.5, 2.0, and 2.5 are recommended following discussion at the 

24th meeting of the Task Force (2008), and corresponding Ra values are given in table 4.1. 

Targets for protecting materials of infrastructure and cultural heritage monuments for 2050 and 

2020 have been given in “Indicators and targets for air pollution effects” 

(ECE/EB.AIR/WG.1/2009/16) corresponding to n=2.5 (2020) and n=2.0 (2050). 

Table 4.1. Recommended class boundaries to be used for mapping corresponding to n values 
of 1.0 (background corrosion rate), 1.5, 2.0 and 2.5. 

Material n = 1.0 n = 1.5 n = 2.0 n = 2.5  

Limestone 3.2 5.0 6.4 8 μm, first year exposure 

Sandstone 2.8 4.0 5.5 7 μm, first year exposure 

Copper 0.32 0.5 0.64 0.8 μm, first year exposure 

Bronze 0.25 0.4 0.5 0.6 μm, first year exposure 

Zinc 0.45 0.7 0.9 1.1 μm, first year exposure 

Carbon steel and  
weathering steel 

8.5 12 16 20 μm, first year exposure 

Aluminium* 0.09 0.14 0.18 0.22 g m-2, first year exposure 

*Aluminium undergoes localised corrosion, but the corrosion rates were calculated as uniform corrosion. Maximum pit 

depth is a better indication of potential damage, but this characteristic cannot be evaluated after the first year of exposure. 

Today, most European sites have corrosion values in the range corresponding to those given in 

Table 4.1. However, intervals for higher corrosion attack also need to be specified in order to 

map corrosion in areas with high levels of pollution whether in or outside Europe, or to map 

situations observed in the past. The ISO standard 9223 specifies intervals of corrosion values for 

the following metallic materials: carbon steel, zinc, copper, and aluminium; see Table 4.2. 

Although these intervals correspond to different n values, the variation is not so large and the 

corresponding approximate n values are 5.0, 10, and 20. Therefore, it is recommended that these 

n values be used for mapping high corrosion values for materials other than carbon steel, zinc, 

copper, and aluminium. For carbon steel, zinc, copper, and aluminium, the C classes given in 

Table 4.2 are recommended when mapping areas with high corrosion rates. 
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Table 4.2  ISO 9223 corrosivity categories. 

Material C1 C2 C3 C4 C5 CX  

Carbon steel <1,3 1,3–25 25–50 50–80 80–200 200–700 μm, first year exposure 

Zinc <0,1 0,1–0,7 0,7–2,1 2,1–4,2 4,2–8,4 8,4–25 μm, first year exposure 

Copper <0,1 0,1–0,6 0,6–1,3 1,3–2,8 2,8–5,6 5,6–10 μm, first year exposure 

Aluminium#  <0,6 0,6-2 2–5 5–10 >10 g m-2, first year exposure 

#Aluminium undergoes localised corrosion, but the corrosion rates were calculated as uniform corrosion. Maximum pit 

depth is a better indication of potential damage, but this characteristic cannot be evaluated after the first year of exposure 

due to passivation effects and decreasing corrosion rates. 

4.3.4 Recommendations regarding grid size 

It is recommended that countries make use of best available data and generate information at 

appropriate national scales. It is advisable to produce maps with high resolution (small grid 

size), preferably 1 km2 or smaller, especially for mapping of effects in urban areas. Such 

resolution enables the consideration of differences between urban and rural conditions in levels 

of pollution, in relevant climatic characteristics (such as temperature and relative humidity) and 

may include both long-range transported pollutants and local emissions. 

However, for regional European assessments, pollutant effects on materials may be mapped 

using EMEP grid areas (0.1° x 0.1° Lat-Long currently). It is thus advisable to use a grid network 

that coincides with the EMEP network or, preferably, a smaller network that is a fraction of the 

EMEP size. 

4.3.5 Recommended maps 

Several maps may be used to illustrate the effects of air pollution on materials: 

► Maps showing the geographical distribution of some of the most important environmental 

parameters and their combinations used in the dose-response functions: [SO2], [O3], T, Rh, 

Rain, pH, Cl-, Rain[H+]. 

► Maps showing combinations of important parameters illustrating important effects related 

to materials damage that are not possible to express in terms of a specific material. This 

could, for example, be time of wetness (TOW), calculated as a combination of temperature 

and relative humidity parameters (Tidblad et al., 2000) or other “heritage climatology” 

parameters, such as the number of freeze-thaw cycles (Brimblecombe, 2010). 

► Material damage maps for selected materials should preferably be produced using the 

recommendations in 4.3.3. These maps will enable the identification of areas exceeding 

acceptable/tolerable corrosion rates. 

► Maps can also be made showing the contribution of wet deposition to the total corrosion 

effect or ratio between corrosion effect of wet and dry deposition. 

Maps showing acceptable/tolerable pollution levels/loads of individual pollutants (SO2, O3, 

HNO3, PM10, H+) can be made but levels of other pollutants need to be specified. A common 

approach is to assume that these are unchanged. 
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Another possibility is to use target values. These give information on the pollutant deposition 

that would lead to a given (chosen) acceptable level of corrosion or soiling for a given year (the 

target). For example, if we assume that PM10 levels are below 20 μg m-3 annual mean (as 

recommended by WHO Air quality guidelines, global update 2005), and that pH levels are equal 

to those in 2000, it is possible to calculate acceptable SO2 levels for carbon steel using equation 

4.11 for 2020 (R=20 μm) and 2050 (R=16 μm). Assisting maps of temperature, relative humidity 

and precipitation (long-term averages) and pH (for the year 2000) would be needed. 

4.4 Use of dose-response functions for mapping “acceptable soiling rates” 

For the mapping of soiling rates and costs, a background rate and suggested tolerable and 

acceptable rates (thresholds) in the years 2020 and 2050 can be used. 

For non-transparent materials (white painted steel and plastic), and polycarbonate membrane 

(Equations 4.14 to 4.16) the lifetimes are calculated until 30% loss of reflection, for a selected 

PM10 background scenario. It is suggested to use threshold cleaning intervals of 10 years (in 

year 2020) and 15 years (in 2050). The cleaning interval in the background is expected to 

typically be between 30 and 40 years. A tolerable soiling threshold of 30% loss of reflection is 

suggested based on the research of Brimblecombe and Grossi (2005), and on the following 

considerations: 

► The threshold is chosen to protect buildings sensitive to soiling of light colour. 

► The threshold represents a perceived reflectance where about 30% of respondents find the 

surface dirty. 

► The unprompted dirtiness response is expected to be considerably lower than 30% of the 

respondents. 

For glass soiling, both functions can be used provided that the concentration ranges are 

respected for the neural network DRF. 

For the soiling of modern glass, it is recommended to use a lifetime between cleaning in the 

background of 1500 days (~ 4 years), and a threshold lifetime for 2050 calculated from a haze 

value of 1% for cultural heritage (and in sensitive situations), and from a haze value of 3% for 

technical constructions and the general stock of buildings. In instances when a haze value of 3% 

is never reached by Equations (4.14, 4.15 or 4.16), or only reached at cleaning intervals longer 

than 1500 days, the cleaning interval is set to 1500 days and the rate and cost over background 

is set equal to zero (Grøntoft et al., 2019). Depending on the pollution, 1% haze would, typically, 

be reached in some months up to a year, whereas 3% haze was found to be reached in one year 

for the average of the ICP stations between 2002 and 2014. 

4.5 Use of dose response functions for calculation and mapping of costs 
resulting from corrosion 

One additional important goal of the mapping activities in the field of materials is the calculation 

of cost of damage caused by air pollutants to materials. While it is not recommended to assess 

the absolute cost, it is possible to estimate the difference in cost between two alternative 

scenarios using the following equation: 

ΔC = C · S · (LS1-1 - LS2-1)  (4.25) 

where AC is the cost difference, C is the cost per surface area of material for 

maintenance/replacement/cleaning, S is the surface area of material, Ls1 is the maintenance 
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interval (lifetime) for scenario 1 and Ls2 is the maintenance interval for scenario 2. If Equation 

4.16 is to be used for estimating the cost of corrosion or soiling due to pollutants in the present 

situation, the present pollution situation (scenario 1) should be used to calculate Ls1 and the 

background corrosion (scenario 2) to calculate Ls2. When calculating the lifetime from the 

background scenario, it is recommended one use the time dependence from the dry deposition 

term given in Equations 4.1–4.7, which means t0.85 for zinc and t0.86 for bronze in the multi-

pollutant situation. For carbon steel, a time dependence of t0.54 is recommended. It is not 

recommended to use Equations 4.8–4.9 for cost calculations when it comes to the paint coatings, 

since the evaluations are based on damage from an intentionally made scratch, which may be 

regarded as a form of accelerated testing. At present, the practical functions described in Kucera 

et al. 1993 are the only ones available for use, but these have not been verified by ICP Materials. 

A UN/ECE Workshop on economic evaluation of air pollution abatement and damage to 

buildings (including cultural heritage) took place in Stockholm on 23–25 January 1996 (Proc. 

UNECE Economic Workshop, 2007). The proceedings of the workshop summarised the state of 

the art and is given in the reference list together with a selection of other important 

publications: Kucera et al, 1993, Ecotec, 1986, Tolstoy et al., 1989 and Cowell and ApSimon, 

1996. In the ECOTEC study of 1986, building identikits for Birmingham (UK), Dortmund 

(Germany), and Cologne (Germany) were compiled. For Stockholm (Sweden), Sarpsborg 

(Norway), and Prague (Czech Republic), statistically based inventories of outdoor material 

surfaces were compiled by Kucera et al., 1993. These studies include percentage values of the 

most common construction materials and their distribution, which in absence of stock at risk 

data may provisionally be used as default values. Later, Tidblad et al., 2010 made an updated 

review on the economic assessment of corrosion and soiling of materials (including cultural 

heritage) that included references to several national studies and also several EU projects, such 

as REACH, ExternE and ExternE Transport, and CULT-STRAT. The CULT-STRAT project resulted 

in a book titled The Effects of Air Pollution on Cultural Heritage with a chapter on economic 

evaluation (Watt et al., 2009a). 

Mapping of damage costs will be similar to mapping of acceptable levels/loads but will include 

data on the stock of material in each mapping unit and the economic costs associated with the 

deterioration of these materials (e.g., replacement or repair costs). The change in the rate of 

deterioration can be used to estimate the cost associated with the deterioration and, 

furthermore, to undertake a cost benefit analysis of pollutant emission reduction scenarios in 

the mapping area. 

4.5.1 Assessment of stock of materials at risk 

So far, materials have not been included in integrated assessment modelling and are not 

included in the multi-pollutant protocol. Part of the explanation for this may be the lack of stock 

at risk data. Several stock at risk studies have, however, been performed during the years, the 

most intensive period being from 1990 to 1996 with several important studies in individual 

countries that, in the end, enabled the estimate of Cowell and ApSimon (1996) on the cost of 

damage to buildings by atmospheric pollution in Europe. These studies, many others, and an 

overview of methodologies for assessing stock at risk were recently presented in the ICP 

Materials report 61 “Assessment of stock of materials at risk including cultural heritage” by 

Tidblad et al. in 2010. Furthermore, the CULT-STRAT book mentioned above also included a 

chapter on stock at risk (Watt et al., 2009b). 

4.5.2 Sources of uncertainty 

The main sources of uncertainty for estimation of corrosion costs will result from 
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► assessment of the stock of materials at risk; 

► translation of dose-response functions obtained by exposure of test specimens to damage 

functions that consider the exposure situation on a construction and rational maintenance 

practice; 

► characterisation of reduced service lifetime and quantification of costs associated with 

reduced service lifetime; 

► assessment of environmental data and their extrapolation to each mapping square that 

consider the importance of the difference in local environment in populated and rural areas; 

and 

► use of yearly mean values of pollution parameters which do not consider the effect of 

fluctuations of pollutant levels. 

4.6 Concluding remarks 

Mapping atmospheric corrosivity was first done in the past to identify effect of emission on 

metals in the vicinity of industrial emission sources. These maps could be done by simply 

plotting SO2 isolines, which would be almost identical to corrosion isolines. With more 

knowledge and changing pollution situation more parameters have successively been added to 

dose-response functions, including the effect of climate (time of wetness, temperature, relative 

humidity), precipitation (acid rain), other gaseous pollutants (O3, HNO3), and particulate 

pollution. 

Corrosivity maps are useful for material selection and for appropriate selection of protection 

methods in industrial applications for bare as well as coated metals. Furthermore, the use of 

indicator materials can show potential effects on cultural heritage, as is illustrated in the 

“Guidance document on health and environmental improvements using new knowledge, 

methods and data” (ECE/EB.AIR/2013/8) which gives materials corrosion and soiling risks for 

individual countries in the ECE region. 

It is our hope that this document will stimulate further mapping of corrosion by using a 

standardised methodology within and also outside of Europe in order to facilitate comparison of 

maps produced at different geographical resolutions, geographical scales, and time scales. 
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5 Mapping critical loads for ecosystems 
Last update by the CCE in 2024.  

Please refer to this document as: CLRTAP, 2024. Mapping critical loads for ecosystems, 

Chapter 5 of Manual on methodologies and criteria for modelling and mapping critical loads and 

levels and air pollution effects, risks, and trends. UNECE Convention on Long-range 

Transboundary Air Pollution; accessed [date of consultation] at 

www.umweltbundesamt.de/en/cce-manual. 

5.1 Introduction 

Critical loads are related to indirect, soil-mediated effects of elevated deposition and are defined 

as “a quantitative estimate of an exposure to one or more pollutants below which 

significant harmful effects on specified sensitive elements of the environment do not 

occur according to present knowledge” (Nilsson and Grennfelt 1988). 

The use of critical loads to provide intelligence on the impacts of air pollution for the support of 

abatement strategies and policies is termed “the critical load approach” (de Vries et al., 2015a). 

The basic idea of the critical load approach is to balance the depositions which an ecosystem is 

exposed to with the capacity of this ecosystem to buffer the input (e.g., the acidity input buffered 

by the weathering rate), or to remove it from the system (e.g., nitrogen by harvest) without 

harmful effects within or outside the system. 

The general definition of a critical load applies to different receptors (e.g., terrestrial ecosystems, 

groundwater, aquatic ecosystems, and/or human health). ‘Sensitive elements’ can be part of or 

the whole of an ecosystem or of ecosystem development processes, such as their structure and 

function. Critical loads have been defined for several pollutants and effects resulting from their 

deposition. In this chapter, the focus is on critical loads of acidity, nutrient nitrogen, and heavy 

metals. 

Critical loads can be derived from: 

► Field experiments with an aim to establish dose response relationships between the input 

(deposition) of a pollutant and ecosystem impacts. These so-called “empirical critical loads” 

are described in sections 5.2.1 and 5.2.2 with respect to eutrophication and acidification, 

respectively. Empirical critical loads for heavy metals have not been considered. 

► Steady-state mass balance models in which critical loads are derived on the basis of a given 

chemical criterion in the soil solid phase, soil solution and/or surface water. 

Critical load modelling in terrestrial and aquatic ecosystems is described in sections 5.3 and 5.4 

respectively, addressing both acidification and eutrophication. In the following two subchapters, 

the modelling of critical loads of heavy metals (section 5.5) and for biodiversity (section 5.6) are 

considered. Both sulphur and nitrogen compounds contribute to the total deposition of acidity. 

The acidity input has to be considered in this balance regardless of whether it is due to sulphur 

or nitrogen depositions. Thus, the ratio between sulphur and nitrogen may vary without change 

in the acidity load.  

In the context of a multi-pollutant multi-effects approach it is desirable to consider all effects 

simultaneously as far as possible. For eutrophication and acidification, this has been done using 

so-called critical load functions. These are described in detail in section 5.3. 
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An overview of critical load methods, data, and applications can be found in De Vries et al. 

(2015a; 2015b). This book focuses on the science behind critical loads and methods to 

understand future consequences of atmospheric depositions that exceed these thresholds. 

The assessment of “future consequences”, (i.e., whether “significant harmful effects on specified 

sensitive elements of the environment” occurs), depends on the time duration and magnitude of 

atmospheric depositions that exceed critical loads. Inversely, when exceedance does not occur, 

recovery of a sensitive (element of) environment may occur if the critical load was exceeded in 

the past. This assessment of future consequences requires the use of so-called dynamic models. 

In fact, a future state of the environment can serve as a basis for dynamic models to “back-

calculate” a critical load. This can be regarded as a third method to obtain critical loads in 

addition to the aforementioned empirical and modelled critical loads. However, since critical 

loads are steady-state quantities, the use of dynamic models for the sole purpose of deriving 

critical loads may be inadequate. On the other hand, if dynamic models are used to simulate the 

transition to a steady state for the comparison with critical loads, care has to be taken that the 

steady-state version of the dynamic model is compatible with the critical load model. This third 

method is not described in this chapter. Dynamic modelling in general is addressed in chapter 6. 

This chapter compiles descriptions of the methods to assess empirical and steady-state critical 

loads for eutrophication and acidification. It also describes how to calculate critical loads for 

heavy metals. 

5.2 Databases 

5.2.1 The European background database 

With the aim of providing European maps and databases to the relevant bodies under the LRTAP 

Convention, the CCE collects and collates national data on critical loads for eutrophication and 

acidification for European terrestrial ecosystems. For meaningful applications, a complete 

European coverage with critical load is required. If a country does not provide national data, the 

CCE fills the gaps with critical load from a so-called European background database (EU-DB) of 

critical load. The EU-DB was developed by the CCE in collaboration with Wageningen University 

& Research and is regularly updated based on the latest scientific findings. Over the years, the 

CCE has maintained and updated the EU-DB with information provided by parties, especially 

following calls for data. The last major update of the EU-DB was completed in 2021. Detailed 

information can be found in Reinds et al. (2021), which is available online 

(https://www.umweltbundesamt.de/sites/default/files/medien/5750/publikationen/2021-07-

12_doku_03-2021-critical_load.pdf).  

In 2013, the WGE “requested that the European Background Database would be used by the CCE 

for effect-based assessments, after CCE have checked with National Focal Centres (NFCs) that 

national data are not available, unless countries request the CCE not to carry out calculations for 

a given parameter on their national territory” (ECE/EB.AIR/WG.1/2013/2). 

The EU-DB contains data on ecosystem characteristics for the calculation of SMB critical loads, 

applying the equations given in chapter 5.4, and for running simple dynamic models. The 

parameters included in the EU-DB describe geographic and climatic variables, base cation 

deposition and weathering rates, nutrient uptake, nitrogen transformations, and cation 

exchange. Critical load computations are restricted to (semi-)natural habitats, i.e. forests, mires, 

bogs and fens, natural grasslands and heathland, scrub and tundra. In a first step, the geographic 

variables (1) land cover (see section 5.2.2), (2) soil, (3) forest growth region, (4) distance to 

coast, and (5) Natura 2000 delineation are gridded in an ArcMap Pro procedure in Python to 

https://www.umweltbundesamt.de/sites/default/files/medien/5750/publikationen/2021-07-12_doku_03-2021-critical_load.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/5750/publikationen/2021-07-12_doku_03-2021-critical_load.pdf
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rasters with a resolution of 0.01° × 0.01° for each country separately. In a second step, the 

meteorological data is processed using the statistic software R. Critical loads are computed from 

South to North through Europe preparing meteorological data, computing hydrology and critical 

load for all receptors between -12 and 42 degrees longitude. For further details regarding data 

and methods see Reinds et al. (2021).  

5.2.2 The harmonised land cover map 

The land cover map is a major input data for the calculation of critical loads for eutrophication 

and acidification of terrestrial ecosystems. The spatial extent of the map covers all countries in 

Europe, the Caucasus and Central Asia. The harmonised land cover map depicts the European 

Nature Information System (EUNIS) classes.  

In total, this harmonised land cover map represents 218 EUNIS classes, from which 204 classes 

represent EUNIS level 3. The classification of EUNIS level 1 and 2 classes is based on CORINE 

Land Cover 2018 and Ecosystem Type Map v3.1 for European countries covered by CORINE 

Land Cover Maps. The Copernicus Global Land Cover Map is applied for European countries not-

covered by CORINE Land Cover Maps. The Global Potential Natural Vegetation (GPNV) maps and 

the Harmonized World Soil Database (HWSD) are applied to further disaggregate Level 2 classes 

towards Level 3. More than 700,000 points from the European Vegetation Archive (EVA) 

classified at EUNIS Level 3 were provided by the expert system for automatic classification of 

European vegetation plots to EUNIS habitats. The map is compatible with the EMEP grid. A 

detailed description about the map is available in the report from Gebhardt (2023). The report 

and the map are available from the CCE. For the report, please visit the CCE website 

(https://www.umweltbundesamt.de/en/publikationen/creation-of-a-harmonized-land-cover-

map-as-an) and for the map contact the CCE@uba.de.  

Figure 5: Updated European EUNIS Level 2 habitat map (Gebhardt, 2023) 

 

mailto:CCE@uba.de
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5.3 Empirical critical loads  

Empirical critical loads are based on field observations and experiments (i.e., empirical 

evidence) with the aim to establish dose response relationships between the input (deposition) 

of a pollutant and ecosystem impacts (see also Bobbink et al., 2015; Hettelingh et al., 2015a). 

These observations may be carried out on experimental sites with addition or reduction of 

pollutants. An alternative is to establish dose-response relationships from gradient studies, (i.e., 

by using a wide range of actual depositions for sites for which information on impacts is 

available). Gradient studies can include data from a range of clean areas to polluted ones, or sites 

that are studied over a long period of time during which deposition levels are known to have 

increased or decreased. Empirical critical loads have mainly been developed for eutrophication 

of terrestrial ecosystems (section 5.2.1). Some are proposed for acidification (section 5.2.2), but 

the approach has not been applied to heavy metals. 

The text in this section is from the 2004 Mapping Manual (CLRTAP, 2004), updated using 

sections and data from Bobbink et al. (2022). 

5.3.1 Empirical critical loads for nutrient nitrogen 

5.3.1.1 Short- and long-term impacts of nitrogen on ecosystems 

Depositions of ammonia (NHx) and nitrogen oxides (NOy) have strongly increased in Europe in 

the second half of the 20th century. This is related to increasing emissions over time of reduced 

ammonia, especially in agriculture, and to nitrogen oxide emissions from various industrial 

processes (energy, transport, etc.). 

The availability of nutrients is one of the most important abiotic factors, which determine the 

plant species composition in ecosystems. Nitrogen is the limiting nutrient for plant growth in 

many natural and semi-natural ecosystems, especially in oligotrophic and mesotrophic habitats. 

Most of the plant species living under such conditions are adapted to nutrient-poor conditions 

and can only survive or compete successfully on soils with low nitrogen availability (Bobbink et 

al., 2022). In addition, the nitrogen cycle in ecosystems and between the different compartments 

in the environment is complex, as is illustrated by the “nitrogen cascade” (Figure 5.2, Galloway et 

al., 2003; Sutton et al., 2011). This cycle is strongly regulated by physical, chemical, biological, 

and microbiological processes. As a result of increased air-borne nitrogen pollutants, many 

changes may therefore occur in soil-based processes, plant growth, and in inter-species 

relationships in each ecosystem. 
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Figure 5.2:  Simplified view of the nitrogen cascade, highlighting the transfer of nitrogen 
species between the different compartments of the environment and their 
environmental impacts (blue boxes). Arrows in blue represent intended 
anthropogenic flows of reactive nitrogen (Nr), all other arrows represent 
unintended flows (adapted from Sutton et al., 2011).  

Source: This figure is adopted from a previous version of Chapter 5 of the Mapping Manual 

The series of events which occur when nitrogen inputs increase in an area with originally low 

background deposition rates is highly complex. Many ecological processes interact and operate 

at different temporal and spatial scales. As a consequence, high variations in sensitivity to 

atmospheric nitrogen deposition have been observed among different natural or semi-natural 

ecosystems. The following main effect “categories” can be distinguished: 

► Direct toxicity of nitrogen gases and aerosols to individual species (see nitrogen critical 

levels). 

► Accumulation of nitrogen compounds, resulting in increased nitrogen availability and 

changes of species composition or relative abundance. 

► Long-term negative effect of ammonium and ammonia. 

► Soil-mediated effects of acidification. 

► Increased susceptibility to secondary stress and disturbance factors such as drought, frost, 

pathogens, or herbivores. 

5.3.1.2 Updating and reviewing procedures for empirical critical loads 

5.3.1.2.1 Organisation 

Under the Convention on Long-range Transboundary Air Pollution (LRTAP), empirical critical 

loads of nitrogen for natural and semi-natural terrestrial ecosystems and wetland ecosystems 
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were first presented in a background document for the 1992 workshop on critical loads held 

under the UNECE LRTAP Convention at Lökeberg (Sweden) (Bobbink et al. 1992). After detailed 

discussions before and during the meeting, the proposed values were set at that meeting 

(Grennfelt and Thörnelöf 1992). Additional information from the period 1992–1995 was 

evaluated and summarised in an updated background paper (Bobbink et al. 1996) and published 

as Annex III in a previous version of the Mapping Manual (UBA 1996). The updated nitrogen 

critical loads were discussed and accepted at an expert meeting held in December 1995 in 

Geneva (Switzerland). They were also used in the Air Quality Guidelines for Europe (2nd 

edition) of the World Health Organisation (WHO 2000).  

New insights into, and data on, the impacts of nitrogen deposition on natural and semi-natural 

ecosystems are made available by continuing research. Therefore, relevant information gathered 

over the years has been discussed, evaluated, and approved by consensus in 2002, at an expert 

meeting held under the LRTAP Convention in Berne (Switzerland, Achermann and Bobbink 

2003), in 2007 at a LRTAP Convention workshop on critical loads of nitrogen in low-deposition 

areas (Stockholm, Sweden), in 2010 at an expert meeting held under the LRTAP Convention in 

Noordwijkerhout (The Netherlands), and in 2021 at an LRTAP Convention workshop on the 

review and revision of empirical critical loads for Europe in Berne (Bobbink et al., 2022). All 

expert propositions for critical loads and levels were adopted by ICP M&M and WGE. 

5.3.1.2.2 Procedure followed to define empirical critical loads and levels 

The procedure followed to update empirical critical loads and levels is an iterative process, as 

presented in Figure 5.3. Initially, in both 1992 and 1996, empirical nitrogen critical loads were 

evaluated for specific receptor groups of natural and semi-natural ecosystems based on 

observed changes in the structure and function of ecosystems, as has been reported in a range of 

publications. For each updating procedure, in 2002, 2007, 2011 and 2022, the most recent 

European publications on the effects of nitrogen in natural and semi-natural ecosystems were 

reviewed. Peer-reviewed publications, book chapters, nationally published papers, and “grey” 

reports of institutes or organisations, if available by request, were incorporated. Results from 

field addition experiments and mesocosm studies, from correlative or retrospective field studies, 

and, in few cases, dynamic ecosystem modelling were relevant in this respect. Draft documents 

were written by a small team of authors for each relevant ecosystem (identified since 2007 as a 

EUNIS class, cf. following section) and included a table presenting critical loads and levels. 

Finally, these draft documents were the basis for expert meetings. There, the participants 

discussed, commented, and added information and data to both documents and tables. These 

were finally approved by the ICP M&M and the WGE at their following annual meeting. All 

proceedings and details can be found in Bobbink et al., 2022 and references therein. 
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Figure 5.3:  Schematic representation of the critical loads and levels up-dating procedure 
(adapted from Bobbink et al., 2022).  

 

Source: Bobbink et al., 2022 

5.3.1.2.3 Ecosystem classification 

To harmonise the mapping procedure between countries and ecosystems, the receptor groups of 

natural and semi-natural ecosystems were classified and ordered according to the EUNIS habitat 

classification for Europe (Chytrý et al., 2020). For an introduction to the use of the EUNIS 

classification see Moss, 2008 and the supporting website (http://eunis.eea.europa.eu/). An 

illustration of the use of the EUNIS classification with respect to empirical nitrogen critical loads 

can be found in Hall et al. (2003). 

In general, the ecosystems used in the 2022 updating procedure were classified mostly down to 

level 3 or 4 of the EUNIS hierarchy. The EUNIS codes have been included in the critical loads and 

levels tables. Also, Natura 2000 habitat types were related to EUNIS classification (see 

Appendix 1 in Bobbink et al., 2022) for correspondences between the EUNIS and the Natura 

2000 classifications).  

Finally, empirical critical loads were compiled (see Table 5.1) by Bobbink et al. (2022) for the 

following seven EUNIS habitat classes (EUNIS level 1 code between brackets): 

► Marine habitats (MA) 

► Coastal habitats (N) 

http://eunis.eea.europa.eu/
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► Inland surface water habitats (C) 

► Mire, bog, and fen habitats (Q) 

► Grassland and tall forb habitats (R) 

► Heathland, scrub, and tundra habitats (S) 

► Woodland and forests habitats (T) 

The other habitats (unvegetated or sparsely vegetated habitats, including caves, agricultural and 

urban zones) have little relevance in the context of long-range atmospheric pollution for setting 

critical loads and levels for nitrogen. 

5.3.1.3 Procedure to follow to assess and attribute critical loads on a territory 

It is recommended that the empirical nitrogen critical loads updated in 2022 (Table 5.1) are 

used to update (national) databases of empirical critical loads. 

5.3.1.3.1 Required data 

High-resolution maps of sensitive ecosystems of high conservation value13, and/or or 

ecosystems whose functions are to be protected, are needed per country to map nitrogen critical 

loads for these systems. 

Countries are advised to identify those receptor ecosystems of high sensitivity within the 

mentioned EUNIS classification relating to their individual interest. Effort should be directed to 

producing high-resolution maps of sensitive ecosystems. 

5.3.1.3.2 The empirical critical load values 

Table 5.1. provides recommendations for empirical critical load ranges that apply to ecosystems 

following their EUNIS classification. In this table, each critical load is associated with effects that 

may occur when the critical load (range) is exceeded. This may be useful for assessing expected 

impacts of nitrogen deposition with respect to empirical critical load and for comparing results 

to field observations. 

Table 5.1:  Overview of empirical N critical loads (kg N ha-1 yr-1) to natural and (semi-)natural 
ecosystems (column 1), classified according to EUNIS (column 2), as established in 
2011 (column 3), and as revised in 2022 (column 4). The reliability is indicated by ## 
reliable; # quite reliable and (#) expert judgement (column 5). Column 6 provides a 
selection of effects that may occur when critical loads are exceeded. Finally, 
changes with respect to 2011 are indicated as values in bold. 

Ecosystem type EUNIS 
code 

2011  
kg N ha-1 yr-1 

2022  
kg N ha-1 yr-1 

2022  
reliability 

Indication of exceedance 

Marine habitats 
(MA) 

Atlantic upper-mid 
salt marshes 

MA223 20-30 
 

10-20 (#) Increase in dominance of 
graminoids; decline positive 
indicator species 

 

13 Such as, but not exclusively, Special Areas of Conservation in Natura 2000 network, as defined in the EU, or areas of Special 
Conservation Interest as defined under the Berne Convention. 



TEXTE Manual on Methodologies and Criteria for Modelling and Mapping Critical Loads and Levels and Air Pollution 
Effects, Risks, and Trends 

159 

 

Ecosystem type EUNIS 
code 

2011  
kg N ha-1 yr-1 

2022  
kg N ha-1 yr-1 

2022  
reliability 

Indication of exceedance 

Atlantic mid-low 
salt marshes 

MA224 20-30 10-20 (#) Increase in late successional 
species; decline positive 
indicator species  

Atlantic pioneer 
salt marshes 

MA225 20-30 20-30 (#) Increase in late successional 
species; increase in 
productivity species 

Coastal habitat (N) 

Shifting coastal 
dunes 

N13, 
N14 

10-20 10-20 # Biomass increase; increased N 
leaching; reduced root 
biomass 

Coastal dune 
grasslands (grey 
dunes) 

N15 8-15 5-15 ## Increased biomass and cover 
of graminoids and mesophilic 
forbs; decrease in oligotrophic 
species including lichens; 
increased tissue N; increased 
N leaching; soil acidification 

Coastal dune 
heaths 

N18, 
N19 

10-20 10-15 # Increased plant production; 
increased N leaching; 
accelerated succession; typical 
lichen C:N decrease; increased 
yearly increment Calluna 

Moist and wet 
dune slacks 

N1H 10-20 5-15 # Increased cover of graminoids 
and mesophilic forbs; 
decrease in oligotrophic 
species; increased Ellenberg N 

Dune-slack pools 
(freshwater 
aquatic 
communities of 
permanent 
Atlantic and Baltic 
or Mediterranean 
and Black Sea 
dune-slack water 
bodies) 
 
 

N1H1, 
N1J1 

10-20 10-20 (#) Increased biomass and rate of 
succession 

Inland surface 
water habitats (C) 
a 

Permanent 
oligotrophic lakes, 
ponds, and pools 
(including soft-
water lakes) 

C1.1 3-10 2-10 b ## Increased algal productivity 
and a shift in nutrient 
limitation of phytoplankton 
from N to P; shifts in 
macrophyte community 
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Ecosystem type EUNIS 
code 

2011  
kg N ha-1 yr-1 

2022  
kg N ha-1 yr-1 

2022  
reliability 

Indication of exceedance 

Alpine and sub-
Arctic clear water 
lakes 

C1.1  2-4 ## Increased algal productivity 
and a shift in nutrient 
limitation of phytoplankton 
from N to P 

Boreal clear water 
lakes 

C1.1  3-6 ## Increased algal productivity 
and a shift in nutrient 
limitation of phytoplankton 
from N to P 

Atlantic soft water 
bodies 

C1.1,  
element
s C1.2 

3-10 5-10 ## Change in species composition 
of macrophyte communities 

Permanent 
dystrophic lakes, 
ponds, and pools 

C1.4 3-10 5-10 c (#) Increased algal productivity 
and a shift in nutrient 
limitation of phytoplankton 
from N to P 

Mire, bog and fen 
habitats (Q) 

Raised and blanket 
bogs 

Q1 5-10 5-10 ## Increase in vascular plants; 
decrease in bryophytes; 
altered growth and species 
composition of bryophytes; 
increased N in peat and peat 
water 

Valley mires, poor 
fens, and 
transition mires 

Q2 10-15 5-15 ## Increase in sedges and 
vascular plants; negative 
effects on bryophytes 

Palsa and polygon 
mires 

Q3  3-10 (#) Increase in graminoids, tissue 
N concentrations and 
decomposition rate 

Rich fens Q41-Q44 15-30 15-25 # Increase in tall vascular plants 
(especially graminoids); 
decrease in bryophytes 

Arctic-alpine rich 
fens 

Q45 15-25 15-25 (#) Increase in vascular plants; 
decrease in bryophytes 

Grasslands and tall 
forb habitats (R) 

Semi-dry Perennial 
calcareous 
grassland (basic 
meadow steppe) 
 

R1A 
 

15-25 10-20 ## Increase in tall grasses; decline 
in diversity; change in species 
composition; increased 
mineralisation; N leaching; 
surface acidification 

Mediterranean 
closely grazed dry 
grasslands, 
or 

R1D 
or 
R1E 
or 

15-25 5-15 (#) Increased production; 
dominance by graminoids; 
changes to soil crusts; changes 
to soil nutrient cycling 
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Ecosystem type EUNIS 
code 

2011  
kg N ha-1 yr-1 

2022  
kg N ha-1 yr-1 

2022  
reliability 

Indication of exceedance 

Mediterranean tall 
perennial dry 
grassland 
or 
Mediterranean 
annual-rich dry 
grassland 

R1F 

Lowland to 
montane, dry to 
mesic grassland 
usually dominated 
by Nardus stricta  
 

R1M  
 

10-15 6-10 ## Increase in graminoids; 
decline of typical species; 
decrease in total species 
richness 

Oceanic to 
subcontinental 
inland sand 
grassland on dry 
acid and neutral 
soils  
or  
Inland sanddrift 
and dune with 
siliceous grassland 

R1P  
or  
R1Q 

8-15 5-15 (#) Decrease in lichens; increase 
in biomass 

Low and medium 
altitude hay 
meadows 

R22 20-30 10-20 (#) Increase in tall grasses; 
decrease in diversity; decline 
of typical species 

Mountain hay 
meadows 

R23 10-20 10-15 # Increase in nitrophilous 
graminoids; changes in 
diversity; decline of typical 
species 

Moist or wet 
mesotrophic to 
eutrophic hay 
meadow 

R35 15-25 15-25 (#) Increase in tall graminoids; 
decreased diversity; decrease 
in bryophytes 

Temperate and 
boreal moist and 
wet oligotrophic 
grasslands 

R37 10-20 10-20 # Increase in tall graminoids; 
decreased diversity; decrease 
in bryophytes 

Moss and lichen 
dominated 
mountain summits  

(Earlier 
E4.2) 

5-10 5-10 # Change in species 
composition; effects on 
bryophytes or lichens 

Temperate 
acidophilous 
alpine grasslands 

R43 
 

5-10 5-10 # Changes in species 
composition; increase in plant 
production 

Arctic-alpine 
calcareous 
grassland 

R44 
 

5-10 5-10 # Changes in species 
composition; increase in plant 
production 
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Ecosystem type EUNIS 
code 

2011  
kg N ha-1 yr-1 

2022  
kg N ha-1 yr-1 

2022  
reliability 

Indication of exceedance 

 

Heathland, scrub, 
and tundra 
habitats (S) 

Tundra S1 3-5 3-5 d # Changes in biomass; 
physiological effects; changes 
in bryophyte species 
composition; decrease in 
lichen species richness 

Arctic, alpine, and 
subalpine scrub 
habitats 

S2 5-15 5-10 d # Decline in lichens; bryophytes 
and evergreen shrubs 

Lowland to 
montane 
temperate and 
submediterranean 
Juniperus scrub 

S31  5-15 (#) Shift in vegetation community 
composition; reduced seed 
viability  

Northern wet 
heath 

S411     

‘U’ Calluna-
dominated wet 
heath (upland) 

S411 10-20 5–15e ## Decreased heather 
dominance; decline in lichens 
and mosses; increased N 
leaching 

‘L’ Erica tetralix-
dominated wet 
heath (lowland) 

S411 10-20 5-15 e ## Transition from heather to 
grass dominance; decrease in 
heather cover; shift in 
vegetation community 
composition 

Dry heaths S42 10-20 5-15 e ## Transition from heather to 
grass dominance; decline in 
lichens; changes in plant 
biochemistry; increased 
sensitivity to abiotic stress  

Maquis, 
arborescent 
matorral and 
thermo- 
Mediterranean 
scrub 

S5 20-30 5-15 (#) Change in plant species 
richness and community 
composition; nitrate leaching; 
acidification of soil  

Garrigue S6  5-15 # Changes in species 
composition; decline in shrub 
cover; increased invasion of 
annual herbs 
 
 

Forest habitats (T) 
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Ecosystem type EUNIS 
code 

2011  
kg N ha-1 yr-1 

2022  
kg N ha-1 yr-1 

2022  
reliability 

Indication of exceedance 

Broadleaved 
deciduous forest 

T1 10-20 
 

10-15 
 

## Changes in soil processes; 
nutrient imbalance; altered 
composition mycorrhiza and 
ground vegetation 

Fagus forest on 
non-acid and acid 
soils 

T17, T18 10-20 10-15 (#) Changes in ground vegetation 
and mycorrhiza; nutrient 
imbalance; changes in soil 
fauna 

Mediterranean 
Fagus forest on 
acid soils 

T18  10-15 (#) Annual height and volume 
tree growth; analogy to 
temperate Fagus forest 

Acidophilous 
Quercus forest  

T1B 10-15 10-15 (#) Decrease in mycorrhiza; loss 
of epiphytic lichens and 
bryophytes; changes in ground 
vegetation 

Carpinus and 
Quercus mesic 
deciduous forest 

T1E 15-20 15-20 (#) Changes in ground vegetation 

Mediterranean 
evergreen  
Quercus forest 

T21 10-20 10-15 (#) NO3 in soil water and streams 

Coniferous forests T3 5-15 3-15 ## Changes in soil processes; 
nutrient imbalance; altered 
composition mycorrhiza and 
ground vegetation; increase in 
mortality with drought 

Temperate 
mountain Picea 
forest; Temperate 
mountain Abies 
forest 

T31, T32 10-15 
 

10-15 (#) Decreased biomass of fine 
roots; nutrient imbalance; 
decrease in mycorrhiza; 
changed soil fauna 

Mediterranean 
mountain Abies 
forest 

T33  10-15 (#) Tree foliar stoichiometry; tree 
physiology; soil N losses 

Temperate 
continental Pinus 
sylvestris forest 

T35 5-15 5-15 # Changes in ground vegetation 
and mycorrhiza; nutrient 
imbalances; increased N2O 
and NO emissions 

Mediterranean 
montane  
Pinus sylvestris-
Pinus nigra forest 

T37  5-17 (#) Lichen chemistry and 
community changes in 
Mediterranean mixed-conifer 
forests in USA 

Mediterranean 
lowland to 
submontane Pinus 
forest 

T3A 3-15 5-10 (#) Reduction in fine-root 
biomass; shift in lichen 
community 
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Ecosystem type EUNIS 
code 

2011  
kg N ha-1 yr-1 

2022  
kg N ha-1 yr-1 

2022  
reliability 

Indication of exceedance 

Dark taiga T3F 5-10 3-5 f ## Changes in epiphytic lichen 
and ground-layer bryophyte 
communities; increase in free-
living algae; decline in N-
fixation 

Pinus sylvestris 
light taiga 

T3G 5-10 2-5 f # Changes in epiphytic lichen 
and ground-layer bryophyte 
communities; increase in free-
living algae; decline in N-
fixation 

a) The lower part of the CLempN range should be applied for lakes in small catchments (with 

high lake to catchment ratios), because these are most exposed to atmospheric deposition, 

given that a relatively high fraction of their N inputs is deposited directly on the lakes and is 

not retained in the catchments. Similarly, the lower part of the range should be applied for 

lakes in catchments with thin soils, sparse vegetation, and/or with a high proportion of 

bare rock. 

b) This CLempN should only be applied to oligotrophic waters with low alkalinity and with no 

significant agricultural or other human inputs. Apply the lower end of the range to clear-

water sub-Arctic and alpine lakes, the middle range to boreal lakes, and the higher end of 

the range to Atlantic soft waters. 

c) This CLempN should only be applied to waters with low alkalinity and with no significant 

agricultural or other direct human inputs. Apply the lower end of the range to boreal 

dystrophic lakes. 

d) Use towards high end of range if phosphorus limited, and towards lower end if phosphorus 

is not limiting. 

e) Use towards high end of range with high intensity management and use towards lower end 

of range with low intensity management. 

f) Mainly based on N deposition impacts on lichens and bryophytes. 

 

5.3.1.3.3 Ranges and reliability 

The empirical nitrogen critical loads are expressed as a range for each ecosystem class, because 

of: 

► The variability of thresholds (critical loads) between measurement sites above which 

impacts have been established or below which impacts have not been established; 

► The differences between treatment concentrations compared to the levels at which effects 

occurred during addition experiments; 

► Site-specific uncertainties in total atmospheric deposition values. 

The reliability of the presented nitrogen critical load figures is associated to each critical load, as 

before (Achermann and Bobbink, 2003, Bobbink et al. 1996, Bobbink and Hettelingh 2011), as 

indicated by the symbols: 
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► ##: reliable: when a number of published papers of various studies show comparable 

results; 

► #: quite reliable: when the results of some studies are comparable; 

► (#): expert judgement: when no (robust or reliable) empirical data are available for this type 

of ecosystem. The nitrogen critical load is then based upon expert judgement and knowledge 

of ecosystems, which are likely to be more or less comparable with this ecosystem. 

Additional qualitative information, in comparison to recommendations provided in Achermann 

and Bobbink (2003), on how to interpret the agreed ranges of critical loads in specific situations 

for an ecosystem was assigned to a number of modifying factors. However, short of agreement 

on how to quantify modifying factors for assessments on broad regional scales, consensus was 

reached to use the minimum value of the ranges of empirical critical loads in every EUNIS class 

to enable the comparison of their exceedances between different air pollution abatement 

scenarios. This approach is an implementation of the precautionary principle. The details of the 

methodology used to derive values for empirical critical load ranges are given in Bobbink et al., 

2022 and in the references therein. 

5.3.1.4 Summary of empirical critical loads for eutrophication 

This section is adapted from Bobbink et al., 2022. 

► Empirical critical loads described in this section have been revised at a workshop on the 

review and revision of empirical critical loads and dose-response relationships that was held 

under the LRTAP Convention, in Berne, from the 26th to the 28th of October 2021. The 

workshop was hosted by the Swiss Federal Office for the Environment (BAFU) (see 

Bobbinket al., 2022).  

► The workshop had the objective to review and revise the empirical critical loads of nitrogen 

for natural and semi-natural ecosystems, which were set at the previous expert workshop 

held in Noordwijkerhout from the 23rd to the 25th of June 2010 (see Bobbink and Hettelingh, 

2011), based on additional scientific information available for the period from 2010 to 2021, 

as presented in a new and updated background document (Bobbink et al., 2022). 

► The following classes according to the EUropean Nature Information System (EUNIS) were 

addressed: marine habitats (EUNIS class MA), coastal habitats (EUNIS class N), inland 

surface waters (EUNIS class C), mires, bogs, and fens (EUNIS class Q), grasslands and lands 

dominated by forbs, mosses or lichens (EUNIS class R), heathland, scrubland, and tundra 

(EUNIS class S), woodland, forest, and other wooded land (EUNIS class T). 

► Statistically and biologically significant outcomes of field addition experiments and 

mesocosm studies were the basis for the assessment of empirical N critical loads. Only 

studies which have independent N treatments and realistic N loads and durations (below 

100 kg N ha-1 yr-1; more than 2 years) were used for the updating and refinement of critical 

load values.  

► Studies with higher nitrogen additions or shorter experimental periods were only 

interpreted with respect to the understanding of effects mechanisms, possible nitrogen 

limitation or sensitivity of the system. The methods used in these studies were carefully 

scrutinised to identify factors related to the experimental design or data analysis, which may 

constrain their use in assessing critical loads. This includes evaluation of the precision of the 

estimated values of background deposition at the experimental site. 
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► Empirical critical loads for levels 2 and 3 of the EUNIS classification were agreed on for a 

range of deposition values for all EUNIS classes, including forest and woodland habitats 

(EUNIS class T). The reliability of empirical critical loads was qualitatively established, 

distinguishing between ‘reliable’, ‘quite reliable’, and ‘expert judgement’, symbolised by ##, 

#, and (#), respectively. 

5.3.1.5 Recommendations about empirical critical loads for eutrophication from the Berne 
workshop 

► More research and data are required to establish a CLempN for the following ecosystems: 

several grasslands and steppe meadows; all Mediterranean vegetation types; wet (swamp) 

forests; many mires and fens and several coastal habitats; in addition, more research is 

needed for all distinguished EUNIS habitat types that have an ‘expert’ judgement rating.  

► Impacts of N enrichment in (sensitive) freshwater and shallow marine ecosystems 

(including coastal waters) need further research. 

► More well-designed gradient studies with both (very) low and high N loads are needed, 

especially in EUNIS habitat types that are hardly investigated. Furthermore, combining the 

results of both experimental and gradients studies increases the reliability of the CLempN. 

► More research is needed on the differential effects of the deposited N forms (NOx or NHy) to 

be able to determine the critical loads for oxidised and reduced nitrogen separately in the 

future. 

► To refine the current CLempN, long-term experiments (10-20 years) with a high N addition 

frequency of between 5 and 50 kg N ha-1 yr-1 in regions with low background, deposition is 

crucial. This would increase the reliability of the derived CLempN if the lowest treatment level 

does not exceed the current critical load. 

► Climate change and nitrogen deposition are likely to have strong interactive effects on 

ecosystem functioning, with climate change altering ecosystem responses to nitrogen 

deposition and vice versa. More experimental studies are needed to investigate these 

interactions, as well as more gradient studies that explicitly examine the impacts of nitrogen 

deposition in combination with climatic gradients. 

Overall, it remains crucial to understand the long-term effects of increased nitrogen deposition 

on ecosystem processes in a representative range of ecosystems. It is thus very important to 

quantify the effects of nitrogen loads by manipulation of nitrogen inputs in long-term ecosystem 

studies in unaffected and affected areas. These data are essential to validate the set of empirical 

critical loads, but also to develop existing and new robust dynamic ecosystem models and/or 

multiple correlative species models, which are reliable enough to assess nitrogen impacts on 

(semi-)natural ecosystems and to predict (natural) recovery rates for nitrogen-affected systems. 

5.3.2 Empirical critical loads for acidity 

Empirical approaches assign an acidity critical load to soils on the basis of soil mineralogy 

and/or chemistry. For example, at the Critical Loads Workshop at Skokloster (Nilsson and 

Grennfelt 1988), soil forming materials were divided into five classes on the basis of the 

dominant weatherable minerals. A critical load range, rather than a single value, was assigned to 

each of these classes according to the amount of acidity that could be neutralised by the base 

cations produced by mineral weathering (Table 5.2). 
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Table 5.2:  Mineralogical classification of soil materials and soil critical loads. 

Minerals controlling weathering Critical load range 

Quartz, K-feldspar <200 

Muscovite, Plagioclase, Biotite (<5%) 200–500 

Biotite, Amphibole (<5%) 500–1000 

Pyroxene, Epidote, Olivine (<5%) 1000–2000 

Carbonates >2000 

The classification of soil materials developed at Skokloster (Table 5.2) used a relatively small 

range of primary silicate minerals and carbonates. A larger range of minerals has been classified 

by Sverdrup and Warfvinge (1988a) and Sverdrup et al. (1990). The following mineral classes 

have been identified: 

► Very fast weathering minerals include carbonate minerals that have the potential to dissolve 

very rapidly, in a geological perspective. The group includes calcite, dolomite, magnesite, and 

brucite. 

► Fast weathering minerals include the silicate minerals with the fastest weathering rate. The 

group comprises minerals such as anorthite and nepheline, olivine, garnet, jadeite, and 

diopside. A soil with a major content of these minerals would be resistant to soil 

acidification. Intermediate weathering minerals include enstatite, hypersthene, augite, 

hornblende, glaucophane, chlorite, biotite, epidote, and zoisite. 

► Slow weathering minerals include albite, oligoclase, labradorite, and illite. Soils with a 

majority of such minerals will be sensitive to soil acidification. 

► Very slow weathering minerals include K-feldspar, muscovite, mica, montmorillonite, and 

vermiculite. Soils with a majority of these minerals will be sensitive to soil acidification. 

► Inert minerals are those that dissolve so slowly or provide so little neutralising substance 

that they may be considered as inert regarding soil acidification. This includes minerals such 

as quartz, rutile, anatase, kaolinite, and gibbsite. 

For each of the above mineral classes, weathering rates for soils with different mineral contents 

have been proposed (Table 5.3, Sverdrup et al. 1990). 

Table 5.3:  Weathering rates (in eq/(ha·m)/yr) for four selected mineral classes of soil material 
based on a soil depth of one meter – to convert to critical load values multiply by 
soil thickness in meters. 

Mineral class Average soil mineral class content 

100% 30% 3% 0.3% 

Very fast weathering 25000 15000 10000 3000 

Fast weathering 15000 10000 3000 300 

Intermediate weathering 10000 3000 300 30 

Slow weathering 600 200 20 - 
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Mineral class Average soil mineral class content 

100% 30% 3% 0.3% 

Very slow weathering 300 100 10 - 

Inert 100 100 - - 

In addition, a number of modifying factors (such as precipitation, vegetation, soil drainage) were 

identified that would enable the critical load value to be adjusted within the ranges (Table 5.4, 

after Nilsson and Grennfelt, 1988). For example, some factors could make the soil more sensitive 

to acidification, requiring that the critical load be set to the lower end of the range, while other 

factors could make the soil less sensitive, setting the critical load at the upper end of the range. 

Table 5.4:  Modifying factors causing an increase or decrease in critical loads. 

Modifying factor Effect on critical load 

Decrease Increase 

Precipitation High Low 

Vegetation Coniferous forest Deciduous forest 

Elevation, slope High Low 

Soil texture Coarse-sandy Fine 

Soil drainage Free Impeded 

Soil sulphate adsorption capacity Low High 

Base cation deposition Low High 

 

The information shown in Table 5.2 toTable 5.4 provide the basis on which empirical acidity 

critical loads can be assigned to soils. If mineralogical data are available for the units of a soil 

map, critical loads can be assigned to each unit and a critical loads map produced. 

An example of the development of a critical load map at the national scale using empirical 

approaches is given by Hornung et al. (1995). In the UK, this approach has been used to define 

acidity critical loads for non-forest ecosystems by setting a critical load that will protect the soil 

upon which the habitat depends (Hall et al. 1998, 2003). The critical load is effectively the base 

cation weathering rate, with the leaching of acid neutralising capacity (ANC) set to zero and can 

be used in the calculations of the maximum critical loads of sulphur and nitrogen (see 

section 5.3.2). 

Other methods of estimating base cation weathering are discussed in section 5.3.2. 

5.4 Modelling critical loads for terrestrial ecosystems  

The purpose of a model-based approach to calculating critical loads is to link, via mathematical 

equations, a chemical criterion (critical limit) with the maximum deposition(s) ‘below which 

significant harmful effects on specified sensitive elements of the environment do not occur’, (i.e., 

for which the criterion is not violated). In most cases, the ‘sensitive element of the environment’ 

will be of a biological nature (e.g., the vitality of a tree; the species composition of a heather 

ecosystem) and thus the criterion should be a biological one. However, there is a dearth of 

simple yet reliable models that adequately describe the whole chain from deposition to 
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biological impact. Therefore, chemical criteria are used instead, and simple chemical models are 

used to derive critical loads. This simplifies the modelling process, but shifts the burden to find, 

or derive, appropriate (soil) chemical criteria (and critical limits) with proven (empirical) 

relationships to biological effects. The choice of the critical limit is an important step in deriving 

a critical load, and much of the uncertainty in critical load calculations stems from the 

uncertainty in the link between soil chemistry and biological impact. 

In the following we consider only steady-state models and concentrate on the so-called Simple 

Mass Balance (SMB) model (Posch et al. 2015) as the standard model for calculating critical 

loads for terrestrial ecosystems under the LRTAP Convention (Sverdrup et al. 1990, Sverdrup 

and De Vries 1994). The SMB model is a single-layer model, in other words, the soil is treated as 

a single homogeneous compartment. Furthermore, it is assumed that the soil depth is at least the 

depth of the rooting zone, which allows us to neglect the nutrient cycle and to deal with net 

growth uptake only. Additional simplifying assumptions include: 

► all evapotranspiration occurs on the top of the soil profile; 

► percolation is constant through the soil profile and occurs only vertically; 

► physico-chemical constants are assumed uniform throughout the whole soil profile; 

► internal fluxes, such as weathering rates, nitrogen immobilisation etc.; 

► are independent of soil chemical conditions (such as pH). 

Since the SMB model describes steady-state conditions, it requires long-term averages for input 

fluxes. Short-term variations (e.g., episodic, seasonal, inter-annual, due to harvest and as a result 

of short-term natural perturbations) are not considered but are assumed to be included in the 

calculation of the long-term mean. In this context, ‘long-term’ is defined as about 100 years, (i.e., 

at least one rotation period for forests). Ecosystem interactions and processes like competition, 

pests, herbivore influences etc. are not considered in the SMB model. Although the SMB model is 

formulated for undisturbed (semi-)natural ecosystems, the effects of extensive management, 

such as grazing and the burning of moor, could be included. 

Besides the single-layer SMB model, there exist multi-layer steady-state models for calculating 

critical loads. Examples are the MACAL model (De Vries 1988) and the PROFILE model 

(Warfvinge and Sverdrup 1992b), which has, at its core, a model for calculating weathering rates 

from total mineral analyses. These models will not be discussed here, and the interested reader 

is referred to the literature. 

In the following sections we will derive the SMB model for critical loads of nutrient nitrogen 

(eutrophication) and critical loads of acidifying sulphur and nitrogen. 

5.4.1 Critical loads of nutrient nitrogen (eutrophication) 

5.4.1.1 Model derivation 

The starting point for calculating critical loads of nutrient N with the SMB model is the mass 

balance of total nitrogen (N) for the soil compartment under consideration (inputs = sinks + 

outputs): 

(V.1) 

Ndep + Nfix = Nad + Ni + Nu + Nde + Neros + Nfire + Nvol + Nle 

where: 
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Ndep = total N deposition 

Nfix = N ‘input’ by biological fixation 

Nad = N adsorption 

Ni = long-term net immobilisation of N in soil organic matter 

Nu = net removal of N in harvested vegetation and animals 

Nde = flux of N to the atmosphere due to denitrification 

Neros = N losses through erosion 

Nfire = N losses in smoke due to fires, whether wild or controlled 

Nvol = N losses to the atmosphere via NH3 volatilisation 

Nle = leaching of N below the root zone 

The units used are eq/ha/yr (or molcha-1a-1 in proper SI nomenclature). 

The following assumptions lead to a simplification of eq. V.1: 

► Nitrogen adsorption (e.g., the adsorption of NH4 by clay minerals) can temporarily lead to an 

accumulation of N in the soil, however it is stored/released only when the deposition 

changes and can thus be neglected in steady state considerations.  

► Nitrogen fixation is negligible in most forest ecosystems, except for N-fixing species.  

► The loss of N due to fire, erosion and volatilisation is small for most ecosystems in Europe, 

and therefore neglected in the following discussion. Alternatively, one could replace Ni by Ni 

+ Neros + Nfire + Nvol – Nfix in the subsequent equations.  

► The leaching of ammonium (NH4) can be neglected in all forest ecosystems due to 

preferential uptake and complete nitrification within the root zone (i.e., NH4,le=0, Nle=NO3,le).  

Under these simplifying assumptions eq. V.1 becomes: 

(V.2)  

Ndep = Ni + Nu + Nde + Nle 

From this equation, a critical load is obtained by defining an acceptable limit to the leaching of N, 

Nle(acc), the choice of this limit depends on the ‘sensitive element of the environment’ that is to be 

protected. If an acceptable leaching is inserted into eq. V.2, the deposition of N becomes the 

critical load of nutrient nitrogen, CLnut(N): 

(V.3) 

CLnut(N) = Ni + Nu + Nde + Nle(acc) 

When deriving the critical load of nutrient N as eq. V.3 it is assumed that the sources and sinks 

do not depend on the deposition of N. This is unlikely to be the case and thus all quantities 

should be taken ‘at critical load’. However, to compute ‘denitrification at critical load’ one needs 

to know the critical load, the very quantity one wants to compute. The only clean way to avoid 

this circular reasoning is to establish a functional relationship between deposition and the sink 

of N, insert this function into eq. V.2, and solve for the deposition in order to obtain the critical 

load. This has been done for denitrification; in the simplest case denitrification is linearly related 

to the net input of N (De Vries et al. 1993, 1994): 

(V.4) 
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𝑁𝑑𝑒 = {
𝑓𝑑𝑒 ⋅ (𝑁𝑑𝑒𝑝 −𝑁𝑖 −𝑁𝑢), 𝑖𝑓 𝑁𝑑𝑒𝑝 > 𝑁𝑖 +𝑁𝑢

0, 𝑒𝑙𝑠𝑒
 

where fde (0fde<1) is the so-called denitrification fraction, a site-specific quantity. This 

formulation implicitly assumes that immobilisation and uptake are faster processes than 

denitrification. Inserting this expression for Nde into eq. V.2 and solving for the deposition leads 

to the following expression for the critical load of nutrient N: 

(V.5) 

𝐶𝐿𝑛𝑢𝑡(𝑁) = 𝑁𝑖 +𝑁𝑢 +
𝑁𝑙𝑒(𝑎𝑐𝑐)

1 − 𝑓𝑑𝑒
 

An alternative, non-linear, equation for the deposition-dependence of denitrification has been 

proposed by Sverdrup and Ineson (1993) based on the Michaelis-Menten reaction mechanism 

and includes a dependence on soil moisture, pH, and temperature. Also, in this case CLnut(N) can 

be calculated explicitly. For further details the reader is referred to Posch et al. (1993). 

More generally, it would be desirable to have deposition-dependent equations (models) for all N 

fluxes in the critical load equation. However, these either do not exist or are so involved that no 

simple explicit expression for CLnut(N) can be found. Although this does not matter in principle, it 

would reduce the appeal and widespread use of the critical load concept. Therefore, when 

calculating critical loads from eq. V.3 or eq. V.5, the N fluxes should be estimated as long-term 

averages derived from conditions not influenced by elevated anthropogenic N inputs. 

5.4.1.2 The acceptable leaching of inorganic nitrogen 

The value set for the acceptable leaching of inorganic N depends on the ‘harmful effects’ that 

should be avoided. These include eutrophication, vegetation changes, nutrient imbalances, and 

plant sensitivity to frost and diseases. There are two approaches to estimate the acceptable N 

leaching. Option (a) is based on acceptable N concentrations in soil solution combined with 

runoff amounts and option (b) sets absolute values for acceptable annual N-leaching amounts. 

Option (b) can be chosen if option (a) is not meaningful, (e.g., due to high precipitation amounts) 

or in polar/sub polar regions. 

(a) The acceptable N leaching (in eq/ha/yr) can be calculated based on an acceptable N 

concentration and the precipitation surplus percolating from the root zone: 

(V.6)  

Nle(acc) = Q  [N]acc 

where [N]acc is the acceptable N concentration (eq/m3) and Q is the precipitation surplus (in 

m3/ha/yr). Values for acceptable N concentrations derived from combined modelling and 

observation approaches are given in Table 5.5 (adapted from De Vries et al. 2007). To convert 

the values in Table 5.5 to eq/m3 divide them by 14. 

The use of the N concentrations in Table 5.5 in high precipitation areas can lead to very high 

nitrate leaching amounts accompanied by substantial losses of base cations. This nutrient loss 

can lead to a gradual decrease of the base saturation with the risk to induce nutrient imbalances 

in the vegetation. Using the values in Table 5.5 in high precipitation areas may finally also lead to 

critical loads of nutrient nitrogen being much higher than the empirical critical loads of nitrogen 

set for specific ecosystems (see Section 5.2, Table 5.1). (b) The acceptable inorganic N leaching 

flux can be estimated based on long-term observations in catchment and plot studies and has to 

be formulated as total annual output and expressed as a long-term average. In the case of forest 
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ecosystems, this would be at least over a rotation period. The values should reflect the 

conditions in mostly undisturbed and undamaged natural ecosystems in order to meet the 

underlying concepts for setting critical loads formulated at the UNECE workshops held in 

Lökeberg (Grennfelt and Thörnelöf 1992) and in Grange-over Sands (Hornung et al. 1994) which 

include the avoidance of nitrogen saturation in the long-term and thus the prevention of 

concomitant effects like nutrient imbalances, biodiversity changes, and increase of overall 

ecosystem instability. Enhanced N leaching is considered as an indication of N saturation (Aber 

et al. 1989, Grennfelt and Thörnelöf 1992). 

Much of the data available on the total annual leaching of nitrogen from European catchment 

and plot studies has been brought together by Hornung et al. (1990), Dise, and Wright (1995). 

The following ranges of values are largely based on these reviews and also include information 

from North America. They are recommended in the absence of relevant national datasets as 

already agreed upon in the 1996 version of the Mapping Manual. 

► Boreal and temperate heaths and bogs: 0-0.5 kg N ha-1 yr-1 (inorganic N); losses of organic N 

can be larger, but few data are currently available (there is an urgent need for more data on 

organic N outputs from a range of ecosystems). 

► Managed coniferous forest: 0.5-1.0 kg N ha-1 yr-1. 

► Intensive coniferous plantations: 1-3 kg N ha-1 yr-1. (Can be significantly larger if open drains 

are dug prior to planting). 

► Temperate deciduous forests: 2-4 kg N ha-1 yr-1. 

► Temperate grasslands: 1-3 kg N ha-1 yr-1. 

► Mediterranean forests: 1-2 kg N ha-1 yr-1. 

To convert the values to eq multiply them by 71.428. 

Table 5.5:  Critical (acceptable) nitrogen concentrations in soil solution for calculating 
CLnut(N). 

Impact [N]acc (mgN/L) 

Vegetation changes in forested ecosystems (data established in Sweden):1 

Lichens to cranberry (lingonberries) 0.2–0.41 

Cranberry to blueberry 0.4–0.61 

Blueberry to grass 1–21 

Grass to herbs 3–51 

Vegetation changes (data established in The Netherlands):2 

Ground vegetation in coniferous forest 2.5–42 

Ground vegetation in deciduous forest 3.5–6.52 

Grass lands 32 

Heath lands 3–62 

Other impacts on forests: 
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Impact [N]acc (mgN/L) 

Nutrient imbalances 0.2–0.43 

Elevated nitrogen leaching/N saturation 14 

Fine root biomass/root length 1–35 

Sensitivity to frost and fungal diseases 3–56 

1 In the 2004 version of the Mapping Manual, the use of critical N concentrations was not limited to Northern Europe. This 

study, however, shows that its derivation is limited to forests in Scandinavia based on an inverse use of the SMB model, 

using empirically derived critical N loads and backcalculating the concentrations (see Annex 9 of de Vries et al. 2007). 
2 This refers to the range in median values derived with SMART-NTM using a dynamic and a steady state approach. The 

actual range is much larger and varies often as much as the median value (variation coefficient of 100%). For grassland, the 

value only refers to the study using a dynamic modelling approach (see text for reasons). The results officially apply only to 

the Netherlands. 
3 Actually, the range of 0.2-0.4 mg.l-1 is given for deciduous trees, whereas the value of 0.2 is given for conifers. It is, 

however, likely that this range also applies for conifers and therefore, both forest types are lumped in this table. 
4 Based on a differentiation between undisturbed and “leaky” forest sites by Stoddard (1994). 
5 Based on a relationship between root biomass and dissolved N concentration in Matzner and Murrach (1995). 
6 Based on a relationship between dissolved N concentration and a critical N concentration in the needles of 18 g.kg-1, 

above which the sensitivity to frost and fungal diseases increases. 

The advice of national experts should be sought when deciding on the most appropriate value. 

Clear fellings, fire, and large-scale disturbances can lead to short-term high nitrogen leakage, 

however, they do not necessarily change the critical load. In any case, it is recommended that 

critical loads of nitrogen resulting from the use of acceptable N leaching values according to the 

approaches (a) or (b) should be compared with the ecosystem-specific empirical critical loads 

for nitrogen given in Chapter 5.3 in order to check the plausibility of the results from the mass 

balance approach. In view of the precautionary principle, it is recommended to use the lowest of 

the obtained critical load values. 

5.4.1.3 Sources and derivation of input data 

The obvious sources of input data for calculating critical loads are measurements at the site 

under consideration. However, in many cases these will not be available. A discussion on N 

sources and sinks can be found in Hornung et al. (1995) and UNECE (1995). Some data sources 

and default values and procedures to derive them are summarised below. 

5.4.1.3.1 Nitrogen immobilisation 

Ni refers to the long-term net immobilisation (accumulation) of N in the root zone, i.e., the 

continuous build-up of stable C-N compounds in (forest) soils. In other words, this 

immobilisation of N should not lead to significant changes in the prevailing C/N ratio. This has to 

be distinguished from the high amounts of N accumulated in the soils over many years (decades) 

due to the increased deposition of N, leading to a decrease in the C/N ratio in the topsoil. Using 

data from Swedish forest soil plots, Rosén et al. (1992) estimated the annual N immobilisation 

since the last glaciation at 0.2–0.5 kg N/ha/yr (14.286–35.714 eq/ha/yr). Similar rates of 0.2 – 

0.8 kg N/ha/yr (14.286–57.142 eq/ha/yr) have also been calculated by Höhle et al. (2017) 

based on German, French and Swiss soil data. 

For estimating site specific long-term net N immobilisation, measured N stocks in soil, for 

example from the ICP Forests network, may be used. The average rate of N immobilisation 

calculated as the ratio of the N stock divided by soil age may be regarded as the maximal 

acceptable value for a sustainable long-term net N immobilisation. Nevertheless, N 
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immobilisation is not a linear process. Most net N immobilisation occurs in an early state of soil 

development (Egli et al. 2012, Olsen 1958, Jenny 1965, Lichter 1998) which is already completed 

in many soils in Europe. For soils in a dynamic equilibrium state (e.g., soils with A-B-C horizons) 

in undisturbed environments, a net N immobilisation close to zero can be assumed. It should be 

pointed out, however, that higher values (closer to present-day immobilisation rates) have been 

used in critical load calculations. Nevertheless, there is no consensus yet on long-term 

sustainable immobilisation rates. 

5.4.1.3.2 Nitrogen uptake 

The uptake flux Nu equals the long-term average removal of N from the ecosystem. For 

unmanaged ecosystems (e.g., national parks) the long-term (steady-state) net uptake is basically 

zero, whereas for managed forests it is the long-term net growth uptake. The harvesting practice 

is of crucial importance, whether stems only, stems plus (parts of) branches, or stems plus 

branches plus leaves/needles (whole-tree harvesting) are removed. The uptake of N is then 

calculated as: 

(V.7) 

𝑁𝑢 =
𝑁 𝑟𝑒𝑚𝑜𝑣𝑒𝑑𝑖𝑛 ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑒𝑞 ℎ𝑎⁄ )

𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑏𝑒𝑡𝑤𝑒𝑒𝑛 ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑠(𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑝𝑒𝑟𝑖𝑜𝑑)(𝑦𝑟)
 

The amount of N in the harvested biomass (stems and branches) can be calculated as following: 

 p 

(V.8)  

Nu = kgr  st  (ctNst + fbr,st  ctNbr) 

where kgr is the average annual growth rate (m3/ha/yr), st is the density of stem wood (kg/m3), 

ctN is the N content in stems (subscript st) and branches (subscript br) (eq/kg), and fbr,st is the 

branch-to-stem ratio (kg/kg). The contribution of branches should be neglected in case of stem 

removal. 

Values for the density of stem wood of most trees are in the range of 400–500 kg/m3 for conifers 

and 550–700 kg/m3 for deciduous trees. The branch-to-stem ratio is about 0.15 kg/kg for 

conifers and 0.20 kg/kg for deciduous trees (Kimmins et al. 1985, De Vries et al. 1990). 

According to Swedish data (Rosén 1990; see also Reinds et al. 2001) the contents of N in stems 

are 1 g/kg for conifers and 1.5 g/kg in deciduous trees, whereas in branches of all tree species 

the N content is 4 g/kg in the south and 2 g/kg in the north. In a recent report Jacobsen et al. 

(2002) have summarised the results of a large number of studies on that subject, and Table 5.6 

shows the average element contents in 4 major tree species, both for stems and branches. For N, 

the values have to be multiplied by 1/14=0.07143 to obtain the N contents in eq/kg. 

Table 5.6:  Mean (and standard deviation) of the element contents in stems and branches 
(both incl. bark) of four tree species (Jacobsen et al. 2002); the number of data 
points ranges from 6 to 32. 

Tree species Contents (g/kg) in stems (incl. bark) Contents (g/kg) in branches (incl. bark) 

N Caa) Mg K N Ca Mg K 

Oak  2.10 2.47 0.18 1.05 6.19 4.41 0.44 2.00 

quercus spp (0.46) (1.42) (0.07) (0.51) (1.02) (0.65) (0.14) (0.47) 

Beech 1.54 1.80 0.26 1.04 4.27 4.02 0.36 1.50 
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Tree species Contents (g/kg) in stems (incl. bark) Contents (g/kg) in branches (incl. bark) 

N Caa) Mg K N Ca Mg K 

fagus sylv. (0.25) (1.12) (0.09) (0.13) (1.36) (1.91) (0.13) (0.44) 

Spruce 1.22 1.41 0.18 0.77 5.24 3.33 0.53 2.39 

picea abies (0.49) (0.40) (0.06) (0.43) (1.66) (1.06) (0.27) (1.35) 

Pine 1.09 1.08 0.24 0.65 3.61 2.07 0.43 1.67 

pinus sylv. (0.30) (0.30) (0.09) (0.28) (1.28) (0.65) (0.11) (0.68) 

a) Note that for Ca data points from calcareous sites are included in the statistics. 

Growth rates used should be long-term average values that are typical for the site. It must be 

noted that recent growth rates are higher due to increased N input. Therefore, it is 

recommended to use older investigations (yield tables), preferably from before 1960–70. An 

example of how to use national inventory information to compute forest growth (and critical 

loads) in Germany can be found in Nagel and Gregor (1999). 

Net uptake of N in non-forest natural and (semi-)natural ecosystems is insignificant unless they 

are used for extensive grazing. For example, in the United Kingdom net removal of N in sheep 

(mutton/wool) due to extensive grazing is between 0.5 and 2.0 kgN/ha/yr, depending on site 

fertility and grazing density. 

5.4.1.3.3 Denitrification 

Dutch and Ineson (1990) reviewed data on rates of denitrification. Typical values of Nde for 

boreal and temperate ecosystems are in the range of 0.1–3.0 kgN/ha/yr (=7.14–214.3 

eq/ha/yr), where the higher values apply to wet(ter) soils; rates for well drained soils are 

generally below 0.5 kgN/ha/yr. 

With respect to deposition-dependent denitrification, values for the denitrification fraction fde 

have been given by De Vries et al. (1993) based on data from Breeuwsma et al. (1991) and 

Steenvorden (1984): fde=0.8 for peat soils, 0.7 for clay soils, 0.5 for sandy soils with gleyic 

features and fde=0–0.1 for sandy soils without gleyic features. Reinds et al. (2001) related the 

denitrification fraction to the drainage status of the soil according to Table 5.7: 

Table 5.7:  Denitrification fraction fde as a function of the soil drainage (Reinds et al. 2001). 

Drainage status Excessive Good Moderate Imperfect Poor Very poor 

fde 0 0.1 0.2 0.4 0.7 0.8 

5.4.1.3.4 Precipitation surplus 

The precipitation surplus Q is the amount of water percolating from the root zone. It is 

conveniently calculated as the difference between precipitation and actual evapotranspiration, 

and it should be the long-term climatic mean annual value. In many cases evapotranspiration 

will have to be calculated by a model using basic meteorological input data (precipitation, 

temperature, radiation etc.). For the basics of modelling evapotranspiration see Monteith and 

Unsworth (1990) and for an extensive collection of models see Burman and Pochop (1994). 

Historical time series of meteorological data can be found on the website of the Climate Change 

Research Unit of the University of East Anglia (www.cru.uea.ac.uk/data). 

https://www.uea.ac.uk/groups-and-centres/climatic-research-unit
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5.4.2 Critical loads of acidity 

5.4.2.1 Model derivation: the simple mass balance (smb) model 

The starting point for deriving critical loads of acidifying S and N for soils is the charge balance 

of the ions in the soil leaching flux (De Vries 1991, Posch et al. 2015): 

(V.9) 

Hle + Alle + BCle + NH4,le = SO4,le + NO3,le + Clle + HCO3,le + RCOOle 

where the subscript le stands for leaching, Al stands for the sum of all positively charged 

aluminium species, BC is the sum of base cations (BC=Ca+Mg+K+Na) and RCOO is the sum of 

organic anions. A leaching term is given by Xle=Q·[X], where [X] is the soil solution concentration 

of ion X and Q is the precipitation surplus. All fluxes are expressed in equivalents (moles of 

charge) per unit area and time (eq/ha/yr). The concentrations of OH and CO3 are assumed zero, 

which is a reasonable assumption even for calcareous soils. The leaching of Acid Neutralising 

Capacity (ANC) is defined as: 

(V.10) 

ANCle = HCO3,le + RCOOle – Hle – Alle 

Combination with eq. V.9 yields: 

(V.11) 

BCle + NH4,le – SO4,le – NO3,le – Clle = ANCle 

This shows the alternative definition of ANC as “sum of (base) cations minus strong acid anions”. 

For more detailed discussions on the processes and concepts of (soil) chemistry encountered in 

the context of acidification see the books by Reuss and Johnson (1986) or Ulrich and Sumner 

(1991). 

Chloride is assumed to be a tracer. In other words, there are no sources or sinks of Cl within the 

soil compartment, and chloride leaching is therefore equal to the Cl deposition (subscript dep): 

(V.12) 

Clle = Cldep 

In a steady-state situation the leaching of base cations has to be balanced by the net input of 

base cations. Consequently, the following equation holds: 

(V.13) 

BCle = BCdep + BCw + Bcu 

where the subscripts w and u stand for weathering and net growth uptake (i.e., the net uptake by 

vegetation that is needed for long-term average growth); Bc=Ca+Mg+K, reflecting the fact that 

Na is not taken up by vegetation. Base cation input by litterfall and Bc removal by maintenance 

uptake (needed to re-supply base cations in leaves) is not considered here, assuming that both 

fluxes are equal (in a steady-state situation). Also, the finite pool of base cations at the exchange 

sites (cation exchange capacity, CEC) is not considered. Although cation exchange might buffer 

incoming acidity for decades, its influence is only a temporary phenomenon, which cannot be 

accounted for when considering long-term steady-state conditions. 

The leaching of sulphate and nitrate can be linked to the deposition of these compounds by 

means of mass balances for S and N. For S this reads (De Vries 1991): 

(V.14) 
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Sle = Sdep – Sad – Si – Su – Sre – Spr 

where the subscripts ad, i, re and pr refer to adsorption, immobilisation, reduction, and 

precipitation, respectively. An overview of sulphur cycling in forests by Johnson (1984) suggests 

that uptake, immobilisation, and reduction of S is generally insignificant. Adsorption (and in 

some cases precipitation with Al complexes) can temporarily lead to a strong accumulation of 

sulphate (Johnson et al. 1979, 1982). However, sulphate is only stored or released at the 

adsorption complex when the input (deposition) changes, since the adsorbed S is assumed in 

equilibrium with the soil solution S. Only dynamic models can describe the time pattern of ad- 

and desorption of sulphate, but under steady-state conditions, S ad- and desorption and 

precipitation/mobilisation are not considered. Since sulphur is completely oxidised in the soil 

profile, SO4,le equals Sle, and consequently: 

(V.15) 

SO4,le = Sdep 

For nitrogen, the mass balance in soil is (see Sec. 5.3.1): 

(V.16) 

𝑁𝑙𝑒 = 𝑁𝑑𝑒𝑝 + 𝑁𝑓𝑖𝑥 − 𝑁𝑎𝑑 − 𝑁𝑖 − 𝑁𝑢 – 𝑁𝑑𝑒 − 𝑁𝑒𝑟𝑜𝑠 − 𝑁𝑓𝑖𝑟𝑒 − 𝑁𝑣𝑜𝑙 

where the subscripts fix refers to fixation of N, de to denitrification, and eros, fire and vol to the 

loss of N due to erosion, forest fires and volatilisation, respectively. Ni is the long-term 

immobilisation of N in the root zone, and Nu the net growth uptake (see above). Furthermore, 

the leaching of NH4 can be neglected in almost all forest ecosystems due to (preferential) uptake 

and complete nitrification within the root zone (i.e., NH4,le=0). Under these various assumptions 

eq. V.16 simplifies to: 

(V.17) 

Nle = NO3,le = Ndep – Ni – Nu – Nde 

Inserting eqs. 5.12, 5.13, 5.15, and 5.17 into eq. V.11 leads to the following simplified charge 

balance for the soil compartment: 

(V.18) 

Sdep + Ndep = BCdep – Cldep + BCw – Bcu + Ni + Nu + Nde – ANCle 

Strictly speaking, we should replace NO3,le in the charge balance not by the right-hand side of 

eq. V.17, but by max{Ndep–Ni–Nu–Nde,0}, since leaching cannot become negative; the same holds 

true for base cations. Nevertheless, this would lead to unwieldy critical load expressions. 

Therefore, one should proceed with eq. V.18 keeping this constraint in mind. 

Since the aim of the LRTAP Convention is to reduce anthropogenic emissions of S and N, sea-salt 

derived sulphate should not be considered in the balance. To retain charge balance, this is 

achieved by applying a sea-salt correction to sulphate, chloride, and base cations, using either Cl 

or Na as a tracer, whichever can be (safely) assumed to originate from sea-salts only. Denoting 

sea-salt corrected depositions with an asterisk, one has either Cl*dep=0 or Na*
dep=0, respectively. 

For procedures to compute sea-salt corrected depositions, see 5.9.4 (Annex 4). 

For given values for the sources and sinks of S, N and Bc, eq. V.18 allows the calculation of the 

leaching of ANC, and thus assessment of the acidification status of the soil. Conversely, critical 

loads of S, CL(S), and N, CL(N), can be computed by defining a critical ANC leaching, ANCle,crit: 

(V.19) 
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CL (S) + CL (N) = BC*dep – Cl*dep + BCw – Bcu + Ni + Nu + Nde – ANCle,crit 

A so-called critical load of potential acidity has earlier been defined (see Sverdrup et al. 1990) 

as: 

(V.20) 

CL(Acpot) = BCW – Bcu + Ni + Nu + Nde – ANCle,crit  

with Acpot = Sdep+Ndep-BC*
dep + Cl*

dep.  

The term ‘potential’ is used since NH3 is treated as a potential acid due to the assumed complete 

nitrification. CL(Acpot) has been defined to have no deposition terms in its definition, since Bc and 

Cl deposition are not really an ecosystem property and can (and often do) change over time. 

However, since these depositions are partly of non-anthropogenic origin (e.g., Saharan dust) and 

since they are not subject to emission reduction negotiations, they are kept in the critical load 

definition for convenience. 

A further distinction has been made earlier (see, e.g., Sverdrup and De Vries 1994) between ‘land 

use acidity’ Bcu-Ni-Nu-Nde and ‘soil acidity’ which is used to define a so-called critical load of 

actual acidity as: 

(V.21) 

CL(A) = BCW – ANCle,crit 

The reason for making this distinction was to exclude all variables that may change in the long 

term, such as uptake of Bc and N, which are influenced by forest management, and N 

immobilisation and denitrification, which may change due to changes in the hydrological regime. 

There are two problems with this reasoning: (a) the remaining terms in eq. V.21 are also liable 

to change (e.g., ANC leaching depends on precipitation surplus, see below), and (b) uptake and 

other N processes are a defining part of the ecosystem (vegetation) itself. In other words, CL(A) 

may be a critical load of soil acidity, but it is rarely the soil that is the ‘sensitive element’ that 

needs to be protected. The sensitive element is usually the vegetation growing on that soil. 

Nevertheless, quantities such as CL(A) are computed and reported, and they can have a role as 

useful short-hand notation for the variables involved. 

Note that eq. V.19 does not give a unique critical load for S or N. However, nitrogen sinks cannot 

compensate incoming sulphur acidity, and therefore the maximum critical load for sulphur is 

given by: 

(V.22) 

CLmax(S) = BC*
dep – Cl*

dep + BCW – Bcu – ANCle,crit = BC*
dep – Cl*

dep – Bcu + CL(A) 

as long as N deposition is lower than all the N sinks, termed the minimum critical load of N. In 

other words, as long as: 

(V.23) 

Ndep ≤ CLmn (N) = Ni + Nu + Nde 

Finally, the maximum critical load of nitrogen (in the case of zero S deposition) is given by: 

(V.24) 

CLmax (N) = CLmin (N) + CLmax (S) 

The three quantities CLmax (S), CLmin (N), and CLmax(N) define the critical load function (CLF; 

depicted in Figure 5.4(a)). Every deposition pair (Ndep, Sdep) lying on the CLF are critical loads of 

acidifying S and N. 
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Figure 5.4:  Critical load function (CLF) of sulphur and acidifying nitrogen, defined by the three 
quantities CLmax(S), CLmin(N), and CLmax(N). (a) with constant denitrification Nde, and 
thus a 45o slope of the CLF; (b) with deposition-dependent denitrification, resulting 
in a smaller CLmin(N) and a flatter slope, depending on fde. The grey area below the 
CLF denotes deposition pairs resulting in an ANC leaching greater than ANCecrit (non-
exceedance of critical loads; see Chapter 7). 

 

Source: This figure is adopted from Chapter 5 of a previous version of the Mapping Manual 

Deriving critical loads as shown above assumes that the sources and sinks of N do not depend on 

the N deposition, though this is unlikely to be true. As in section 5.3.1, we also consider the case 

of denitrification being linearly related to the net input of N. Substituting eq. V.4 for Nde into the 

equations above results in the following expressions for CLmn (N) and CLmax(N): 

(V.25) 

CLmin (N) = Ni + Nu 

and 

(V.26) 

𝐶𝐿𝑚𝑎𝑥(𝑁) = 𝐶𝐿𝑚𝑖𝑛(𝑁) +
𝐶𝐿𝑚𝑎𝑥(𝑆)

1 − 𝑓𝑑𝑒
 

where fde (0≤fde<1) is the denitrification fraction; CLmax (S) remains the same (eq. V.22). An 

example of a critical load function with fde >0 is shown in Figure 5.4(b). 

5.4.2.2 Chemical criteria and the critical leaching of acid neutralising capacity 

The leaching of Acid Neutralising Capacity (ANC) is defined in eq. V.10. In the simplest case 

bicarbonate (HCO3) and organic anions (RCOO) are neglected since in general they do not 

contribute significantly at low pH values (but see section 5.3.2.4). In this case the ANC leaching is 

given by: 

(V.27) 

ANCle = –Hle – Ale = –Q · ([H]+[Al])  

where Q is the precipitation surplus in m3/ha/yr (see section 5.3.1.3 for data). 

It is within the calculation of ANCle that the critical chemical criterion for effects on the receptor 

is set. Selecting the most appropriate method of calculating ANCle is important, since the 

different methods may result in very different critical loads. If, for the same ecosystem, critical 

loads are calculated using different criteria, the final critical load is the minimum of all those 

calculated. The main decision in setting the criterion will depend on whether the receptor 

considered is more sensitive to unfavourable pH conditions or to the toxic effects of aluminium. 

ANCle can then be calculated by either setting a hydrogen ion criterion (i.e., a critical soil solution 

pH) and calculating the critical aluminium concentration, or vice versa. 
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The relationship between [H] and [Al] is described by an (apparent) gibbsite equilibrium: 

(V.28)  

[Al] = Kgibb · [H]3 

or 

[H] = ([Al]/Kgibb)cl/3 

where Kgibb is the gibbsite equilibrium constant (see below). Eq. V.28 is used to calculate the 

(critical) Al concentration from a given proton concentration, or vice versa. Different critical 

chemical criteria are listed below together with the equations for calculating ANCle,crit. In this 

context the reader could also consult the minutes of an Expert Workshop on ‘Chemical Criteria 

and Critical Limits’ (UNECE 2001, Hall et al. 2001). 

5.4.2.2.1 Aluminium criteria 

Aluminium criteria are generally considered most appropriate for mineral soils with a low 

organic matter content. The three commonly used criteria are a) critical aluminium 

concentration, b) critical base cation to aluminium ratio and c) aluminium mobilisation rate. 

a) Critical aluminium concentration: 

Critical limits for Al have been suggested for forest soils (e.g., [Al]crit=0.2 eq/m3). These are: 

b) Critical base cation to aluminium ratio:  

Most widely used for soils is the connection between soil chemical status and plant response 

(damage to fine root) via a critical molar ratio of the concentrations of base cations 

(Bc=Ca+Mg+K) and Al in soil solution, denoted as (Bc/Al)crit. Values for a large variety of plant 

species (trees, shrubs, flowering plants, grasses, crop plants) can be found in Sverdrup and 

Warfvinge (1993a). They are based either on observations made in laboratory experiments 

and/or in field studies addressing effects on growth parameters (root growth, stem growth, 

biomass growth) as endpoints. An exemplary dose-response curve for biomass growth of 

Norway spruce is shown in Figure 5.5. The response functions generally show that the more the 

Bc/Al ratio in the soil solution is below a plant-specific limit, the more pronounced the reduction 

in growth. Setting a critical Bc/Al ratio depends on the accepted growth reduction and varies 

between plant species. Bc/Al ratios for especially useful for drinking water (ground water) 

protection, (e.g., the EC drinking water standard for [Al] of maximally 0.2 mg/L, or about 0.02 

eq/m3). ANCle,crit can then be calculated as: 

(V.29) 

ANCle,crit = –Q · (([Al]crit/Kgibb)1/3 + [Al]crit) 

examples of European trees and herbs selected from Sverdrup and Warfvinge (1993a) in 

relation to different growth reduction are given in Table 5.8. The values show that the accepted 

growth reduction at (Bc/Al)crit=1, which has commonly been used previously14, can be relatively 

large. 

 

14 Based on experimental data of Norway spruce showing 20% growth reduction at (Bc/Al)crit=1.2 under laboratory conditions, see 
Figure 5.5 (Sverdrup and Warfvinge, 1993) 
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Figure 5.5:  Dose-response curve for the relationship between Bc/Al ratio and biomass growth 
derived from experimental studies with Norway spruce (Sverdrup and Warfvinge, 
1993). 

 

Source: This figure is adopted from a previous version of Chapter 5 of the Mapping Manual 

Table 5.8: BC/Al values in relation to different growth reductions for examples of European 
trees and herbs (from Sverdrup and Warfvinge, 1993). 

Latin name Trivial name (BC/Al)Crit: % growth impact 

  20% 10% 5% 2% 

Coniferous trees 

Picea abies Norway spruce 1.2 2.7 5.7 15 

Pinus sylvestris Scots pine 1.2 1.8 3 5 

Deciduous trees 

Fagus sylvatica European beech 

0.6 0.8 1.2 2.5 Quercus robur Oak 

Betula pendula Silver birch 

Ground vegetation 

Deschampsia flexuosa Wavy hairgrass 0.5 1.2 2.5 6.4 

Calluna vulgaris Common heather 0.8 1.8 3.8 10 

Furthermore, the ratio (Bc/Al)crit=1 may allow acidification to such an extent that the risk for 

growth reductions is no longer negligible and leads to an unacceptable decrease of the soil base 

saturation. Arp and Ouimet (2001) examined the observed and calculated relationships between 

base saturation, pH values, and Bc/Al ratios in organic and mineral soils of forests in Eastern 

Canada and concluded that, at a (Bc/Al)crit value of 1, the base saturation can be nearly zero. 

Consequently the Canadian experts used a (Bc/Al)crit=10 for the calculation of the critical loads 

of acidity for forests (Ouimet et al. 2006). Very low base saturation at Bc/Al ratios below 10 have 
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also been observed in Swiss Forests monitoring sites (Graf et al. 2004, Braun 2013). As an 

example, according to the observed relationships, a Bc/Al ratio of 4 corresponds approximately 

to a base saturation of 5%. 

Thus, it is recommended to carefully evaluate the relationship between Bc/Al ratios and base 

saturation when setting critical limit values. It might also be justified to set first of all a critical 

limit value for base saturation before addressing the Bc/Al ratio, since different tree species 

have different requirements in terms of base saturation (Puhe and Ulrich 2001). Harmful effects 

in forest ecosystems, such as decreased rooting depths and increased uprooting during storms, 

are documented when base saturation is below certain limit values (Braun et al. 2003, Braun et 

al. 2005). For effects-based relationships regarding the base saturation see Chapter 5.3.2.2.3. 

The critical Al leaching is calculated from the leaching of Bc (compare eq. V.13): 

(V.30) 

𝐴𝐿𝑙𝑒,𝑐𝑟𝑖𝑡 = 1.5 ⋅
𝐵𝑐𝑙𝑒

(𝐵𝑐 𝐴𝑙)⁄
𝑐𝑟𝑖𝑡

= 1.5 ⋅
𝐵𝑐𝑑𝑒𝑝 + 𝐵𝑐𝑤 −𝐵𝑐𝑢

(𝐵𝑐 𝐴𝑙)⁄
𝑐𝑟𝑖𝑡

 

The factor 1.5 arises from the conversion of mols to equivalents when one assumes that K is 

divalent. Using eqs.V.27 and V.28, this yields for the critical ANC leaching: 

(V.31) 

𝐴𝑁𝐶𝑙𝑒,𝑐𝑟𝑖𝑡 = 𝑄
2 3⁄ ⋅ (1.5 ⋅

𝐵𝑐𝑑𝑒𝑝 + 𝐵𝑐𝑤 − 𝐵𝑐𝑢
𝐾𝑔𝑖𝑏𝑏 ⋅ (𝐵𝑐 𝐴𝑙)⁄

𝑐𝑟𝑖𝑡

)

1 3⁄

− 1.5 ⋅
𝐵𝑐𝑑𝑒𝑝 + 𝐵𝑐𝑤 − 𝐵𝑐𝑢

(𝐵𝑐 𝐴𝑙)⁄
𝑐𝑟𝑖𝑡

 

Note that the expression Bcle=Bcdep+Bcw–BCu has to be non-negative. It has been suggested that it 

should be above a minimum leaching or, more precisely, there is a minimum concentration of 

base cations in the leacheate, below which they cannot be taken up by vegetation. In other 

words, Bcle is set equal to max(Bcdep+Bcw– BCu, Q·[Bc]min), with [Bc]min in the order of 0.01eq/m3. 

Alternatively, if considered more appropriate, a critical molar ratio of calcium to aluminium in 

soil solution can be used, by replacing all the Bc-terms in eq. V.31 with Ca-terms. 

c) Critical aluminium mobilisation rate: 

Critical ANC leaching can also be calculated using a criterion to prevent the depletion of 

secondary Al phases and complexes which may cause structural changes in soils and a further 

pH decline. Aluminium depletion occurs when the acid deposition leads to an Al leaching in 

excess of the Al produced by the weathering of primary minerals. Thus, the critical leaching of Al 

is given by: 

(V.32) 

Alle,crit = Alw 

where Alw is the weathering of Al from primary minerals (eq/ha/yr). The weathering of Al can 

be related to the Bc weathering via:  

(V.33) 

Alw = p · BCW 

where p is the stoichiometric ratio of Al to BC weathering in primary minerals (eq/eq), with a 

default value of p=2 for typical mineralogy of Northern European soils (range: 1.5-3.0). The 

critical leaching of ANC becomes then: 
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(V.34) 

𝐴𝑁𝐶𝑙𝑒,𝑐𝑟𝑖𝑡 = 𝑄
2 3⁄ ⋅ (

𝑝 ⋅ 𝐵𝑐𝑤
𝐾𝑔𝑖𝑏𝑏

)

1 3⁄

− 𝑝 ⋅ 𝐵𝑐𝑤 

5.4.2.2.2 Hydrogen ion criteria 

A proton criterion is generally recommended for soils with a high organic matter content. Two 

such criteria are listed below. 

a) Critical pH: 

A critical pH limit is set at a pH below which the receptor is adversely affected. For example, in 

some soils, a pH limit of pH(H2O)crit = 4.2 (corresponding to [H]crit≈0.0631 eq/m3) avoids 

considerable increase of Al concentration in soil solution (Lindsay 1979, Ulrich 1981). Critical 

pH values can be found for different plant species (Sverdrup and Warfvinge 1993a). For 

aluminium effects see chapter 5.3.2.2.1 on aluminium criteria. ANCle,crit can then be calculated as: 

(V.35)  

ANCle,crit = –Q ·([H]crit + Kgibb ·[H]3crit) 

b) Critical base cation to proton ratio: 

For organic soils which do not contain Al-(hydr)oxides, such as peat lands, it is suggested to use 

a critical molar base cation to proton ratio (Bc/H)crit. The critical ANC leaching is then given by 

(no Al leaching): 

(V.36)  

𝐴𝑁𝐶𝑙𝑒,𝑐𝑟𝑖𝑡 = −0.5 ⋅
𝐵𝑐𝑑𝑒𝑝 + 𝐵𝑐𝑤 − 𝐵𝑐𝑢

(𝐵𝑐 𝐻)⁄
𝑐𝑟𝑖𝑡

 

where the factor 0.5 comes from converting mols to equivalents. For organic soils the 

weathering in eq. V.36 will probably be negligible (Bcw=0). Values suggested for (Bc/H)crit are 

expressed as multiples of (Bc/Al)crit, these multiples range from 0.3 for deciduous trees and 

ground vegetation, to 1 for spruce and pine (Sverdrup and Warfvinge, 1993). 

5.4.2.2.3 Critical base saturation 

Base saturation, or the fraction of base cations at the cation exchange complex, is an indicator of 

the acidity status of a soil, and one may want to keep the base saturation above a certain level to 

avoid nutrient deficiencies. The UNECE workshop held at York (UK) in 2001 recommended to 

include base saturation as a potential criterion in the Mapping Manual (see Hall et al. 2001, 

UNECE 2001). Based on field observations in Swiss forest ecosystems, effects-based base 

saturation values were found between 20% and 40% below which harmful effects in forest 

ecosystems, such as decreased rooting depths and increased uprooting during storms in 

Switzerland were documented (Braun et al. 2003, Braun et al. 2005). More frequent forest storm 

damages on acidic soils were also found by Mayer et al. (2005) on sites in France, southern 

Germany, and Switzerland, with comparable explanatory power of pH and base saturation. 

To relate base saturation to ANC requires the description of the exchange of cations between the 

exchange complex and the soil solution. Two descriptions are the most commonly used in 

dynamic soil models: the Gapon and the Gaines-Thomas exchange model. For a comparison 

between different exchange models and the implications for the relationship between base 

saturation and soil solution concentrations see Reuss (1983). 
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As an example, we consider the description of the exchange between H, Al and Bc=Ca+Mg+K as 

implemented in the Very Simple Dynamic (VSD) and the SAFE model (see Posch et al. 2003a and 

Chapter 6). For both models the critical concentration [H]crit can be found as a solution of an 

equation of the type: 

(V.37) 

A · [H]Pcrit + B ·[H]crit = 1 – EBc,crit 

where the coefficients A, B and the exponent p are given in Table 5.8. 

In general, eq. V.37 is non-linear and will have to be solved numerically. Only for the Gapon 

model and the gibbsite equilibrium (a=3, KAlox = Kgibb) it becomes a linear equation with the 

solution: 

(V.38) 

[𝐻]𝑐𝑟𝑖𝑡 = 𝐾𝐺𝑎𝑝 ⋅ √[𝐵𝑐] ⋅ (
1

𝐸𝐵𝑐,𝑐𝑟𝑖𝑡
− 1) 

with 

𝐾𝐺𝑎𝑝 =
1

𝑘𝐻𝐵𝑐 + 𝑘𝐴𝑙𝐵𝑐 ⋅ 𝐾𝑔𝑖𝑏𝑏
1 3⁄

 

where kHBc and kAlBc are the two (site-specific) selectivity coefficients describing cation exchange, 

and [Bc]=Bcle/Q as above. [Al]crit is then computed from the gibbsite equilibrium (eq. V.28) and 

from that the critical ANC leaching can be obtained via eq. V.29. Values of selectivity coefficients 

for a range of Dutch soil types and combinations of exchangeable ions are given by De Vries and 

Posch (2003). 

In Figure 5.6, the critical ANC leaching is shown for a range of constants KGap. This range 

encompasses a wide range of values for the exchange constants. The figure shows that ANC 

leaching is very sensitive to low values of the critical base saturation. 

Base saturation is also used as criterion in the New England Governors/Eastern Canadian 

Premiers ‘Acid Rain Action Plan’ for calculating sustainable S and N depositions to upland forests 

with the SMB model (NEG/ECP 2001). 

Table 5.8:  Coefficients in eq. V.37 for the Gapon and Gaines-Thomas exchange model. 

Exchange model A p B 

Gapon 𝐾𝐴𝑙𝑜𝑥
1 3⁄ ⋅ 𝑘𝐴𝑙𝐵𝑐 ⋅ 𝐸𝐵𝑐,𝑐𝑟𝑖𝑡 √[𝐵𝑐]⁄  a/3 𝑘𝐻𝐵𝑐 ⋅ 𝐸𝐵𝑐,𝑐𝑟𝑖𝑡 √[𝐵𝑐]⁄  

Gaines-Thomas 
𝐾𝐴𝑙𝑜𝑥 ⋅ √𝐾𝐴𝑙𝐵𝑐 ⋅ (𝐸𝐵𝑐,𝑐𝑟𝑖𝑡 √[𝐵𝑐]⁄ )

3
 

a 
√𝐾𝐻𝐵𝑐 ⋅ 𝐸𝐵𝑐,𝑐𝑟𝑖𝑡 [𝐵𝑐]⁄  

Note: The generalised relationship [Al]=KAiox[H]a has been used (see below). 
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Figure 5.6:  Critical ANC leaching (as defined by eq. V.27, for Q=1 m/yr) as a function of the 
critical base saturation, EBccrit, for [Bc]=0.02eq/m3, Kgbb=108 (mol/L)-2 (=300 (eq/m3)-2) 
and KGap=0.005 (leftmost curve), 0.01, 0.03 and 0.05 (eq/m3)12 (rightmost curve).(To 
obtain ANCecrit for arbitrary Q, multiply the values on the vertical axis by Q in m/yr; 
see also Figure 5.7 below). 

 

Source: This figure is adopted from a previous version of Chapter 5 of the Mapping Manual 

5.4.2.3 Sources and derivation of input data 

The obvious sources of input data for calculating critical loads of acidity are measurements at 

the site under consideration. However, in many cases these will not be available. For data on the 

different N quantities see section 5.3.1. Some data sources and default values for the other 

variables, and procedures to derive them, are summarised below. 

5.4.2.3.1 Gibbsite equilibrium constant (Kgibb) 

The equilibrium constant relating the Al concentration to pH (eq. V.28) depends on the soil. 

Table 5.9 presents ranges of Kgibb (and pKgibb=–log10(Kgibb in (mol/L)-2) as a function of the soil 

organic matter content. A widely used default value is Kgibb=108(mol/L)-2=300 m6/eq2. 

Table 5.9:  Ranges for Kgibb as a function of soil organic matter content. 

Soil type; layer Organic matter (%) Kgibb (m6/eq2) –pKgibb 

Mineral soils; 
C-layer 

<5 950–9500 8.5–9.5 

Soils with low organic 
matter; B/C layers 

5–15 300–3000 8–9 

Soils with some organic 
material; A/E layers 

15–30 100 7.6 

Peaty and organic soils; 
organic layers 

>70 9.5 6.5 

If sufficient empirical data are available to derive the relationship between [H] and [Al], these 

should be used in preference to the gibbsite equilibrium (see Sec. 5.3.2.4). 
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5.4.2.3.2 Base cation and chloride deposition 

The base cation and chloride depositions entering the critical load calculations should be the 

deposition after all feasible abatement measures have been taken (ideally the non-

anthropogenic deposition), and they should be sea-salt corrected. Observations on a European 

scale are available from the EMEP Chemical Coordinating Centre (www.emep.int) or from 

national sources. See Chapter II for more details. 

5.4.2.3.3 Base cation weathering 

5.4.2.3.3.1 Introduction 

Weathering here refers to the release of base cations from minerals in the soil matrix due to 

chemical dissolution (Ca, Mg, K, Na), and the neutralisation of acidity and production of 

alkalinity connected to this process. This has to be distinguished from the denudation of base 

cations from ion exchange complexes (cation exchange) and the degradation of soil organic 

matter. It is also distinguished from the mechanical weathering, where solid particles are broken 

up from large to smaller particles, and when solid particles are removed from a soil. Many 

methods for determining weathering rates have been suggested, and here we list those with the 

highest potential for regional applications in order of decreasing complexity. There are several 

levels of weathering rate mapping. The following list is in order of complications for soils: 

► Use an integrated model, based on these mechanisms and processes 

⚫ for soils profiles (terrestrial ecosystems), exemplified by models like the Swedish 

PROFILE. 

⚫ for catchments, exemplified by:  

◼ the ForSAFE or the PROFILE models modified for catchments and based on 

geochemical kinetics and watershed hydrology;  

◼ the use of MAGIC on streams and lakes to find a weathering rate for the catchment as 

a part of the calibration procedure. Note that this is a catchment rate and not 

necessarily a soil profile rate. 

► Use a model and data supported look-up table based on mineralogy, using a number of site 

adaption factors for soil wetness, texture, and temperature, such as Table 5.10 for soils. 

► Use a simple empirical model based on total analysis, with optional adaptation for soil 

wetness, texture, and temperature (Equations V.42a-e): 

⚫ for soils; 

⚫ when using a catchment modification routine for recalculating soil weathering rates to 

catchment weathering rates. 

► Using the very simple Skokloster table (Table 5.17) with optional adaptation for soil 

wetness, texture, and temperature. 

► Using a simple empirical correlation based on soil type and texture (Equation V.39). 

► Make an estimate with some other method described in the literature, provided the data is 

available for it (section 5.3.2.3.3.4.) 

Weathering of minerals is the result of chemical reactions at the mineral surfaces exposed to 

liquid. Normally the rate equation takes the shape of an area multiplied with an expression for 

http://www.emep.int/
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the chemical reactions rate. Base cations, aluminium, and silica are released in the reaction, 

reactants like H+, water, carbon dioxide, organic acids, and OH-ions are consumed in the process. 

The dynamic model ForSAFE contains PROFILE on the inside (Sverdrup et al. 2007, Belyazid et 

al. 2011d, Phelan et al. 2014) and may be used for estimating weathering rates as a function of 

time. The French WITCH model has a simplified PROFILE model inside. These are dynamic 

models, and the reader will find more on them in the section about dynamic models. They are 

different in the respect that they give a weathering rate that varies with time instead of a 

constant value. 

Further information on the different approaches described in this section may be found in 

Annex 1. 

5.4.2.3.3.2 The calculation of weathering rates with the PROFILE model 

5.3.2.3.3.2.1 Soil profiles and very small catchments 

Figure 5.7:  The weathering rate increases up to a depth of about 0.5-0.6 meters. The diagram 
to the left shows the weathering rate distributed among minerals, the diagram to 
the right shows the total rate as a function of depth down a soil profile. One can 
see how it reaches a maximum at about a 0.5-0.6 m depth and then decreases. The 
example shows the weathering rate at catchment F1 at the Gårdsjön Research site, 
Sweden (Sverdrup et al., 1996). 

 

Source: This figure is adopted from a previous version of Chapter 5 of the Mapping Manual 

Weathering rates can be computed with the multi-layer steady-state model PROFILE (Sverdrup 

and Warfvinge 1993b, Warfvinge and Sverdrup 1992b, 1995) and may be used for estimating 

weathering rates as a function of time. The model is based on geochemical mechanisms and the 

resulting kinetic equations, using geological properties like mineralogy, exposed surfaces, etc. 

Basic input data are the mineralogy of the site or a total element analysis, from which the 

mineralogy is derived by a normative procedure (Uppsala-model) or the A2M code (Posch and 

Kurz 2007). Generic weathering rates of each mineral are modified inside the model by the 

concentration of protons, base cations, aluminium, and organic anions as well as the partial 

pressure of CO2 and temperature. The total weathering rate is proportional to soil depth and the 

wetted surface area of all minerals present. For the theoretical foundations of the weathering 

rate model see Sverdrup (1990). 

5.3.2.3.3.2.2 Watersheds and lakes 

The MAGIC model is used for lakes, which implicitely takes the watershed into account. The 

MAGIC model does not include a weathering rate model inside. But the MAGIC model may, be 

used as an automated budget study, when it is assumed that all else is correctly estimated, estimating a 

residual term that may be interpreted as being made up of the weathering rate in the catchment. 
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Since there is no weathering rate model inside, the weathering estimate obtained from MAGIC is 

a fixed number. 

5.3.2.3.3.3 Simplified approaches to weathering rate estimations 

5.3.2.3.3.3.1 The mineralogy correlations 

This method is based on the fact that the weathering rate in a soil depends on several factors: 

► The content of weatherable minerals in the soil (expressed as % dry weight content). 

Table 5.10 lists the most weatherable mineral groups in a normal soil. Note that quartz has 

the weathering rate 0. 

► The surface area of these minerals exposed to soil solution, which is related to the soil 

texture. The wetter the climate is, the higher this is, the drier it is, the slower the weathering 

rate. We suggest three soil moisture classes (Csw): 

⚫ Dry  (Csw = 0.7) 

⚫ Normal (Csw = 1.0) 

⚫ Wet  (Csw = 1.3) 

► The amount of soil material per unit land, depending on the average soil density, related to 

how packed the soil is and how much organic material there is in it. 

► The temperature at the site. The colder the temperature, the slower the weathering goes, 

and the opposite when it gets warmer Equation (V.42). 

Table 5.10 shows a look-up table for a soil with an average soil texture (TX) of 1.1 million m2 per 

m3 soil and a soil depth of 0.5 meter (a default thickness of the forest root zone, comparable to 

the Gårdsjön F1 site, Sweden), based on mineral dry weight content in the soil. The weathering 

rate is obtained by summing up the contributions from each mineral. Weathering rate is 

expressed in eq/ha/yr in the given expressions. The construction of the table was assisted by 

estimations using PROFILE at about 100 sites in Northern Europe and 72 sites in Maryland, 

United States. The texture (TX) of a soil may be calculated with a simple formula (in million m2 

per m3 soil): 

(V.39)  

TX = 0.3 * Xsand + 2.2 * Xsilt + 8*Xclay 

The classification into sand, silt, and clay is often used and available in many. The Nordic Forest 

soil field texture class is the test where a soil sample is placed in the palm of the hand. Therefore, 

a small amount of water is added to the soil and a sausage shape is created by rolling the water 

and soil as thin as possible in the palm of ones hand. For this the texture class is judged. The 

method was calibrated at Lund University in 1992 against measured samples. For further 

information, see Sverdrup and Warfvinge (1993b) and Warfvinge and Sverdrup (1993). The 

weathering rate (WBC,Soil) will be the sum of the weathering rates from Table 5.10, with terms for 

adjusting for soil wetness, soil texture, large passive stones, soil density, and temperature when 

it is different from an annual average of 8°C (Sverdrup et al. 1990, Sverdrup 1990 and Sverdrup 

and Warfvinge 1996): 

(V. 40) 
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𝑊𝐵𝐶,𝑆𝑜𝑖𝑙 = 𝐶𝑠𝑤 ∗ (1 − 𝑆) ∗
𝑇𝑋

1.2
∗
𝜌𝑆𝑜𝑖𝑙
1200

∗
𝑧

0.5

(

 ∑ 𝑊𝑀𝑖𝑛𝑎𝑟𝑎𝑙𝑠,𝑖

𝑛=𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑠
𝑖𝑛 𝑡ℎ𝑒 𝑠𝑜𝑖𝑙

𝑖=1
)

 ∗ 10 (
𝐴

281
−

𝐴

273 − 𝑇
) 

where Csw is the soil moisture class correction factor, S is the value of the pebble and stone 

weight fraction, and z is the soil depth (in m) for which weathering is considered (the factor 

adjusts for soil depth different than the 0.5 m the Table 5. 10). The factor A depends on the 

mineral and the reaction, but a generic value of A=3600 will work fine for most soils (Sverdrup 

and Warfvinge 1996). This adjustment is valid in the range 0.2–0.8 m. Stones larger than 2 mm 

do not participate significantly in the weathering and thus are eliminated from the calculation. 

Table 5.10:  Look-up table for a soil with an average soil texture of 1.1 million m2
 per m3

 soil and 
a depth of 0.5 m, based on mineral dry weight content in the soil, at an annual 
average temperature of 8°C. Weathering rates are in eq/ha/yr. The table assumes 
soil moisture to be the same as at Gårdsjön (Class = normal above). The table was 
updated by Sverdrup in 2016. 

Mineral WMinerals, units are eq/ha/yr 
The weathering rate at this % weight content of the listed mineral 

 100 10 5 1 

Calcite 82000 8200 4100 820 

Apatite 17000 1700 850 170 

Epidote 8800 880 440 88 

Hornblende 2630 263 132 26 

Pyroxene 2060 206 103 21 

Albite 1680 168 84 17 

Plagioclase 1340 134 67 13 

Oligoclase 1240 124 62 12 

Garnet 1160 116 58 11 

Chlorite 1050 105 53 11 

Biotite 930 93 47 9 

Vermiculite 560 56 28 6 

K-Feldspar 480 48 24 5 

Muscovite 300 30 15 3 

Illite 300 30 15 3 
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Table 5.11:  Soil texture based on the formula in V.39 and data from the Swedish critical loads 
database (Warfvinge and Sverdrup 1993, updated by Sverdrup 2016). 

Dutch 
texture 
class 

Standard 
forest soil 
texture class 

Name % TX Calculated approximate 
surface area, million m2 m-3 

Sand Silt Clay 

1 1 Coarse moraine 80 20 0 0.68 

1 2 Forest moraine 70 28 2 0.97 

1 3–4 Silty soil 60 35 5 1.35 

1 4–6 Fine silty soil 40 50 10 2.02 

2 7 Coarse clay soil 30 50 20 2.79 

3 8 Clayey soil 10 50 40 4.33 

4 9 Clay soil 5 35 60 5.59 

5 10 Fine clay soil 1 24 75 6.53 

Table 5.12:  Default values for soil specific densities for entry into Equations V.40 and V.43. 

Soil layer description Classification of soil and their density, kg m-3 

Name z, meter High organic 
content soil 

Podzolic type of 
soil 

Heavy soils 
compact clay soils 

Organic layer 0-0.15 300 300 300 

Leached layer 0.15-0.35 600 700 900 

B-layer 0.35-0.65 900 1100 1200 

C-layer 0.65-0.80 1000 1200 1300 

Mineral soil 0.80-1.50 1000 1350 1400 

Mineral soil 1.50-2.00 1000 1350 1400 

Mineral soil 2.00-2.50 1000 1350 1400 

Table 5.13:  Guideline for selecting rooting depth in the weathering estimation. For catchment 
weathering, the weathering rate available to the stream or lake considered is 
relevant. See also Sverdrup and Warfvinge (1995), Sverdrup et al. (2007) and 
Belyazid et al. (2011a) for lists with rooting depth (updated by Sverdrup 2016). 

Classification Surficially rooted 
plants 

Shallowly rooted 
plants 

Intermediate 
rooted plants 

Deeply rooted 
plants 

Rooting depth 0–0.20 m 0.25–0.35 m 0.45–0.55 m 0.55–0.80 m 

Typical plants Tree seedlings, 
Norway spruce on 
acid soils, ground 
plant seedlings 

Norway spruce, 
Silver fir, Red 
Spruce, Red Cedar 

Birch, Scots pine, 
Beech, Aspen, 
Popular 

Oaks, ash singular 
pine and spruce 
trees, trees in arid 
areas 
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Classification Surficially rooted 
plants 

Shallowly rooted 
plants 

Intermediate 
rooted plants 

Deeply rooted 
plants 

Typical ground 
vegetation 

Lichens, moss Heather and ling, 
many grasses and 
herbs 

Dry area grasses 
and plants 

Grain, drought-
resistant grasses 

5.3.2.3.3.3.2 Mineralogy estimation, valid for larger catchments and groundwater. 

One empirical model is outlined here. Figure GG shows how the weathering rate (at catchment 

F1 at Gårdsjön, Sweden) increases towards a 0.5–0.6 meter depth. Further down in the soil, the 

weathering rate declines because of retarding effects from base cation, aluminium, and silica 

concentrations in the weathering kinetics. This implies that the soil weathering rates cannot 

readily be scaled to watersheds and catchments in a linear way. At a 2-3 meter soil depth, in 

coarse soils and moraines, the weathering rate will have declined to quite low levels. The 

catchment weathering rate (WCatchment) in eq/ha/yr is: 

(V. 41) 

𝑊𝐶𝑎𝑡𝑐ℎ𝑚𝑒𝑛𝑡 = ∑ (𝑊𝑆𝑜𝑖𝑙 𝑝𝑟𝑜𝑓𝑖𝑙𝑒,𝑖 ∗ 𝑋𝑆𝑜𝑖𝑙,𝑖)

𝑛=𝐵𝑜𝑡𝑡𝑜𝑚
𝑙𝑎𝑦𝑒𝑟

𝑖=𝑡𝑜𝑝
𝑙𝑎𝑦𝑒𝑟

 

where Xsoil,i is the fraction of the total catchment area covered by soil layer i. The different soil 

layer weathering rates Wsoil,I may be calculated using, for instance, the PROFILE model. The 

weathering products entering the stream necessitates data on how the weight of the soil layers 

are distributed across the catchment with respect to soil depth. Then, the soil layer coverage in 

the catchment must be derived, either from field data, or, for regional assessments, from known 

generic distributions. 

5.3.2.3.3.3.3 The total base cation content correlation 

The total base cation content correlation uses relationships between estimates, weathering rates 

of base cations, and the total content of the respective element in the soil, with an additional 

correction for temperature. For Ca, Mg, Na, and K the equations are (Sverdrup et al. 1990, 

Sverdrup and Warfvinge 1996) in eq/ha/yr: 

(V.42a) 

Wca = z (0.1 %CaO · (768+104·T) – 0.08) 

(V.42b) 

WMg = Z ·(0.212· %MgO · (768+104·T) – 0.09) 

(V.42c) 

WNa = z 0.037· %Na2O · (768+104·T) 

(V.42d) 

WK = z ·0.021 · %K2O · (768+104·T) 

where z is the soil thickness (in m), %CaO, %MgO, %Na2O, and %K2O are the base cation soil 

content expressed as % dry weight of the soil and T is the annual average temperature in °C. For 

critical loads for plants, z is the rooting depth (examples in Table 5.13). 
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Adding together equations V.42a-d) the weathering rate of base cations is given by equation 

V.42e. 

Another empirical expression available for the total weathering rate based on correlating total 

analysis to observed weathering rates is provided by equation V.42f (Sverdrup et al., 1990; 

Sverdrup et al 1990, 1995). 

Note the following: 

► Plants take up Mg, Ca, and K but not Na, thus the weathering of Na does not contribute to 

uptake. 

► All the weathering (Na, K, Mg, Ca) contribute to neutralization of acidity.  

These equations were empirically derived for Nordic soils which were tested at Gardsjon, 

Sweden, but derived from about 100 soils from Northern Europe, Central Europe, and Northern 

America, (Sverdrup et al 1996), and seem to work reasonably well in most glaciated areas where 

they have been tested. To select relevant soil depth, check with Table 5.13. For critical loads for 

plants, only the weathering available to the root zone is of interest. Additional corrections can be 

made for soil wetness, soil texture, and amount of large stones and pebbles that do not 

contribute to weathering in the soil. These correction factors may be significant in all coarser 

soils. They lead to equation V.43. 

(V.42e)  

WBC = z * (0.1 * (768 + 104 * T) * (% CaO + 2.12 * % MgO + 0.37 * % Na2O + 0.21 * % K2O) – 0.17) 

(V.42f) 

WBC = z * (0.1 * (768 + 104 * T) * (% CaO + % MgO + % Na2O + % K2O) – 0.37) 

(V.43) 

𝑊𝐵𝐶,𝑆𝑜𝑖𝑙 = 𝐶𝑠𝑤 ∗ (1 − 𝑆) ∗
𝑇𝑋

1.2
∗
𝜌𝑆𝑜𝑖𝑙
1200

∗ (𝑊𝐶𝑎 +𝑊𝑀𝑔 +𝑊𝐾 +𝑊𝑁𝑎) 

where CSW is the soil wetness class, Soil is the bulk density of the soil in kg m-3, TX is the texture 

expressed in million m2 mineral surface per m3, WCa, …, WNA are to be taken from eqs.V.42a-d. 

If the soil wetness class cannot be set, take the value CSW = 1. If the bulk density is not known and 

cannot be easily estimated, it is set to Soil = 1200. If the texture value is not known or cannot be 

estimated, it is set to TX = 1.1.15 

5.3.2.3.3.3.4 The soil type – texture approximation 

Since mineralogy controls weathering rates, weathering rate classes were assigned to European 

(forest) soils by Sverdrup et al., (1990) using the PROFILE model and later again by de Vries et 

al. (1993), based on texture class and parent material class. Note that some countries have their 

own local texture class classification and that it can be different than the ones presented here. 

Texture classes are defined as a function of their clay and sand content. From texture and parent 

material class (Table 5.14 and Table 5.15), the weathering rate class is obtained from Table 5.16 

(modified from de Vries et al. 1993). The approximate weathering rate (in eq/ha/yr) for a non-

calcareous soil of depth z (in meters) is then computed as: 

(V.44) 

 

15 Earlier, the manual contained an equation developed by Olsson et al (1993). The equations were developed without considering 
soil depth, a parameter used in the critical load calculation. It is thus not applicable to critical load calculations. 
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𝑊𝐵𝐶 = 𝑧 ∗ 500(𝑊𝐶𝑙𝑎𝑠𝑠 − 0.5) ∗ 10(
𝐴

281
−

𝐴

273 − 𝑇
) 

where Wclass is the weathering rate class, T (°C) is the average annual (soil) temperature and 

A=3600 K (Sverdrup 1990). Note that in this equation, the temperature correction is given as a 

power to 10 whereas it was an exponential in equation V.39 of the 2004 Mapping Manual. 

For calcareous soil, for which critical loads for acidity are not really of interest, one could set, for 

example, Wclass=20 in eq. V.44, or read it out of Table 5.10 or Table 5.17. Using the FAO soil 

classification (FAO 1981), the parent material class has been defined for each soil type in 

Table 5.15 (updated from de Vries et al. 1993). 

The above procedure provides weathering rates for BC=Ca+Mg+K+Na which is equal to the 

neutralization power of the soil. However, for computing the critical ANC leaching according to 

eq. V.31 based on what is active in protecting plants in the BC/Al ratio, the weathering rate for 

Bc=Ca+Mg+K is needed. WBc can be approximated by multiplying WBc with a factor between 0.70 

for poor sandy soils and 0.85 for rich sandy soils with 0.75 on the average. Van der Salm et al. 

(1998) (for texture classes 2-5, see Table 5.12) and de Vries (1994) (for texture class 1) provide 

regression equations for weathering rates of Ca, Mg, K, and Na as a function of the sand (and silt) 

content of the soil, which can be used to split WBc into individual weathering rates. 

The correlation of these approximate values to observed weathering rates is not strong across 

Europe, but the use of these values is useful if they are applied in cumulative distributions of 

weathering rates for critical loads. They will give the approximate right pattern on a large-scale 

but are difficult to validate in single points. This is because the mistakes made are symmetrically 

distributed around the median and thus cancel out in cumulative distributions to a significant 

degree. 

Table 5.14:  Soil texture classes as a function of their clay and sand content (Eurosoil 1999). This 
is primarily designed for agricultural soils and soils with high clay content, which 
are suitable to the plains of coastal and central Europe. It is less suitable for hilly 
terrain, mountains, and the coarser soils of northern glaciated areas in general. The 
texture class is defined also in Table 5.11 and used in Table 5.16. 

Texture class Name Definition 

1 Coarse clay < 18 % and sand ≥ 65 % 

2 Medium clay < 35% and sand > 15 %, but 
clay ≥ 18 % if sand ≥ 65 % 

3 medium fine clay < 35% and sand < 15 % 

4 Fine 35 % ≤ clay < 60 % 

5 very fine clay ≥ 60 % 

Table 5.15:  Parent material classes for common FAO soil types (Posch et al. 2003b). 

Parent material FAO soil type 

Acidic: sand, gravel, granite, quartzite, gneiss (schist, 
shale, greywacke, coarse glacial till), silicious 
sandstones. 

Ah, Ao, Ap, B, Ba, Bd, Be, Bf, Bh, Bm, Bx, D, Dd, De, 
Dg, Gx, I, Id, Ie, Jd, P, Pf, Pg, Ph, Pl, Po, Pp, Q, Qa, Qc, 
Qh, Ql, Rd, Rx, U, Ud, Wd 
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Parent material FAO soil type 

Intermediate: Granodiorite, granitic with some dark 
minerals, loess, fluvial and marine sediments (schist, 
shale, greywacke, fine glacial till) 

A, Af, Ag, Bv, C, Cg, Ch, Cl, G, Gd, Ge, Gf, Gh, Gi, Gl, 
Gm, Gs, Gt, H, Hg, Hh, Hl, J, Je, Jm, Jt, L, La, Ld, Lf, Lg, 
Lh, Lo, Lp, Mo, R, Re, V, Vg, Vp, W, We 

Basic: Mafic minerals, gabbro, basalt, dolomite, 
limestone, volcanic deposits, carbonaceous 
sandstones 

F, T, Th, Tm, To, Tv 

Organic soils, peats O, Od, Oe, Ox 

Table 5.16:  Weathering rate classes (WClass) as a function of texture and parent material 
classes (Posch et al. 2003b). 

Parent 
material 

Texture class Table 5.11 or Table 5.14 

1 2 3 4 5 

Acidic 1 3 3 6 6 

Intermediate 2 4 4 6 6 

Basic 2 5 5 6 6 

Organic Class 6 for Oe and class 1 for other organic soils 

5.3.2.3.3.3.5 The Skokloster assignment 

The Skokloster assignment is a method devised at the Critical Loads Workshop at Skokloster 

(Sweden, Table 1, p. 40 in Nilsson and Grennfelt 1988). Some details can be found in the section 

on empirical acidity critical loads (section 5.2.2). However, this method can be used to make 

rough estimates of the weathering rate of a soil and used as input data for the SMB method or to 

constrain models that do not have their own weathering rates such as MAGIC or VSD. Large-

scale patterns are usually displayed correctly, but small-scales tend to be inaccurate. It is not 

very accurate on a site-by-site basis. 

Table 5.17:  An updated version of the Skokloster table from 1988 (Sverdrup and Warfvinge 
(1988b), Grennfelt and Nilsson (1988), updated by Sverdrup 2016). 

Mineral class Type of soils Weathering, 103 eq/ha/yr. 

% content of minerals 

100% 30% 3% 0.3% 

Very fast 
weathering 

Calcareous soils, fine-grained dark mineral dominated 
soils, basic basaltic, and mafic minerals 

25 15 10 3 

Fast 
weathering 

Dark mineral dominated soils, basic basaltic, mafic 
minerals, and traces of carbonate minerals from deeper 
layers 

15 10 3 0.3 

Intermediate Fine-grained normal soils, brown soils, rich soils for 
agriculture, very fine-grained granitic soils 

5 2 0.2 0.05 

Slow 
weathering 

Granitic and gneissic materials, most coarse soils, and 
old weathered soils 

2 0.6 0.2 0.02 
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Mineral class Type of soils Weathering, 103 eq/ha/yr. 

% content of minerals 

100% 30% 3% 0.3% 

Near inert Tropical weathered soils, quartzitic soils, high content 
of quartz, and slow weathering minerals 

0.3 0.2 0.05 0.01 

5.3.2.3.3.4 Other methods 

When specialised data is available there are a number of ways the weathering can be estimated. 

None of the methods are particularly well suitable for large-scale weathering rate mapping. The 

methods are: 

► Historic weathering rate 

⚫ The ZrO2 or TiO2 depletion method, assuming zircon or rutile to be inert to determine 

lost mass and divide by soil age. In Scandinavia, this varies from 14,000 years in the 

south to 8,000 years in the north. 

⚫ The mineralogy depletion method, using either quartz or the soil profile bottom 

composition as standard (Sverdrup and Warfvinge 1988a, 1988c, 1995, Sverdrup et al., 

1995, Sverdrup 1990). 

⚫ The profile depletion method, using bedrock composition as standard based on 

quantitative mineralogy or total analysis of the underlying bedrock, assuming this to be 

the origin of the soil minerals. 

► Present weathering rate 

⚫ The Sr-isotope method (Calcium weathering only), where Sr is used as a tracer in a 

budget study. 

⚫ Budget studies.  

◼ Weathering rates can also be estimated from budget studies of small catchments 

(see, e.g., Paces 1983) where the fluxes have been measured. Be aware that budget 

studies can easily overestimate weathering rates where there is significant cation 

release due to weathering of the bedrock. Other confounding factors are net release 

of base cations from decomposition of organic matter because of climate change and 

leaching from ion exchange complex because of acid soil water (lack of steady state 

with respect to acid rain).  

◼ Calibration of a model biogeochemical model, fitting the weathering rate. This is in 

essence a budget study. MAGIC is an example of such a model. 

► Base mineral index, a crude estimate based on the content of dark and heavy minerals 

(Sverdrup et al., 1990). 

Other methods are listed and described in Sverdrup et al. (1990), Warfvinge and Sverdrup 

(1993) and Sverdrup and Warfvinge (1996) and Sverdrup et al., (1995). 

5.3.2.3.3.5 Normative reconstruction of mineralogy from total analysis. 

The mineralogy can be backcalculated from the total analysis made on a soil. The UPPSALA 

model was developed for this purpose in Sweden. It has since been used for many sites in central 



TEXTE Manual on Methodologies and Criteria for Modelling and Mapping Critical Loads and Levels and Air Pollution 
Effects, Risks, and Trends 

196 

 

and northern Europe and in North America. Despite its large simplifications, it seems to perform 

quite well when it is tested (Warfvinge and Sverdrup 1992, 1993, Sverdrup and Warfvinge 1992, 

1993, Sverdrup et al., 1990). For converting total analysis databases to mineralogy, it was quite 

useful. The UPPSALA model is a normative backcalculation model for reconstructing the 

mineralogy from the total analysis. The model assumes prior knowledge of the stoichiometric 

composition of the minerals. The mineral names are groupings of soil minerals. 

The following data are needed: Total analysis (full digestion without residual) expressed as 

weight % of CaO, MgO, N2O, K2O, AL2O3, P2O5, SiO2. If Fe2O3 is available, it may be useful for 

further distinction. If some determination exists of which minerals are present or absent, then 

that may be of assistance for estimating minerals like hornblende, biotite, pyroxenes or olivines. 

The mineral groups are as follows: 

► K-feldspar is assumed to have a 10% albite feldspar component. The K-feldspars are 

sanidine, orthoclase, and microcline. 

► The plagioclase group has been assumed to be oligoclase with 15% anorthite component. 

► All phosphorus has been attributed to the apatite group. 

► The hornblende group includes all amphiboles. 

► The muscovite group comprise muscovite and di-octahedral secondary or altered minerals 

like sericite and lightly weathered illites. 

► The chlorite group comprise trioctahedral clay minerals, biotite, and glauconite. If Fe2O3 is 

available, that may be used to differentiate between biotite (with iron) and chlorite (without 

iron). 

► The epidote group comprises all epidotes, zoisites, garnets, olivines and pyroxenes. 

► The vermiculite group comprise vermiculite, montmorillonite, and weathered illites. 

► The quartz group is just quartz, all the silica that cannot be accounted for in other minerals. 

► The model is executed as an ordered sequence in 11 steps in a spreadsheet as shown in 

Table 5.18, giving 9 different minerals. 

Potassium is put into the K-Feldspar group and the muscovite group and a little in plagioclase (1, 

2, 5). Magnesium is put into chlorite group, and hornblende (4, 5, 6). Sodium is put into the 

plagioclase, apatite, epidote, and hornblende groups. From residual aluminium (9) we make the 

vermiculite group (10, 11). All SO2 bound into the created minerals is subtracted from the SO2 in 

the total analysis, and what is left is assigned to quarts (8). The calculation is checked by 

calculating the amount of quartz (8), and only such sites which lie within the range 95–105% are 

accepted. It is advisable to keep track of how much of the oxides that are used up in each step on 

a parallel sheet. When no more adequate ions are available for the formation of a mineral, then 

the content of that mineral is set to zero. If more sophisticated estimates are required, the A2M 

procedure could be used (Posch and Kurz 2007). 

Table 5.18:  The 11 steps of the UPPSALA model. 

1 K-Feldspar = Max(0,5.88*K2O – 0.588*Na2O) 

2 Plagioclase = Max(0,11.1*Na2O – 0.22*K – Feldspar) 

3 Apatite = 2.24*P2O5 
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1 K-Feldspar = Max(0,5.88*K2O – 0.588*Na2O) 

4 Hornblende = Max(0,6.67*CaO – 3.67*Apatite – 0.2*Plagioclase) 

5 Muscovite = Max(0,2.08*K2O – 0.208*Na2O) 

6 Chlorite = Max(0,3.85*MgO – 0.39*Hornblende – 0.39*Muscovite) 

7 Epidote = Max(0,0.1*Hornblende + 0.03*Plagioclase – 0.3) 

8 Quartz = SiO2 – 0.63*Plagioclase – 0.68*K – Feldspar – 0.38*Muscovite – 0.33*Chlorite 
– 0.45*Hornblende – 0.42*Epidote 

9 Al-residual = AI2O3 – 0.1*Plagioclase – 0.1*K – Feldspar-0.26*Muscovite – 0.09*Chlorite – 
0.01*Hornblende – 0.025*Epidote 

10 Delta = Quartz+Plagioclase + K-Feldspar + Muscovite + Chlorite + Hornblende + 
Epidote +Apatite 

11 Vermiculite = Min(Al-residual, Max(0,(100%-Delta)))] 

5.4.2.3.4 Base cation uptake 

The uptake flux of base cations, Bcu, entering the critical load calculations is the long-term 

average removal of base cations from the ecosystem. The 2uptake fluxes should be calculated for 

the individual base cations (Ca, Mg and K) separately. The considerations and calculations are 

exactly the same as for the uptake of N (see Section 5.3.1). Average contents of Ca, Mg, and K in 

stems and branches can be found in Table 5.8 (see also Jacobsen et al. 2002). Values have to be 

multiplied by 2/40.08, 2/24.31, and 1/39.10 for Ca, Mg and K, respectively, to obtain contents in 

eq/kg. 

The (long-term) net uptake of base cations is limited by their availability through deposition and 

weathering (neglecting the depletion of exchangeable base cations). Furthermore, base cations 

will not be taken up below a certain concentration in soil solution, nor due to other limiting 

factors, such a temperature. Thus, the values entering critical load calculations should be 

constrained by: 

Yu ≤ Ydep, + Yw – Q · [Y]min 

(V.45) for 

Y = Ca, Mg, K 

This is preferable to constraining the sum Bcu = Cau+Mgu+Ku (see eq. V.31). Suggested values are 

5 meq/m3 for [Ca]min and [Mg]min, and zero for [K]min (Warfvinge and Sverdrup 1992). It should 

also be considered that vegetation takes up nutrients in fairly constant (vegetation-specific) 

ratios. Thus, when adjusting the uptake value for one element, the values for the other elements 

(including N) should be adjusted proportionally. 

5.4.2.4 Possible extensions to the SMB model 

In the following section, three suggestions are made for generalising the SMB model, with the 

idea of improving the critical load calculations but also with the aim to enhance the 

compatibility with dynamic models. All three suggestions are ‘backwards compatible’, (i.e., by 

setting key parameters to zero the original SMB model is obtained). For an earlier discussion of 

these extensions see also Posch (2000). 

a) Generalisation of the Al-H relationship 

In the SMB model the relationship between Al concentration and pH is described as gibbsite 

equilibrium (see eq. V.21). However, Al concentrations, especially in the topsoil, can be 

influenced by the complexation of Al with organic matter (Cronan et al. 1986, Mulder and Stein 

1994). Therefore, the gibbsite equilibrium in the SMB model could be generalised by: 
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(V.46) 

[Al] = KAlox · [H]a 

with equilibrium constant KAlox and exponent a. Obviously, the gibbsite equilibrium is a special 

case of eq. V.46 (setting a=3 and KAlox=Kgibb). The exponent a and KAlox depend on the soil type and 

especially on the soil horizon. As an example, in Table 5.19 values for KAlox and a are presented 

for different soil groups and soil depths derived from several hundred Dutch forest soil solution 

samples (see Van der Salm and De Vries 2001). 

Table 5.19:  Estimated values of KAlox and the exponent a based on regression between pAl and 
pH in the soil solution of Dutch forests (N = number of samples). 

Soil type Depth (cm) log10 KAlox
a) a N 

All humus layer -1.03 1.17 275 

Sandy soils 0–10 3.54 2.26 274 

 10–30 5.59 2.68 377 

 30-100 7.88 3.13 271 

Loess 0-10 -0.38 1.04 45 

soils 10-30 3.14 1.83 46 

 30-100 4.97 2.21 40 

Clay all depths 4.68 2.15 152 

Peat all depths 1.41 1.85 163 

a) Values for KAlox are derived from [Al] and [H] in mol/L; the unit of KAlox depends on a and is (mol/L)1-a. 

The data in Table 5.19 show that a standard gibbsite equilibrium constant and a=3 is reasonable 

for (Dutch) sandy soils. Very different values, however, are obtained for peat soils and, to a 

lesser extent, also for loess and clay soils, especially for shallow parts of the soil, where the 

organic matter content is highest. Data from intensive forest monitoring plots show that there is 

a strong correlation between a and log10KAlox (De Vries et al. 2003, p. 118), which emphasises 

that these two parameters cannot be chosen independently. 

Figure 5.8 shows the relationship between [H] and [Al] as well as its logarithmic form for 

different values of KAlox and a. Defining pX=–log10[X], with [X] given in mol/L, one has pH=3–

log10([H]), if [H] is expressed in eq/m3; and for [Al] in eq/m3 the relationship is pAl=3–

log10([Al]/3). 
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Figure 5.8:  Relationships between H and Al concentration in eq/m3 (left) and in their 
logarithmic forms (right) for KAlox= 101, a=2 and KAlox=104.5, a=1.3 (solid lines) as well 
as three gibbsite equilibria (a=3) with Kgibb=107, 108 and 109 (dashed lines). Note: 
[H]=0.1 eq/m3 corresponds to pH=4. 

 

Source: This figure is adopted from a previous version of Chapter 5 of the Mapping Manual 

Note that, when using eq. V.46 instead of eq. V.28, the formulae for ANCle,crit have to be adapted 

as well (mostly replacing the exponent 3 by a and 1/3 by 1/a). 

b) Including bicarbonate leaching 

The charge balance (eq. V.9) and the definition of ANC leaching in eq. V.10 also includes the 

leaching of bicarbonate anions (HCO3,le=Q·[HCO3]). The concentration of bicarbonates is a 

function of the pH: 

(V.47) 

[𝐻𝐶𝑂3] =
𝐾1 ⋅ 𝐾𝐻 ⋅ 𝑝𝐶𝑂2

[𝐻]
 

where K1 is the first dissociation constant, KH is Henry’s constant and pCO2 is the partial pressure 

of CO2 in the soil solution (in atm). The two constants are weakly temperature-dependent, and 

the value for their product at 8°C is K1·Kh =10-1.7=0.02 eq2/m6/atm. For systems open to the 

atmosphere, pCO2 is about 370 ppm or 3.7·10-4 atm (in the year 2000). However, in soils pCO2 is 

generally higher (ranging from 10-2 to 10-1 atm, Bolt and Bruggenwert 1976), due to respiration 

and oxidation of below-ground organic matter. Respiratory production of CO2 is highly 

temperature dependant (e.g., Witkamp 1966); based on soil temperature and mean growing 

season soil pCO2, Gunn and Trudgill (1982) derived the following relationship: 

(V.48) 

Log10pCO2 =–2.38 + 0.031·T 

where T is the (soil) temperature (°C). Brook et al. (1983) present a similar regression equation 

based on data for 19 regions of the world. In the absence of data or such relationships, the 

following default ranges have been suggested (Bouten et al., 1987): 5–10 times atmospheric 

pressure in the organic layer, 5–15 times atmospheric pressure in the E-layer, 15–20 times 

atmospheric pressure in the B-layer and 15-30 times atmospheric pressure in the upper C-layer. 
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For pCO2=0.0055 atm (about 15 times the partial CO2 pressure in air) and Q=0.3 m/yr, eq. V.47 

yields a bicarbonate leaching of almost 100 eq/ha/yr at pH=5.5, not always a negligible quantity. 

Therefore, it would make sense to include the bicarbonate leaching into the SMB model. Not only 

would this make critical loads more compatible with steady-state solutions of dynamic models, 

but it is also the only way to allow the ANC leaching to obtain positive values. Eq. V.27 would 

than read: 

(V.49) 

ANCle = –Hle – Alle + HCO3,le = Q · ([HCO3 ] – [H] – [Al]) 

All chemical criteria could be used since bicarbonate leaching could always be calculated from 

Hle via eq. V.47. We illustrate the influence of bicarbonates on the ANC leaching by re-drawing 

Figure 5.6, but now using eq. V.49 to calculate the ANC leaching. Comparing Figure 5.9 with 

Figure 5.6 illustrates that, depending on the parameters of the site, bicarbonate leaching can 

make a significant contribution to the overall ANC leaching. 

Figure 5.9:  Critical ANC leaching (for Q=1 m/yr) including bicarbonate leaching as a function of 
the critical base saturation, EBc,crit, using the same parameters as in Figure 5.5. 

 

Source: This figure is adopted from a previous version of Chapter 5 of the Mapping Manual 

c) Including the dissociation of organic acids  

The charge balance (eq. V.9) and the definition of ANC leaching in eq. V.10 also include the 

leaching of organic anions (RCOOle). This has been neglected in the SMB model for (at least) two 

reasons: (i) to keep the SMB model simple, and/or (ii) due to the assumption that the negatively 

charged organic anion concentration balances the positively charged organic Al-complexes. 

However, this does not hold for a wide range of pH values, and at sites with high concentrations 

of organic matter the contribution of organic anions to ANC leaching can be considerable. 

Since it is difficult to characterise (let alone model) the heterogeneous mixture of naturally 

occurring organic solutes, so-called ‘analogue models’ are used. The simplest assumes that only 

monovalent organic anions are produced by the dissociation of dissolved organic carbon: 

(V.50) 
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[𝑅𝐶𝑂𝑂−] =
𝑚 ⋅ 𝐷𝑂𝐶 ⋅ 𝐾1
𝐾1 + [𝐻]

 

where DOC is the concentration of dissolved organic carbon (in molC/m3), m is the 

concentration of functional groups (the ‘charge density’, in mol/molC) and K1 the dissociation 

constant. Both DOC and m are site-specific quantities. While DOC estimates are often available, 

data for m are less easy to obtain. For example, Santore et al. (1995) report values of m between 

0.014 for topsoil samples and 0.044 mol/molC for a B-horizon in the Hubbard Brook 

experimental forest in New Hampshire. 

Since a single value of K1 does not always model the dissociation of organic acids satisfactorily, 

Oliver et al. (1983) have derived an empirical relationship between K1 and pH: 

(V.51) 

with a=0.96, b=0.90 and c =0.039 (and m=0.120 mol/molC). Note that eq. V.51 gives Ki in mol/L. 

In Figure 5.10, the fraction of m-DOC dissociated as a function of pH is shown for the Oliver 

model and a monoprotic acid with a ‘widely-used’ value of pKi=4.5. 

pK1 =–log10 K1 = a + b · pH – c · (pH)2 

Figure 5.10:  Fraction of organic acids (m-DOC) dissociated as a function of pH for the Oliver 
model (solid line) and the mono-protic model (eq.5.46) with pK1=4.5 (dashed line). 

 

Source: This figure is adopted from a previous version of Chapter 5 of the Mapping Manual 

Figure 5.9 shows that, depending on the amount of DOC, the contribution of organic anions to 

the ANC leaching, even at fairly low pH, can be considerable. 

Other models for the dissociation of organic acids have been suggested and are utilised in 

dynamic models, such as di- and tri-protic analogue models (see, e.g., Driscoll et al. 1994), or 

more detailed models of the speciation of humic substances, such as the WHAM model (Tipping 

1994). Any model could be used for the calculation of critical loads as long as the dissociation 

depends only on [H], so that a critical leaching of organic anions can be derived from [H]crit (or 

[Al]crit). 

5.5 Critical loads for aquatic ecosystems 

The purpose of critical loads for aquatic ecosystems (Posch et al. 2015; Curtis et al. 2015) is to 

estimate the maximum deposition(s) below which ‘significant harmful effects’ on biological 

species do not occur. Similar to terrestrial ecosystems, the links between water chemistry and 
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biological impacts cannot be modelled adequately at present (see also Wright and Lie 2002). As 

such, water quality criteria are generally used to derive critical loads for aquatic ecosystems. 

In this section we deal only with the modelling of critical loads of acidity for aquatic ecosystems. 

The models are restricted to freshwater systems since models for marine ecosystems do not 

seem to exist. Empirical critical loads of nitrogen for eutrophication for fresh waters, as well as 

coastal and marine habitats, can be found in section 5.2. 

The following description is largely based on the review by Henriksen and Posch (2001) but 

amended with new or additional information where available. Three models for calculating 

critical loads of acidifying N and S deposition are described. Models of critical loads for surface 

waters also include their terrestrial catchments to a greater or lesser extent. Therefore, it is 

advised to consult section 5.3 for some of the terminology and variables used in the context of 

critical loads for soils. 

5.5.1 The steady-state water chemistry (SSWC) model 

5.5.1.1 Model derivation 

The critical load of a lake or stream can be derived from present day water chemistry using the 

SSWC model, if weighted annual mean values, or estimates thereof, are available. It assumes that 

all sulphate (SO42-) in runoff originates from sea salt spray and anthropogenic deposition (no 

adsorption or retention). The model uses Acid Neutralising Capacity (ANC) as the variable 

linking water chemistry to sensitive indicator organisms in freshwaters. 

In the SSWC model (Sverdrup et al. 1990, Henriksen et al. 1992, Henriksen and Posch 2001; 

Curtis et al. 2015) a critical load of acidity, CL(A), is calculated from the principle that the acid 

load should not exceed the non-marine, non-anthropogenic base cation input and sources and 

sinks in the catchment minus a buffer to protect selected biota from being damaged, in other 

words:  

(V.52) 

CL(A) = BC*dep + BCw – Bcu – ANClimit 

 where BC*dep (BC=Ca+Mg+K+Na) is the sea-salt corrected (with Cl as a tracer; see Chapter 2) 

non-anthropogenic deposition of base cations, Bcw is the average weathering flux, Bcu 

(Bc=Ca+Mg+K) is the net long-term average uptake of base cations in the biomass (i.e., the 

annual average removal of base cations due to harvesting), and ANClimit the lowest ANC-flux that 

does not damage the selected biota. Since the average flux of base cations weathered in a 

catchment and reaching the lake is difficult to measure or to compute from available 

information, a critical load equation that uses water quality data alone has been derived. 

In pre-acidification times the non-marine flux of base cations from the lake, BC*0, is given by (all 

parameters are expressed as annual fluxes, e.g., in eq/m2/yr): 

(V.53) 

BC*0 = BC*dep + BCw – Bcu 

Thus, we have for the critical load from eq. V.52: 

(V.54) 

CL(A) = BC*0 – ANClimit = Q · ([BC*]0 – [ANC]limit)ds 
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where the second identity expresses the critical load in terms of the catchment runoff Q (in 

m/yr) and concentrations ([X]= X/Q). To estimate the pre-acidification flux of base cations we 

start with the present flux of base cations, BC*t, given by: 

(V.55) 

BC*t = BC*dep + BCw – Bcu + BCexc 

where BCexc is the release of base cations due to ion-exchange processes. Assuming that 

deposition, weathering rate, and net uptake have not changed over time, we obtain BCexc by 

subtracting eq. V.49 from eq. V.55: 

(V.56) 

BCexc = BC*t – BC*0 

This present-day excess production of base cations in the catchment is related to the long-term 

changes in inputs of non-marine acid anions by the so-called F-factor (see below): 

(V.57) 

BCexc = F · (ΔSO*4 + ΔNO3) 

For the pre-acidification base cation flux we thus get from eq. V.56 (ΔX = Xt–X0): 

(V.58) 

BC*0 = BC*t – F · (SO*4,t – SO*4,0 + NO3,t – NO3,0) 

The pre-acidification nitrate concentration, NO3,0, is generally assumed zero. 

5.5.1.2 The F-factor 

According to eqs.V.56 and V.57, and using concentrations instead of fluxes, the F-factor is 

defined as the ratio of change in non-marine base cation concentrations due to changes in strong 

acid anion concentrations (Henriksen 1984, Brakke et al. 1990): 

(V. 59) 

F = ([BC*]t –[BC*]0)/([SO*4]t –[SO*4]0 + [NO3]t –[NO3]0) 

where the subscripts t and 0 refer to present and pre-acidification concentrations, respectively. 

If F=1, all incoming protons are neutralised in the catchment (only soil acidification), at F=0 

none of the incoming protons are neutralised in the catchment (only water acidification). The F-

factor was estimated empirically to be in the range 0.2–0.4, based on the analysis of historical 

data from Norway, Sweden, USA, and Canada (Henriksen 1984). Brakke et al. (1990) later 

suggested that the F-factor should be a function of the base cation concentration:  

(V.60)  

𝐹 = sin (
𝜋

2
[𝐵𝐶∗]𝑡 [𝑆]⁄ ) 

where [S] is the base cation concentration at which F=1; and for [BC*]t>[S] F is set to 1. For 

Norway [S] has been set to 400 meq/m3 (ca. 8 mgCa/L) (Brakke et al. 1990). 

In eq. V. 60 the present base cation concentration is used for practical reasons. To render the F-

factor independent from the present base cation concentration (and to simplify the functional 

form), Posch et al. (1993) suggested the following relationship between F and the pre-

acidification base cation concentration [BC*]0: 

(V.61) 
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F = 1 – exp(–[BC*]0/[B]) 

where [B] is a scaling concentration estimated to be 131 meq/m3 from paleolimnological data 

from Finland (Posch et al. 1993). Inserting this expression into eq. V.55 gives a non-linear 

equation for [BC*]0 which has to be solved by an iterative procedure. The two expressions for the 

F-factor give similar results when used to calculate critical loads for surface waters in Norway 

(see Henriksen and Posch 2001). 

The use of the F-factor, defined as a function of the base cation concentration (Henriksen 1984), 

was originally derived from Norwegian lake data. In Norway the range of runoff is wide (0.3–

5 m/yr), with an average of about 1 m/yr. In other Nordic countries, such as Sweden and 

Finland, runoff is low compared to most of Norway. The weathering rate of a catchment is 

largely dependent on the bedrock and overburden. Thus, catchments with similar bedrock and 

overburden characteristics should have similar weathering rates. If one catchment has a high 

runoff (e.g., 2 m/yr), and another one has a low runoff (e.g., 0.3 m/yr), their base cation fluxes 

will be similar, but their concentrations will differ considerably. Thus, in the F-factor (eq. V.60) 

the BC-flux should be used instead of the concentration (Henriksen and Posch 2001):  

(V.62)  

𝐹 = sin (
𝜋

2
𝑄 ⋅ [𝐵𝐶∗]𝑡 𝑆⁄ ) 

where S is the base cation flux at which F=1. For Norway, S has been estimated at 400 

meq/m2/yr. Again, if Q·[BC*]t>S, F is set to 1. Similarly, fluxes could be introduced for the 

formulation in eq. V.61. 

5.5.1.3 The non-anthropogenic sulphate concentration 

The pre-acidification sulphate concentration in lakes, [SO*4]0, is assumed to consist of a constant 

atmospheric contribution and a geologic contribution proportional to the concentration of base 

cations (Brakke et al. 1989): 

(V.63) 

[SO*4]0 = a + b · [BC*]t 

The coefficients in this equation, estimated for different areas and by different authors, are 

summarised in Table 5.20. 

Table 5.20:  Constants to estimate the non-anthropogenic sulphate concentration with eq. V.63, 
derived from empirical data (N is the number of samples and r is the correlation 
coefficient). 

a 
(meq/m3) 

b N r Reference 

15 0.16 143 0.38 Lakes, Norway (Brakke et al 1989) 

8 0.17 289 0.78 Lakes, Norway (Henriksen and Posch 2001) 

5 0.05 n.g. n.g. Groundwater, Sweden (Wilander 1994) 

14 0.10 61 0.29 Lakes, Finland (Posch et al. 1993) 

19 0.08 251 0.66 
Lakes, N. Norway+Finland+Sweden (Posch et al. 
1997) 

9.5 0.08 60 0.66 Lakes, Ireland (Aherne et al. 2002) 
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Details on the procedures and data sources for estimating these coefficients can be found in the 

references given. In Henriksen and Posch (2001) it is shown that the exceeded area for 

Norwegian lakes (in 1994) is influenced very little by the choice of coefficients for calculating 

non-anthropogenic sulphate. Similar results have been reported for Irish lakes (Aherne and 

Curtis 2003). 

Larssen and Høgåsen (2003) suggested that the atmospheric contribution in eq. V.63 be derived 

from background S deposition, as estimated by atmospheric transport models:  

(V.64) 

[SO*
4]0 = Sdep,0/ Q + b · [BC*]t 

For southern Norway, Sdep,0 is about 50 mgS/m2/yr from the EMEP long-range transport model, 

(i.e., about 3 meq/m2/yr). With Q varying between 0.5 and 1 m/yr, this results in an atmospheric 

contribution to [SO*
4]0 of about 3–6 meq/m3. 

The SSWC model has been developed for and is particularly applicable to dilute oligotrophic 

waters located on granitic and gneissic bedrock with thin overburden, such as large parts of 

Fennoscandia, Scotland, Canada, and Ireland. In such areas, surface waters are generally more 

sensitive to acid inputs than soils. The model assumes that all sulphate in runoff originates from 

deposition alone, except for a small geologic contribution. In areas where the geological 

conditions lead to more alkaline waters, the SSWC model has to be modified, since significant 

amounts of sulphate from geological sources can be present in the runoff water. A modification 

for this kind of conditions has been developed for Slovakia (Závodský et al. 1995). 

5.5.1.4 The ANC-limit 

Lien et al. (1996) analysed the status of fish and invertebrate populations in the context of 

surface water acidification and loss of ANC in Norwegian lakes and streams. The data for fish 

came from populations in 1,095 lakes, mostly from the regional lake survey carried out in 1986 

(Henriksen et al. 1988, 1989). The critical level of ANC varied among fish species, with Atlantic 

salmon being the most sensitive, followed by brown trout. They concluded that Atlantic salmon 

appeared to be a good indicator for acidification of rivers, and trout seemed to be a useful 

indicator for acidification of lakes. Based on an evaluation of fish and invertebrate populations, a 

critical lower limit of [ANC]=20 meq/m3 was suggested as the tolerance level for Norwegian 

surface waters (Lien et al. 1996; see Figure 5.11). This limit has been widely used (Kola, 

northern Russia: Moiseenko 1994; southern central Alps: Boggero et al. 1998; China: Duan et al. 

2000); however, it has been set to zero in the United Kingdom (CLAG 1995) and to 40 meq/m3 in 

south-central Ontario, Canada (Henriksen et al. 2002). 
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Figure 5.11:  Relationship between the ANC concentration in lake water and the probability for 
damage and extinction of fish (brown trout) populations in lakes, derived from 
Norwegian data (after Lien et al. 1996). 

 

Source: This figure is adopted from a previous version of Chapter 5 of the Mapping Manual 

Lydersen et al. (2004) argued that the ANC-limit should be corrected with the amount of organic 

acids present in the lake. They also showed that the fit between observed fish status and ANC 

can be (slightly) improved, if an ‘organic acid adjusted’ ANC, [ANC]oaa, is used. Using critical 

limits for [ANC]oaa, the critical ANC-limit is obtained as: 

(V.65) 

[𝐴𝑁𝐶]𝑙𝑖𝑚𝑖𝑡 = [𝐴𝑁𝐶]𝑜𝑎𝑎,𝑙𝑖𝑚𝑖𝑡 +
1

3
⋅ 𝑚 ⋅ 𝑇𝑂𝐶 

where m·TOC is the total organic carbon expressed in meq/m3 (m being the charge density). 

Values for [ANC]oaa,limit for different fish species can be found in Lydersen et al. (2004). 

Figure 5.10 indicates that in the ANC range 0–50 meq/m3 there is a decreasing probability from 

about 50% to 0% of damage to fish populations. The lakes studied receive very low to very high 

(for Norway) levels of deposition, thus including a wide range of affected lakes. This implies that 

for a given ANC-value lakes of varying sensitivity exist, receiving varying amounts of deposition. 

This could reflect that fish have responded to the same ANC differently in different lakes, 

indicating that a catchment-dependent ANC-limit would be more appropriate than a fixed value 

for all lakes. In other words, every lake has its own characteristic ANC-limit (in the range shown 

in Figure 5.11). Less sensitive lakes (i.e., lakes with higher critical loads) should have a higher 

ANC-limit, since less sensitive ecosystems will have a higher biological variety/diversity and 

thus require a higher ANC-limit to keep that diversity intact. The simplest functional relationship 

with this feature is a linear relationship between [ANC]limit and the critical load CL: 

(V.66) 

[ANC]limit = k · CL 

This gives the following implicit equation for the critical load (see eq. V.54):  

(V.67)  

CL = Q ·([BC*]0 – k · CL) 

which yields after re-arranging for CL: 

(V.68) 
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CL = Q · [BC*]0/(1 + k · Q) 

and thus from eq. V.66: 

(V.69) 

[ANC]limit = k · Q · [BC*]0/(1 + k · Q) 

This is a special case of a more general expression derived earlier using somewhat different 

arguments (Henriksen et al. 1995). They derived a k-value by assuming that for a critical load of 

200 meq/m2/yr the ANC-limit should not exceed 50 meq/m3, resulting in k = 50/200 = 0.25 

yr/m (see eq. V.66). In addition, 50 meq/m3 was set as upper boundary for [ANC]limit. The value 

of k was derived from experience in the Nordic countries and, as such, reflects the geology, 

deposition history, and biological diversity (fish species) of that region. For different regions 

other k-values may be more appropriate. 

The lake-dependent ANC-limit has also been derived for the organic acid adjusted ANC-limit, 

resulting in the expression (Hindar and Larssen 2005): 

(V.70) 

[𝐴𝑁𝐶]𝑜𝑎𝑎,𝑙𝑖𝑚𝑖𝑡 = 𝑘 ⋅ 𝑄 ⋅ ([𝐵𝐶
∗]0 −

1

3
⋅ 𝑚 ⋅ 𝑇𝑂𝐶) (1 + 𝑘 ⋅ 𝑄)⁄  

Inserting this expression into eq. V.65 gives the ANC-limit for the CL calculation. Also, the k-value 

has been adjusted to k = 0.2, and the upper boundary to 40 meq/m3 (Hindar and Larssen 2005). 

5.5.2 The empirical diatom model 

The empirical diatom model is an alternative approach to the SSWC model and is developed 

from paleolimnological data (Battarbee et al. 1995). Diatom assemblages in cores from acidified 

lakes usually show that prior to acidification the diatom flora, and therefore water chemistry, 

changed little over time. The point of acidification is indicated by a shift towards a more 

acidophilous diatom flora. Diatoms are amongst the most sensitive indicators of acidification in 

freshwater ecosystems; hence it can be argued that the point of change in the diatom record 

indicates the time at which the critical load for the site was exceeded. 

The acidification status (as defined by diatom analyses) of 41 sites in the United Kingdom (UK) 

was compared to site sensitivity (defined by lake-water calcium concentrations) and current 

deposition loading. The optimal separation of acidified and non-acidified sites is given by a [Ca]: 

Sdep ratio of 94:1 (Battarbee et al. 1995), acidified sites having a ratio less than 94:1. This critical 

ratio, determined by logistic regression, can be used to define critical sulphur loads for any site, 

including streams. Critical load values are calculated from preacidification calcium 

concentrations using the F-factor (Brakke et al. 1990). For example, the critical sulphur load for 

a lake with a [Ca]0-value of 40 meq/m3 is approximately 0.43 keq/ha/yr. 

The diatom model has been adapted to provide critical loads, and critical load exceedances, for 

total acidity (sulphur and nitrogen). Exceedance values for total acidity require a measure of the 

fraction of deposited nitrogen leached to the surface waters. This is calculated from the 

differences between the ratios of sulphate/nitrate in the water and in the deposition at the site. 

In this way the fraction of the nitrogen deposition contributing to acidification, aw, is added to 

the value of sulphur deposition to provide a total ‘effective’ acid deposition: 

(V 71) 

𝑎𝑁 =
𝑆𝑑𝑒𝑝
∗

𝑁𝑑𝑒𝑝

[𝑆𝑂4
∗]

[𝑁𝑂3]
⁄  
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This model assumes equilibrium between sulphur deposition and sulphate in water, and only 

applies to sites with no additional catchment nitrogen inputs. The diatom model has been re-

calibrated for total acidity loads by substituting total effective acid deposition for sulphur 

deposition. The resulting critical ratio is 89:1, slightly lower than when considering sulphur 

alone. The basic equation for the critical load of total acidity in the empirical diatom model is 

therefore as follows: 

(V.72) 

𝐶𝐿(𝐴) =
[𝐶𝑎∗]0
89

 

where CL(A) is in keq/ha/yr and [Ca*]0 in meq/m3. The pre-acidification Ca-concentration is 

calculated as: 

(V.73) 

[Ca*]0 =[Ca*]t –F · ([SO*
4]t –[SO*]0 + [NO3]t –[NO3]0) 

with 

(V.74) 

𝐹𝐶𝑎 = sin (
𝜋

2
[𝐶𝑎∗]𝑡 [𝑆𝐶𝑎]⁄ ) 

and [SCa] is the Ca-concentration at which FCa=1. It can vary between 200 and 400 meq/m3, 

depending on location. In the UK, critical loads mapping exercise a value of [SCa]=40 meq/m3 has 

been used, and in waters with [Ca*]t>[SCa], FCa was set to 1. The pre-acidification nitrate 

concentration, [NO3]0, is assumed zero. The pre-acidification sea-salt corrected sulphate 

concentration, [SO4*]0, is estimated according to eq. V.63 (Brakke et al.1989). 

The diatom model has been calibrated using sites and data from the UK. However, a major 

advantage of the approach is that predictions for any lake can be validated by analysing diatoms 

in a sediment core. In this way the applicability of the model to sites outside the UK can be 

tested. 

5.5.3 The first-order acidity balance (FAB) model 

The First-order Acidity Balance (FAB) model for calculating critical loads of sulphur (S) and 

nitrogen (N) for a lake considers sources and sinks within the lake and its terrestrial catchment. 

The original version of the FAB model has been developed and applied to Finland, Norway, and 

Sweden in Henriksen et al. (1993) and further described in Posch et al. (1997). A modified 

version was first reported in Hindar et al. (2000) and is described in Henriksen and Posch 

(2001). A comprehensive summary can also be found in Posch et al. (2012b). The FAB model is 

designed to be equivalent to the Simple Mass Balance model for a catchment, and it largely 

follows its derivation (see section 5.4), the main difference being that the leaching of ANC is 

modelled according to the SSWC model (see section 5.5.1). 

5.5.3.1 Model derivation 

The lake and its catchment are assumed small enough to be properly characterised by average 

soil and lake water properties. With A we denote the total catchment area (lake + terrestrial 

catchment), Al is the lake area, Af the forested area and Ag the area covered with grass/heath 

land. We have Al + Af + Ag ≤ A, and a non-zero difference represents a land area on which no 

transformations of the deposited ions take place (‘bare rock’). 
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The starting point for the derivation of the FAB model is the charge balance (‘acidity balance’) in 

the lake water running off the catchment: 

(V.75) 

Srunoff + Nrunoff = BC*runoff – ANCrunoff 

where BC* stands for the sum of (non-marine) base cations and ANC is the acid neutralising 

capacity. In the above equation we assume that the quantities are total amounts per time (e.g., 

eq/yr). In order to derive critical loads, we have to link the ions in the lake water to their 

depositions, taking into account their sources and sinks in the terrestrial catchment and in the 

lake. 

For X = S, N and BC the mass balance in the lake is given by: 

(V.76) 

Xrunoff = Xin – Xret,   X = S, N, BC 

where Xin is the total amount of ion X entering the lake and Xret the amount of X retained in the 

lake. The in-lake retention of S and N is assumed to be proportional to the input of the respective 

ion into the lake: 

(V.77) 

Xret = x · Xin,   X = S, N 

where 0 ≤ px ≤ 1 is a dimensionless retention factor. Thus, the mass balances for the lake 

become: 

(V.78) 

Xrunoff = (1 – x) · Xin,   X = S, N 

The total amount of sulphur entering the lake is given by: 

(V.79) 

Sin = A · Sdep 

where Sdep is the total deposition of S per unit area. Immobilisation, reduction, and uptake of 

sulphate in the terrestrial catchment are assumed negligible. Sulphate ad/desorption is not 

considered since we model steady-state processes only. Eq. V.79 states that all sulphur 

deposited onto the catchment enters the lake, and no sources or sinks are considered in the 

terrestrial catchment. 

In the case of nitrogen, we assume that immobilisation and denitrification occur both in forest 

and grass/heath land soils, whereas net uptake occurs in forests only (equalling the annual 

average amount of N removed by harvesting); the deposition onto the remaining area (lake + 

‘bare rocks’) enters the lake unchanged. Thus, the amount of N entering the lake is: 

(V.80) 

Nin = (A – Af – Ag) · Ndep + Af ·(Ndep – Ni – Nu – Nde)+ + Ag · (Ndep – Ni – Nde)+ 

where Ndep is the total N deposition, Ni is the long-term net immobilisation of N (which may 

include other long-term steady-state sources and sinks; see Chapter 5.3), Nde is N lost by 

denitrification, and Nu the net growth uptake of N, all per unit area. The symbol (x)+ or x+ is a 

short-hand notation for max(x, 0), i.e., x+= x for x > 0 and x+ = 0 for x ≤ 0. The effects of nutrient 

cycling are ignored, and the leaching of ammonium is considered negligible, implying its 

complete uptake and/or nitrification in the terrestrial catchment. 
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While immobilisation and net growth uptake are assumed independent of the N deposition, 

denitrification is modelled as a fraction of the available N: 

(V.81) 

𝑁𝑑𝑒 = {
𝑓𝑑𝑒 ⋅ (𝑁𝑑𝑒𝑝 −𝑁𝑖 −𝑁𝑢)+

, 𝑜𝑛 𝐴𝑓

𝑓𝑑𝑒 ⋅ (𝑁𝑑𝑒𝑝 −𝑁𝑖)+
, 𝑜𝑛 𝐴𝑔

 

where 0 ≤ fde < 1 is the (soil-dependent) denitrification fraction. The above equation assumes 

that denitrification is a slower process than immobilisation and growth uptake. Inserting 

eq. V.81 into eq. V.80 one obtains: 

(V.82)  

Nin = (A – Af – Ag) · Ndep + Af · (1 – fde) · (Ndep – Ni – Nu)+ + Ag · (1 – fde) · (Ndep – Ni)+ 

If sufficient data for quantifying the sources and sinks of base cations in the catchment, such as 

deposition, weathering, and uptake, are available, the runoff of base cations (BC*runoff) could be 

described in the same way as S and N. This would be in analogy to the derivation of the SMB 

model for (forest) soils. Alternatively, water quality data can be used to quantify the runoff of 

base cations and ANC, as is done in the SSWC model (see section 5.5.1). 

To arrive at an equation for critical loads, a link has to be established between a chemical 

variable and effects on aquatic biota. The most commonly used criterion is the so-called ANC-

limit (see above), (i.e., a minimum concentration of ANC derived to avoid ‘harmful effects’ on 

fish): 

ANCrunoff,crit = A·Q·[ANC]limit. 

Defining Lcrit = (BC*runoff – ANCrunoff,crit)/A, inserting eq. V.79 and V.82 into eq. V.78 and eq. V.75 and 

dividing by A yields the following equation to be fulfilled by critical depositions (loads) of S and 

N: 

(V.83) 

(1 – S) – Sdep +  
(1 – N) · {(1 – f – g) · Ndep + f · (1 – fde) · (Ndep – Ni – Nu)+ + g · (1 – fde) · (Ndep – Ni )+}= Lcrit 

where we have defined: 

(V.84) 

f = Af/A,   g = Ag/A 

⇒   1 – f – g ≥ r   with r = Al/A 

Eq. V.83 defines a function in the (Ndep, Sdep)-plane, the so-called critical load function, and in the 

following we will look at this function in more detail. The general form of the critical load 

function is: 

(V.85) 

aS · Sdep + aN · Ndep = LN + Lcrit 

with 

(V.86) 

aS = 1 – S, aN = (1 – N) · bN, LN = (1 – N) · MN 

The quantity MN and the dimensionless coefficient bN depend on Ndep: 
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(a) Ndep ≤ Ni: In this case (Ndep–Ni)+ = 0 and (Ndep–Ni–Nu)+ = 0, which means that all N falling onto 

forests and grassland is immobilised and only the N deposition falling directly onto the lake and 

‘bare rocks’ contributes to the leaching of N: 

(V.87) 

bN = b1 = 1 – f – g, MN = M1 = 0 

(b) Ni < Ndep ≤ Ni + Nu: In this case (Ndep–Ni)+ = Ndep–Ni, but (Ndep–Ni–Nu)+ = 0, meaning that all N 

deposition falling onto forests is immobilised or taken up, but N falling onto the other areas is 

(partially) leached: 

(V88) 

bN = b2 = 1 – f – g · fde, 

MN = M2 = (1 – fde) · g · Ni 

(c) Ndep > Ni + Nu: Some N deposition is leached from all areas: 

(V.89) 

bN = b3 = 1 – (f + g) · fde, 

MN = M3 = (1 – fde) · [(f + g) · Ni + f · Nu] 

The maximum critical load of sulphur is obtained by setting Ndep = 0 in eq .V.83:  

(V.90) 

CLmax(S) = Lcrit/aS 

Setting Sdep = 0 and considering the three different cases for Ndep, gives the following expression 

for the maximum critical load for nitrogen: 

(V.91) 

CLmax(N) = min{(Lcrit/1 – N) + Mi)/ bi, i = 1,2,3} 

Figure 5.12:  Piece-wise linear critical load function of S and acidifying N for a lake as defined by 
catchment properties. Note the difference with the critical load function for soils 
(see Figure 5.4). The grey area below the CL function denotes deposition pairs 
resulting in an ANC leaching greater than Q·[ANC]limit (non-exceedance of critical 
loads; see Chapter 7). 

 

Source: This figure is adopted from a previous version of Chapter 5 of the Mapping Manual 
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5.5.3.2 Systems of lakes 

The above derivation of the FAB model is for small headwater lakes only. Critical loads are 

generally calculated for such lakes, since lakes with many upstream lakes tend to have larger 

catchments, and several (implicit) assumptions of the FAB model (e.g., uniform depositions) will 

be violated. Nevertheless, in some areas systems of lakes can be found on a small scale, and 

therefore a model for such systems is desirable. 

When computing the critical load of acidity with the SSWC model (which uses annual average 

lake water chemistry) for a lake receiving runoff from upstream lakes, one implicitly computes 

the critical load for that lake including all its upstream lakes, since water samples taken from (the 

outlet of) the lowest lake is a mixture of the water of that lake and all its upstream lakes. 

Consequently, when applying the FAB model to such a lake, one has to be aware that one also 

computes the critical load for the whole system of lakes and thus must consider the catchment 

and lake characteristics of all lakes in the system. To do this in a more explicit way, two methods 

for computing the critical load of a system of lakes have been developed (Hindar et al. 2000). 

Both require the same input data, but they differ in the complexity of the calculations involved. 

The formulae will not be derived here, and the interested reader is referred to the literature (see 

also Hindar et al. 2001), where also the differences between the methods are demonstrated 

using data from lake systems in the Killarney Provincial Park in Ontario, Canada. An application 

to lakes in the Muskoka River catchment (which are also located in Ontario, Canada) can be 

found in Aherne et al. (2003). 

5.5.4 Input data 

In addition to the data required for the SSWC and diatom model (runoff and concentrations of 

major ions in the lake runoff water), the FAB model also needs information on (a) the area of 

lake, catchment and different land cover classes, (b) terrestrial nitrogen sinks, and (c) 

parameters for in-lake retention of N and S. 

5.5.4.1 Runoff 

The runoff Q is the amount of water leaving the catchment at the lake outlet, expressed in m/yr. 

It is derived from measurements or can be calculated as the difference between precipitation 

and actual evapotranspiration, averaged over the catchment area. A longterm climatic mean 

annual value should be taken. Sources for data and models for evapotranspiration can be found 

in section 5.5. 

5.5.4.2 Ion concentrations 

In addition to runoff, the concentrations of major ions in the runoff water, (i.e., sulphate, nitrate, 

and base cations), are needed to calculate SSWC critical loads, and these come from the analysis 

of representative water samples. 

The critical load for a site should be calculated with yearly flow-weighted average chemistry and 

yearly average runoff. Since such values are not available for a large number of lakes, critical 

loads are mostly calculated on the basis of a single sample considered representative of yearly 

flow-weighted averages. A sample collected shortly after the fall circulation of a lake is generally 

assumed to fulfil this purpose. To check this claim, Henriksen and Posch (2001) compared 

critical load values calculated from yearly flow-weighted average concentrations with critical 

loads calculated from a single fall value for sites for which long-term data series are available. 

Results for seven Norwegian catchments show that the single fall value is fairly representative 

for the annual average chemistry. Similarly, results from eight Canadian catchments show that a 
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single spring sample is fairly representative of the annual average chemistry (Henriksen and 

Dillon 2001). 

5.5.4.3 Lake and catchment characteristics 

The area parameters A, Ai, Af and Ag, which are needed in the FAB model, can generally be 

derived from both digital and paper maps. 

5.5.4.4 Terrestrial nitrogen sinks 

The uptake of N can be computed from the annual average amount of N in the harvested biomass 

if there is no removal of trees from the catchment, Nu=0. 

Ni is the long-term annual immobilisation (accumulation) rate of N in the catchment soil. Note 

that at present immobilisation may be substantially higher due to elevated N deposition. 

The denitrification fraction fde depends on the soil type and its moisture status. In earlier FAB 

applications it has been estimated from the fraction of peat-lands, fpeat, in the catchment by 

fde=0.1+0.7·fpeat (Posch et al. 1997). 

For more details on these parameters see section 5.4. 

5.5.4.5 In-lake retention of N and S 

Concerning in-lake processes, the retention factor for nitrogen N (see eq. V.77) is modelled by a 

kinetic equation (Kelly et al. 1987): 

(V.92)  

𝜌𝑁 =
𝑠𝑁

𝑠𝑁 + 𝑧 𝜏⁄
=

𝑠𝑁
𝑠𝑁 + 𝑄 𝑟⁄

 

where z is the mean lake depth, τ is the lake’s residence time, r is the lake: catchment ratio 

(=Ai/A) and SN is the net mass transfer coefficient. There is a lack of observational data for the 

mass transfer coefficients, especially from European catchments, but Dillon and Molot (1990) 

give a range of 2–8 m/yr for SN. Values for Canadian and Norwegian catchments are given in 

Kaste and Dillon (2003). 

An equation analogous eq. V.92 for S with a mass transfer coefficient SS is used to model the in-

lake retention of sulphur. Baker and Brezonik (1988) give a range of 0.2–0.8 m/yr for ss. 

5.6 Critical loads of cadmium, lead and mercury 

5.6.1 General methodological aspects of mapping critical loads of heavy metals 

5.6.1.1 Calculation of different types of critical loads 

The method to calculate critical loads of heavy metals is based on the balance of all relevant 

metal fluxes in and out of a considered ecosystem in a steady state situation (De Vries et al. 

2015c; Hettelingh et al., 2015c) In order to keep the approach compatible with the simple mass 

balance approach used for nitrogen and acidity, the internal metal cycling within an ecosystem is 

ignored, such that calculations can be kept as simple as possible. As a consequence, the critical 

load of a metal can be calculated from the sum of tolerable outputs from the considered system 

in terms of net metal uptake and metal leaching. 

The assumption of a steady-state signifies that the concentration in the system does not change 

in time because the amount of heavy metal entering the system is equal to the amount that 

leaves the system. The validity of this assumption depends on the magnitude of the time scales 
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of the various input and output processes. If, for example, a metal sorbs very strongly to the soil, 

it may take a long time (up to hundreds of years), before a steady-state is reached. This has to be 

kept in mind when comparing a present load with the critical load (De Vries and Bakker 1998). 

Critical loads of cadmium (Cd), lead (Pb) and mercury (Hg) can be calculated in dependence on 

the receptors and the metal of concern. Critical limits of these heavy metals addressing either 

ecotoxicological ecosystem effects or human health effects are derived with specific approaches. 

Critical loads on the basis of such limits should be calculated separately for aquatic and 

terrestrial ecosystems. Consequently, four types of critical loads can be derived for each metal. 

An overview is provided in Table 5.21, though it is not a complete review of possible effects of 

these metals. Indicators of effects on ecosystems listed in Table 5.21 are mainly ecotoxicological 

effects. Secondary poisoning through the food chain has also been studied (De Vries et al. 2003). 

These effects give partly more stringent critical limits; however, their modelling includes more 

uncertainties and is therefore not considered in this manual. 

Critical loads for terrestrial ecosystems addressing human health effects can be calculated, 

either in view of not violating food quality criteria in crops or in view of ground water protection 

(keeping quality criteria for drinking water of WHO 2004). An appropriate indicator for critical 

load calculations addressing human health effects via food intake is the Cd content in wheat. 

Keeping a conservative food quality criterion for wheat, as described in section 5.5.2.2.1, 

simultaneously protects against effects on human health via other food and fodder crops 

(including also the quality of animal products, since the pathway of Cd to wheat leads to the 

lowest critical Cd content in soils according to De Vries et al. (2003)). Such critical load 

calculations are, in principle, also possible for lead, and for other food and fodder crops, if the 

soil-plant transfer can be described with sufficient accuracy and can be done in addition on a 

voluntary basis. 

Among terrestrial ecosystems, critical loads of Cd and Pb are to be calculated from the viewpoint 

of ecotoxicology for areas covered by non-agricultural land (forests, semi-natural vegetation) or 

agricultural land (arable land and grassland). Organic forest (top)soils are considered as the 

only critical receptor with respect to atmospheric Hg pollution, based on knowledge on effects 

on microbial processes and invertebrates (Meili et al. 2003a). The critical exposure of terrestrial 

ecosystems to atmospheric Hg pollution can be calculated in much the same way as for Pb and 

Cd by a simple mass balance, as discussed in section 5.5.2.1. For aquatic ecosystems the critical 

limits of Pb and Cd are related to ecotoxicological effects, while human health effects by this 

pathway are less relevant and therefore not considered here. Critical limits of Hg refer to both 

human health effects (Hg concentration in fish and other animals that serve as a food source to 

humans) and ecotoxicological effects, since microbiota and higher wildlife itself may also be 

affected. 

Although it might be useful to calculate and map each of the different types of critical loads and 

the critical Hg level in precipitation separately for comparison purposes, the aim is ultimately to 

provide maps for at most four critical loads per metal (or Hg level, respectively) related to: 

► Ecotoxicological effects for all terrestrial ecosystems. 

► Human health effects for all terrestrial ecosystems. 

► Ecotoxicological effects for all aquatic ecosystems. 

► Human health effects for all aquatic ecosystems. 

If different indicators within each category (map) have been considered (e.g., Cd in wheat and Cd 

in soil drainage water in view of ground water protection for human health), the final map 
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should indicate the minimum critical Cd load for both effects to human health. The reason for 

providing different critical loads for different types of ecosystems is because the critical load for 

terrestrial ecosystems does not automatically protect aquatic ecosystems, which recieve much 

or most of their metal load by drainage from the surrounding soils, and vice versa. 

A critical load indicates only the sensitivity of an ecosystem against the anthropogenic input of 

the metal of interest. It implies a potential risk at sites where the critical load is exceeded. In 

agricultural ecosystems, the exceedance of critical loads of heavy metals is not only determined 

by atmospheric inputs (being generally the only source in non-agricultural ecosystems), but by 
total inputs, including fertilizer and animal manure inputs. 

Table 5.21:  Four types of critical loads of Pb, Cd, Hg, related receptors and indicators. 

Receptor 
ecosystem 

Critical loads 
related to 

Metals of 
concern 

Land cover types 
to be considered 

Indicator addressed by the critical 
limit 

1) Terrestrial*) a) Human 
health effects 

Cd, Pb, Hg Arable land Metal content in food/fodder crops 

Cd, Pb, Hg Grassland Metal content in grass, animal 
products (cow, sheep) 

Cd, Pb, Hg Arable land, 
grassland, non-
agricultural land 

Total metal concentration in soil 
water below the rooting zone (aiming 
at ground water protection) 

 b) Ecosystem 
functioning 

Pb, Cd Non-agricultural 
land, arable land, 
grassland, 

Free metal ion concentration in soil 
solution in view of effects on soil 
microorganisms, plants and 
invertebrates 

Hg Forests only Total metal concentration in humus 
layer in view of effects on soil micro-
organisms and invertebrates 

2) Aquatic a) Human 
health effects 

Hg Freshwaters Metal concentration in fish 

 b) Ecosystem 
functioning 

Pb, Cd, Hg Freshwaters Total metal concentration in 
freshwaters in view of effects on 
algae, crustacea, worms, fish, top 
predators 

*) In italics: these calculations can be done in addition on a voluntary basis. To perform such calculations, more information 

on the derivation of critical limits based on critical metal contents in food/fodder crops and in animal products is given in 

Annex 2 and 3, respectively, of the background document (De Vries et al. 2005). 

5.6.1.2 Limitations in sites that allow critical load calculations 

Critical load calculations can not be carried out for sites with: 

► negative water balances – since there is no leaching but a seepage influx of water, leading to 

accumulation of salts and very high pH (however, such regions do hardly occur in Europe); 

► and soils with reducing conditions (e.g., wetlands), because the transfer functions do not 

apply for such soils. In the topsoil to which the critical load calculations apply, such 

situations do, however, hardly occur apart from waterlogged soils where the simplified 

critical load calculation can not be applied anyhow because of a deviating hydrology. 
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Weathering inputs of metals are neglected due to i) low relevance of such inputs and ii) high 

uncertainties of respective calculation methods. It is, however, recommended to use estimates of 

weathering rate to identify sites with a high geogenic metal input, where natural weathering 

may already exceed the critical load. This should be considered when critical limits and loads 

exceedances are to be interpreted. For methods to calculate weathering rates, see De Vries and 

Bakker (1998) and Hettelingh et al. (2002). More information on how sites with high geogenic 

contents of metals can be identified are described in Farret et al. (2003). The most important 

information is summarised in Annex 6 of the background document (De Vries et al. 2004b). 

5.6.1.3 Definitions and symbols / abbreviations used in critical load calculations 

General definitions of critical loads, critical levels and exceedances, and others can be found in 

the related chapters of the Modelling and Mapping Manual. The following definitions refer 

specifically to the application in the context of critical loads of heavy metals. 

5.6.1.3.1 Definitions 

The receptor is a living element of the environment that is subject to an adverse effect. It can be 

a species of interest, including human beings, or several species considered representative of a 

larger group (e.g., plants, soil invertebrates, fish, algae, etc.), or the whole ecosystem (typically 

the subject of interest in the critical load approach). 

The critical limit is a concentration threshold within the ecosystem, based on adverse effects, 

(i.e., it is a short expression of “effect-based critical limit”). Below this critical limit significant 

harmful effects on human health or specified sensitive elements of the environment do not 

occur, according to present knowledge. To avoid confusion, limits that are not based on effects 

should not be called “critical limits”. 

The critical load is the highest total metal input rate (deposition, fertilisers, other anthropogenic 

sources) below which harmful effects on human health as well as on ecosystem structure and 

function will not occur at the site of interest in a long-term perspective, according to present 

knowledge. The critical load is derived from the critical limit through a biogeochemical flux 

model, assuming steady-state for the fluxes as well as chemical equilibrium (which is a 

theoretical situation in an undetermined future, consistent with concepts of sustainability). For 

this purpose, the critical limit has to be transformed to a critical total concentration of the metal 

in the output fluxes by water (leaching from the soil or outflow from an aquatic ecosystem). 

5.6.1.3.2 Some general symbols and abbreviations 

M  = a flux of a metal M 

[M] = a content (in soil, plants, other biota) or a concentration (in a liquid) of a metal M 

[M](crit) = a critical content (in soil, plants, other biota) or a critical concentration (in a liquid) of a 

metal M, not explicitly explained in Table 5.18 for all the individual contents or concentrations 

f  = a fraction 

c  = a factor for conversion of units, not explained in the table 

sdw = in soil drainage water 

sw = in surface water 
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Table 5.22: Symbols and abbreviations used in the calculation of critical loads of heavy metals. 

[M]SPM,sdw or [M]SPM,sw Concentration of metal bound to 
suspended particulate matter in soil 
drainage water, or in surface water, 
respectively 

[mg kg-1] 

[Hg]OM 
Concentration of Hg, normalised for 
[OM]s 

[mg (kg OM)-1] 

[Hg]Pike 
Hg concentration in the flesh of 1 -kg 
pike 

[mg kg-1 fw] 

[Hg]Bio 
Hg concentration in biota, e.g., fish 
flesh 

[mg kg-1 fw] 

[Hg]Prec Hg concentration in precipitation [ng l-1] 

[clay] Clay content of the soil [(kg clay) kg-1] or [%] 

[OM]s Organic matter content of the soil [(kg OM) kg-1] or [%] 

[DOM]sdw or [DOC]sdw Concentration of dissolved organic 
matter or dissolved organic carbon, 
respectively, in soil drainage water 

[g m-3] or [mg l-1] 

[TOC]sw Concentration of total organic carbon 
in surface water 

[g m-3] or [mg l-1] 

[TP]sw Concentration of total phosphorus in 
surface water 

[µg l-1] or [mg l-1] 

[SPM]sdw or [SPM]sw Concentration of suspended 
particulate matter in soil drainage 
water or in surface water, 
respectively 

(kg m-3) 

pHsdw or pHsw pH value in soil drainage water or in 
surface water 

[-] 

5.6.1.4 Stand-still approach versus calculation of critical limit exceedance 

The harmonised methodological basis for a first preliminary calculation and mapping of critical 

loads of Cd and Pb related to ecotoxicological effects (Hettelingh et al. 2002), was based on a 

guidance document (De Vries et al. 2002). In this document, a standstill approach was also 

included as an alternative to the effect-based approach, which aims at avoiding any (further) 

accumulation of heavy metals in the soil. This method is, however, not included in this manual 

since it implies the continued addition of metals on historically polluted soils with high leaching 

rates. The current leaching may then already imply significant effects, both on terrestrial as well 

as aquatic ecosystems receiving the drainage water from the surrounding soils, and is thus not 

per se acceptable in the long term. Furthermore, it leads to critical load exceedance at soils 

which strongly adsorb heavy metals, whereas the effect occurs through the soil solution. 

Instead, it is suggested to calculate critical concentrations of metals in the soil, the soil drainage 

water or the surface water based on the critical limits and compare these to the present soil or 

water metal concentrations to assess the critical limit exceedance in the present situation. This 

implies that one has to map the present metal concentrations in the country (expressed as total 

or reactive soil contents, total dissolved concentrations, or even free ion concentrations). Such a 

comparison can be seen as an intermediate step for dynamic models for heavy metals 

(Groeneberg et al., 2015; De Vries et al., 2015c). If the present soil metal content exceeds the 

critical concentration (limit), the metal input has to be less than the critical load to reach the 

critical concentration at a defined time penod. In the reverse case, the metal input can be larger 

than the critical load for a defined time period not exceeding during that period the critical 

concentration. However, only keeping the critical load will not lead to exceedance of the critical 
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limit in the long run. More information on how to calculate the critical concentration is given in 

the background document (De Vries et al, 2005). 

5.6.2 Terrestrial ecosystems 

5.6.2.1 Simple steady-state mass balance model and related input data 

5.6.2.1.1 Steady-state mass balance model 

The method to calculate critical loads of heavy metals for terrestrial ecosystems is focusing, in 

particular, on the upper soil layer. The critical load of a metal can be calculated as the sum of 

tolerable outputs from this considered soil layer by harvest and leaching minus the natural 

inputs by weathering release (De Vries and Bakker, 1998). Because weathering causes only a 

minor flux of metals in topsoils, while uncertainties of such calculations are very high, the model 

was further simplified by assuming that weathering is negligible within the topsoil outside ore-

rich areas. As mentioned in the introduction of this chapter, the calculation of weathering rates 

is recommended to identify areas, where the natural input exceeds tolerable outputs. Such sites 

can be excluded from the database, subject to decision by the National Focal Centres. 

The described approach implies that the critical load equals the net uptake by forest growth or 

agricultural products plus an acceptable metal leaching rate: 

(V.93) 

CL(M) = Mu + Mle(crit) 

where: 

CL(M) = critical load of a heavy metal M (g ha-1 a-1) 

Mu = metal net uptake in harvestable parts of plants under critical load conditions (g ha-1 a-1) 

Mle(crit) = critical leaching flux of heavy metal M from the considered soil layer (g ha-1 a-1), 

whereby only the vertical drainage flux is considered 

The notation has been related to the critical load equations for acidity and nutrient nitrogen: M 

stands for flux of a heavy metal and can be substituted by the chemical symbol of the individual 

metal (Cd, Pb, Hg) under consideration. The critical metal leaching Mle(crit) refers to the total 

vertical leaching rate, including dissolved, colloidal, and particulate (metal) species in the 

drainage water. For a critical load, the critical metal leaching is based on a critical (toxic) metal 

concentration in soil or the (free ion or total) metal concentration in soil water. 

In mass balance models for Hg, re-emission (volatilization) of deposited Hg occurs as an 

additional flux. This flux can, however, be ignored when calculating critical loads of Hg, because 

this re-emission is treated as part of the atmospheric net deposition in the modelling by EMEP 

MSC-E (Ryaboshapko et al. 1999, Ilyin et al. 2001). Therefore, in order to avoid double 

consideration in the calculation of critical load exceedances, it should be excluded from the 

critical loads model. 

Appropriate and consistent calculation of critical loads for terrestrial ecosystems requires a 

consistent definition of the topsoil compartment and its boundaries. The depth can be a variable. 

Relevant boundaries have been derived by considering, on the one hand, the expected 

probability of adverse impacts on the main target groups of organisms (plants, soil 

invertebrates, soil microbiota), or ground water quality and, on the other hand, the occurrence 

and location of relevant metal fluxes within the soil profile: 
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► For Pb and Cd it is assumed that ecotoxicological effects as well as the main proportion of 

uptake by plants occur in (from) the organic layer (O horizon) and the humus rich (top)soil 

horizons (Ah, Ap). Therefore, the depth of the biological active topsoil (zb) should be 

considered for arable lands, grasslands, and forests as far as the critical load calculations are 

addressing ecotoxicological effects or the protection of food/fodder quality, respectively. For 

forest soils covered by an organic layer, the critical loads for both the organic layer and the 

upper mineral horizon should be calculated separately. In these cases, the most sensitive of 

both layers should be presented in the critical loads map. For all terrestrial ecosystems the 

maximum depth of the topsoil (zb) to be considered is the lower boundary of the uppermost 

mineral horizon (in most soil classification systems called the A-horizon). 

Default values of zb are: 

for forests: 0.1 m (O and/or Ah horizon)  

for grassland: 0.1 m (Ah horizon)  

for arable: 0.3 m (Ap horizon, plough layer). 

► Regarding Hg, the critical receptor in terrestrial ecosystems is the organic topsoil (mor or 

humus layer) of forest soils (O-horizon excluding litter, which is sometimes divided into L, F, 

and H horizons), where microbial processes are suspected to be affected. For calculating the 

critical load of Hg in forests, the topsoil is therefore defined as the humus layer, excluding 

underlying mineral soil layers. 

Note that for calculations of critical loads with respect to protection of groundwater quality, the 

entire soil column has to be included. However, it is preliminarily not planned within the critical 

loads work to model the whole pathway of the metal flux with drainage water, considering the 

binding capacity of layers between rooting zone and upper groundwater. Therefore, for 

simplification, the critical leaching of metals from the viewpoint of ground water protection is 

calculated by multiplying the drainage water flux below the rooting zone (soil depth = z) with 

the critical limit for drinking water (see 5.5.2.2.2). 

5.6.2.1.2 Heavy metal removal from the topsoil by net growth and harvest of plants 

For critical load calculations, the removal of heavy metals refers to a future steady-state level 

where critical limits in the ecosystem compartments are just reached (critical loads conditions). 

The calculation of a critical removal of metals on the basis of a critical concentration for soil 

solution is hardly practical, since for many metals there are no clear relationships between 

concentrations in soil solution (or even free metal ions) and the content of the metals in 

harvestable part of the plants. One of several reasons is the plant specific exclusion of metals 

from root uptake or accumulation in specific tissues (detoxification). An exception is the transfer 

of Cd from soil to wheat grains, used to calculate critical loads related to food quality criteria 

(see V.5.2.2.1). Therefore, a simplified approach is proposed to describe the tolerable removal of 

heavy metals by biomass net uptake. The average yield (or growth increment) of harvestable 

biomass is multiplied with the heavy metal content in harvestable plant parts and with a factor 

to account for the fraction of metal uptake from the relevant soil layer relative to the uptake 

from the total rooting zone: 

(V.94) 

Mu = fMu · Yha · [M]ha 

where: 
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Mu = metal net uptake in harvestable parts of plants under critical load conditions (g ha-1 a-1) 

(see Eq. V.93). 

fMu = fraction of metal net uptake within the considered soil depth (zb or z), accounting also for 

metal uptake due to deposition on vegetation surfaces (–); in calculations of critical loads to 

protect ground water, fMu = 1, otherwise fMu is a value between 0 and 1. 

Yha = yield of harvestable biomass (dry weight) (kg ha-1 a-1). 

[M]ha = metal content of the harvestable parts of the plants (g kg-1 dw), including also metals 

deposited on vegetation surfaces (when the metal content is given in mg kg-1 dw, the value has 

to be divided by 1000). 

As a default approximation, a root uptake factor (fMu,zb) of 1 can be used for all ecosystem types, 

assuming that most uptake of nutrients and pollutants occurs in the top soil. In forests values 

around 80 % have been reported for uptake from the humus layer alone (based on lead isotopes 

in Scots pine, Bindler et al. 2003). Thus, for calculations referring to the humus layer, fMu,zb may 

be 0.8, but, if the top of the underlying mineral soil is included in the calculations, fMu,zb is likely to 

approach 1, also in forests. If Mu,zb is 1, the uptake from the upper horizon is equal to that of the 

entire rooting depth (assumed to be limited to the depth where 90 % of the root biomass is 

distributed). This implies that there is no difference in the uptake calculation of critical loads 

related to ecotoxicological effects and in view of ground water protection. More detailed values 

of fMu,zb may be used, if information is available. 

Data on yields for forests can, in principle, be obtained from the database of critical loads of 

acidity and nutrient nitrogen. Data on yields in agro-ecosystems are available from related 

statistics of the countries. The spatial pattern can be derived using information on land use as 

well as on soil quality and climate. 

To get data on metal contents in harvestable biomass, studies from relatively unpolluted areas 

should be used. Median values (or averages) of metals contents in plants from such databases do 

in general not exceed quality criteria for food and fodder crops or phyto-toxic contents, 

respectively. Related fluxes can therefore be considered as tolerable. When appropriate national 

data are not available, the default values or ranges in Table 5.23 can be used for orientation, 

(e.g., the average of a range). 

If critical loads related to quality criteria of food or fodder are to be calculated, the critical 

concentrations in the harvestable plant parts should be multiplied with the yields (net crop 

removal), with consideration for arable land the coverage by the crops of interest, in order to 

calculate the tolerable output of metals by biomass harvest. 

If contents are available for different harvested parts of the plants (e.g., stem and bark), a mass 

weighted mean should be used. Beware that only the net uptake is calculated. For instance, for 

agricultural land, the amount of metals in stalks or the leaves of beets remaining on the field 

should not be considered. The removal of heavy metals in this case is the product of the yield of 

grains/beets and the mean contents in these parts of the plants. For forest ecosystems, only the 

net increment should be considered, but not the uptake into needles, leaves, etc., which also 

remain in the system. 
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Table 5.23:  Ranges of mean values (averages, medians) of contents of Pb, Cd, and Hg in 
biomass for various species (harvestable parts). 

Land use Species Metal content in harvestable plant parts, [M]ha [mg kg-1 dw] 

Pb Cd Hg 

Grassland mixed grassland 
species 

1.0–3.0 0.05–0.25 0.01–0.1 

Arable land wheat (grains) 
other cereals (grains) 
potato 
sugar beet 
maize 

0.1 
0.1–0.3 
0.73 
1.0 
3.8 

0.08 
0.02–0.06 
0.23 
0.25 
0.2 

0.01 
0.01 
0.02 
0.02 
0.04 

Coniferous 
forest 

spruce, pine, fir, 
douglas, 
Central Europe 
Northern Europe 

0.5–10 
0.1/0.2** 

0.1–0.5 
0.02/0.04** 

0.01–0.05* 
0.004/0.008** 

Deciduous 
forest 

oak, beech, birch, 
poplar 

0.5–10 0.05–0.5  

*) Hg in spruce stems ≈ 10-20% of needle content (Schütze and Nagel 1998) 

**) Northern Sweden (Alriksson et al. 2002 and unpublished), for spruce stems without/with bark. Other data sources: De 

Vries and Bakker (1998), Nagel et al. (2000), Jacobsen et al. (2002) 

In ecosystems with appreciable precipitation surplus or with a very limited growth, the removal 

of metals by harvest may often be very low compared to metal losses by leaching at critical load. 

In these cases, the uptake calculation does not deserve high efforts. Instead, it is better to 

concentrate on sophisticated calculations for the critical leaching rate. 

5.6.2.1.3 Critical leaching of heavy metals from the soil 

The critical leaching flux of a heavy metal from the regarded soil layer can be calculated 

according to the equation: 

(V.95) 

Mle(crit) = cle · Qle · [M]tot,sdw(crit)  

where: 

Mle(crit) = critical leaching flux of heavy metal from the topsoil (g ha-1 a-1) (see eq. V.93) 

Qle = flux of drainage water leaching from the regarded soil layer defined as above (m a-1). 

[M]tot.sdw(crit) = critical total concentration of heavy metal in the soil drainage water (mg m-3) 

(derived from critical limits, see 5.5.2.2). 

cle = 10 g mg1 m2 ha-, factor for appropriate conversion of flux units. 

5.6.2.1.3.1 Flux of drainage water 

In order to calculate critical loads in view of groundwater protection the data on precipitation 

surplus from the database on critical loads of acidity and nutrient nitrogen can be used. 

Deviating from this, the proportion of transpiration removing water from the upper horizons (O, 
and /or Ah, Ap) has to be accounted for by using a scaling (root uptake) factor when critical loads 

with respect to ecotoxicological effects or to food/fodder quality are addressed. 
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The drainage water flux leaching from the topsoil at the bottom of the topsoil (Qezb) at steady 

state can be calculated according to: 

(V.96a)  

Qle,zb = P – Ei – Es – fEt,zb · Et 

where: 

P =  precipitation (m a-1) 

Ei = interception evaporation (m a-1) 

Es = actual soil evaporation within the topsoil defined as above (m a-1) 

Et = actual plant transpiration (m a-1) 

fEt,zb =  scaling or root uptake factor, fraction of water uptake within the topsoil (–) 

This approach assumes that soil evaporation (Es) only takes place down to the depth Zb. 

Interception evaporation can be calculated as a function of the precipitation (De Vries et al. 

1991). For sites without detailed water balance data, the annual mean water percolation Qle can 

also be determined by the long-term mean annual temperature (mainly determining the 

potential evapotranspiration, Epot) and precipitation (mainly influencing the actual 

evapotranspiration, Eact) according to: 

(V.96b) 

Qle,zb = Pm – fE,zb · (Pm-2 + (e(0.063 · Tm) · Em,pot)-2)-1/2  

where: 

Pm =  annual mean precipitation (m a-1, data adjusted for common measurement bias) 

Tm =  annual mean air temperature (°C) 

Em,pot =  annual mean potential 

Evapotranspiration in humid areas at Tm = 0°C; Em,pot ≈ 0.35 m a-1 in forests, possibly less in other 

terrestrial ecosystems. 

fE,zb = fraction of total annual mean evapotranspiration above zb (–); fE,zb ≈ 0.8 for the organic top 

soil layer of forests. 

For forested areas, this relationship is supported by data not only on river runoff but also on soil 

percolation (e.g., based on Michalzik et al. 2001), which together suggest that about 80% or 

more of the total evapotranspiration takes place above or within the organic topsoil layer. Thus, 

the mean water flux from the organic top layer. 

(Q) can easily be estimated from annual means of precipitation (P) and air temperature (T), 

which are two traditional climate normals available in traditional climate maps (see background 

document, De Vries et al, 2005): 

In European forest regions, Qle,zb is typically 0.–0.6 m a-1, but may reach >2 m a-1 in coastal 

mountain regions. The standard parameter uncertainty is on the order of ±0.1 m a (i.e., about 

±30%) at the landscape scale. Depending on climate, Qle can account for 10 to 90% of P in 

temperate-boreal forests but is usually close to half. In very dry regions the percentage of Qie 

relative to P can become very low. With eq. V.96b, Qle almost never drops below 0.1 m-1 in 

Europe (considering EMEP-50 km grid square means). For eq. V.96a, a suggested minimum 

value is 5 % of the precipitation. This seems a reasonable lower value since there are always 

periods during the year with downward percolation and a situation of no leaching hardly (or 
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never) occurs on a yearly basis. The use of monthly water balances is not advised as the effect of 

all seasonal variations is not included in the critical limits, since these represent annual or long-

term means, in line with the critical load approach for acidity. 

5.6.2.1.3.2 Critical total dissolved or total concentrations of heavy metals in soil drainage water 

Information on the derivation of critical total dissolved concentrations of heavy metals in soil 

drainage water, [M]dis,sdw(crit), either directly, through transfer functions (plant soil solution) or 

through [M]tree,sdw(crit) is given in the next section (5.5.2.2), with background information on used 

approaches in the Annexes 2 and 3. The critical total dissolved metal concentrations related to 

ecotoxicological effects in soils require some specific considerations. These critical total metal 

concentrations in soil solution are determined as the sum of the critical concentration of the free 

metal ion M2+, [M]free,sdw(crit), and the metals bound to dissolved inorganic complexes [M]DIC,sdw such 

as MOH*, HCO3, MCI+, and to dissolved organic matter, [M]DOM,sdw, according to: 

(V.97) 

[M]dis,sdw(crit) = [M]free,sdw(crit) + [M]DIC,sdw + [M]DOM,sdw + [DOM]sdw 

where: 

[M]dis,sdw(crit) = critical total dissolved metal concentration in soil drainage water (mg m-3) 

[M]free,sdw(crit) = critical free metal ion concentration in soil drainage water (mg m-3) 

[M]DIC,sdw = concentration of metal bound to dissolved inorganic complexes in soil drainage water 

(mg m-3) 

[M]DOM,sdw = concentration of metal bound to dissolved organic matter in soil drainage water 

(mg.kg-1) 

[DOM]sdw = concentration of dissolved organic matter in soil drainage water (kg m-3) 

Geochemical equilibrium partitioning of the heavy metal between the different fractions is 

assumed. Furthermore, the water draining from the soil also contains metals bound to 

suspended particulate matter, [M]SPM,sdw, according to: 

(V.98) 

[M]tot,sdw(crit) = [M]dis,ss(crit) + [M]SPM,sdw · [SPM]sdw 

where: 

[M]tot,sdw(crit) = critical total metal concentration in soil drainage water (mg m-3) 

[SPM]sdw = concentration of suspended particulate matter in soil drainagewater (kg m-3) 

In the calculations, we suggest the particulate fraction be neglected to get comparable values of 

critical concentrations for the different effects pathways (see section 5.5.2.2.3). In this manual, 

the description of methods is adapted to the use of the critical total dissolved metal 

concentrations, [M]dis,sdw(crit), beeing equal to total metal concentrations in soil solution, implicitly 

assuming that the concentration of metals bound to suspended particulate matter is negligible 

([SPM]sdw = 0), (i.e., [M]dis,sdw(crit) equals [M]tot,sdw(crit)). 

5.6.2.2 Critical dissolved metal concentrations derived from critical limits in terrestrial 
ecosystems 

Critical total concentrations of the heavy metals Cd, Pb, and Hg in the soil solution, [M]dis,sdw(crit), 

depend on the target to be protected. These values have to be derived from critical limits (see 

Table 5.15): 
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► Critical metal contents in plants (Cd, Pb, Hg) in view of human health or animal health effects 

through intake of plant products. 

► Critical metal concentrations in ground water (Cd, Pb, Hg) in view of human health effects 

through intake of drinking water. 

► Critical concentrations of free metal ions in soil solution (Cd, Pb) in view of ecotoxicological 

effects on soil microorganisms, plants, and invertebrates. 

► Critical metal contents in the soil (Hg) in view of ecotoxicological effects on soil micro-

organisms and invertebrates in the forest humus layer. 

The critical total dissolved concentration of a heavy metal in the soil drainage water 

([M]dis,sdw(crit)) includes both the free metal ions and the metals bound to dissolved inorganic and 

organic complexes (eq. V.97). 

The derivation of the critical total dissolved concentrations to be applied in eq. V.95 is explained 

below. 

5.6.2.2.1 Critical dissolved concentrations of Cd, Pb, and Hg in view of critical plant metal 
contents 

Starting from the idea to derive critical total Cd, Pb, and Hg concentrations in soil solution 

related to human health effects on the basis of critical limits for plant metal contents (food 

quality criteria) for food crops on arable land De Vries et al. (2003) provided an overview on 

selected soil-plant relationships of Cd, Pb, and Hg. It shows that only for Cd significant 

relationships (R2of3 0.5) are available. 

5.6.2.2.1.1 Cadmium 

Starting with a critical Cd content in plant one may derive a critical dissolved metal 

concentration by a plant – soil solution relationship. Such a relationship was derived in the 

Netherlands by applying a regression of Cd contents in wheat to calculated soil solution 

concentrations that were derived by using measured total soil contents and soil properties and 

application of a transfer function, relating total concentrations in solution to the soil metal 

content (Romkens et al. 2004). By applying such a function, regression relationships were 

derived for Cd in plant (wheat grains) as a function of Cd in soil solution and vice versa as 

described in Table 5.24. The best estimate of a critical Cd concentration might be the mean of 

both estimates. 

The EU regulation (EG) No.466/2001 uses a limit for Cd of 0.2 mg kg-1 fresh weight in wheat 

grains. This limit was derived with the principle “As Low As Reasonably Achievable” (ALARA) 

and is therefore not based on effects. However, there are many indications that the critical limit 

of 0.1 mg kg-1 fresh weight, which was used in the EU before 2001, is more appropriate for the 

protection of the human health (for these arguments see De Vries et al. 2003, 2005, 2007a). 

Table 5.24 provides the parameters for the transfer functions as well as results based on the 

critical limit of 0.1 mg kg-1 fresh weight (results for the EU limit of 0.2 mg kg-1 fresh weight is 

given in brackets). If the mean of both results of transfer function application is used, the 

resulting critical total concentration is approximately 0.8 mg m-3 (or 4 mg m-3). The most 

conservative estimate equals approximately 0.6 mg m-3 (or 1.75 mg m-3). 

A more sophisticated and consistent way would be to: 

► first derive a critical “pseudo” total soil metal content, by applying soil – plant relationships 

in the inverse way (derive a critical total soil content from a critical plant content); 
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► then apply a transfer function relating “pseudo” total metal contents to reactive metal 

contents (Annex 2, eq. A2.3); 

► followed by a transfer function relating the free ion metal activity in solution to the reactive 

metal content (Annex 2, eq. A2.4 or eq. A2.5); 

► followed by a calculation of total concentrations from free metal ion activities with a 

chemical speciation model (i.e., the W6S-MTC2 model, section 5.5.2.2.3). 

Please note that the current version of W6S-MTC2 is designed to calculate M(sdw)crit based only on 

the critical limits relating to ecotoxicological effects and not to food quality. 

Table 5.24:  Values for the intercept (int) and the parameter a in the regression relationships 
relating Cd in plant (wheat grains) as a function of Cd in soil solution and vice versa. 
The table also gives the percentage variation explained (R2), the standard error of 
the result (se) and the resulting critical total dissolved Cd concentration when 
applying a critical Cd content in wheat of 0.1 mg kg-1 fresh weight (0.12 mg kg-1 dry 
weight) and in brackets the value when applying the limit of 0.2 mg kg-1fresh 
weight (EG No 466/2001). 

Relationship Intercept a R2 Se log[Cd]dis,sdw(crit) [mmol.l-

1] 
[Cd]dis,sdw(crit) [mg.m-

3] 

Cdplant – Cd solution
1 1.05 0.39 0.62 0.25 -5.03 (-4.26) 1.05 (6.16) 

Cdsolution – Cd plant
2 -3.82 1.57 0.62 0.50 -5.28 (-4.81) 0.59 (1.75) 

1 log(Cd plant) = Int + a*log(Cd soil solution) 
2 log(Cd soil solution) = Int + a*log(Cd plant) 

5.6.2.2.1.2 Lead and mercury 

For Pb and Hg in food crops, backcalculation to soil content is not possible, because there are no 

relationships between content of soil and contents in plants for those metals. For Pb and Hg, 

direct uptake from the atmosphere by plants has to be considered. Methods for such 

calculations, based on data from De Temmerman and de Witte (2003a,b) are provided in 

Annex 5 of the background document (De Vries et al. 2005). 

Critical concentrations given here are those in use in 2004. Since then, the EU regulation No 

466/2001 has been updated by the EU regulation No. 1881/2006. The relevance of using the new 

regulatory values is to be assessed within the WGE prior to a potential update of the values 

recommended here. 

5.6.2.2.2 Critical dissolved concentrations of Cd, Pb and Hg aiming at ground water protection 

The critical total Cd, Pb, and Hg concentration in soil solution related to human health effects can 

also be based on quality criteria (critical limits) for drinking water (WHO 2004) for all terrestrial 

ecosystems (see Table 5.21). In line with the decisions of the Expert Meeting on Critical Limits 

that was held in 2002 in Berlin, the protection of ground water for potential use as drinking 

water resource should also be addressed in critical load calculations. The Technical Guidance 

Document for Risk Assessment (http://ecb.jrc.it) suggests in chapter 3.1.3 that in the first 

instance the concentration in soil pore water can be used as an estimate of the concentration in 

ground water. The WHO guideline includes the following quality criteria for Cd, Pb, and Hg in 

view of drinking water quality: 

Pb: 10 mg m-3 

https://ecb.jrc.it/
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Cd: 3 mg m-3 

Hg: 1 mg m-3 (for total mercury) 

These values can directly be included as [M]dis,sdw(crit) in the critical load calculation. 

2011 WHO recommendations for drinking waters are 6 mg m-3 for inorganic mercury (WHO 2011). 

As for updated EU regulations, these values may be included in the CLd methodology once 

discussed within the ICP M&M. 

5.6.2.2.3 Critical dissolved concentrations of Cd and Pb related to ecotoxicological effects 

Critical limits related to the ecotoxicological effects of Cd and Pb are related to impacts on soil 

micro-organisms, plants, and invertebrates for both agricultural land (arable land, grassland) 

and non-agricultural land (forests, natural non-forested ecosystems; see Table 5.21. The critical 

concentrations used in this manual are based on the following approach: 

► use of ecotoxicological data (NOEC and LOEC data) for the soil metal content using 

experiments with information on soil properties (clay and organic matter content and soil 

pH) as well; 

► calculation of critical free metal ion concentrations (critical limits) in soil solution on the 

basis of the ecotoxicological soil data (NOECs and LOECs) and soil properties, using transfer 

functions relating the reactive soil metal content to the free metal ion concentration; 

► calculation of the critical total dissolved metal concentrations [M]dis,sdw(crit) from critical limits 

for free metal ion concentrations using a chemical speciation model. 

5.6.2.2.3.1 Calculation of critical free metal ion concentrations from critical soil reactive metal 
contents 

Soil toxicity data collated and accepted under the terms of current EU Risk Assessment 

procedures were used (Draft Risk Assessment Report Cd (July 2003) see http://ecb.jrc.it, 

Voluntary Risk Assessment for Pb),. The data covered chronic population-level effects on soil 

plants, soil-dwelling invertebrates, and microbial processes. The toxicity endpoints were quoted 

mainly in terms of an added metal dose. In using added doses, the assumption is made that the 

added metal is entirely in reactive forms over the course of the toxicity experiment. 

The transfer functions for the calculation of free metal ion concentration from reactive soil metal 

content, used in the derivation of free ion critical limit functions, are given in Annex 2. Soil 

properties needed in this function are organic matter and soil solution pH. In the derivation, soil 

pH values measured by chemical extraction (by H2O, KCl, or CaCl2) were used to estimate soil 

solution pH by application of regressions given in Annex 10 of the background document (De 

Vries et al. 2005), assuming that the pH in soil solution equals pHsdw. EU Risk Assessment 

procedures do not require the organic matter content of the soil to be specified for data to be 

accepted. However, such data were not usable for the calculation of critical free metal ion 

concentrations from critical soil metal contents since the transfer functions utilised require 

these data (see Annex 2) and were thus removed from the databases. 

The bioavailability of metals does not only depend on the free metal ion concentration but also 

on the concentration of other cations, particularly H+. This was considered when deriving critical 

limits as a function of the pH in soil drainage water (pHsdw). The derived critical limit functions 

were: 

(V.99) 

https://ecb.jrc.it/
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log[Cd]free,sdw(crit) = -0.32 · pHsdw – 6.34 

(V.100) 

log[Pb]free,sdw(crit) = -0.91 · pHsdw – 3.80 

More information on the approach and the toxicity data is given in Lofts et al. (2004) and in De 

Vries et al. (2004). A summary can be found in the background document (De Vries et al. 2005). 

5.6.2.2.3.2 Calculation of total dissolved metal concentrations from free metal ion concentrations 

To calculate critical loads for soils from the critical limit functions, it is necessary to know the 

total concentration of metal in soil drainage water that corresponds to the free ion critical limit. 

In Annex 3, an overview is given of the calculation procedure using the WHAM model. Results 

thus obtained with this model for an assumed standard CO2 pressure of 15 times the 

atmospheric pressure of 0.3 mbar (4.5 mbar) are given in Tables 5.19 and 5.20. WHAM also 

includes the fraction of suspended particulate matter, which strictly is not part of the soil 

solution. The total concentration is therefore related to soil drainage water. When [SPM]sdw = 0, 

the value of [M]tot,sdw(crit) equals that of [M]dis,sdw(crit) (see eq. V.98). For reasons of consistency with 

the other approaches (see eq V.97), in which the critical value refers to M]dis,sdw(crit), it is advised 

to apply the results with [SPM]sdw = 0. Furthermore, there are high uncertainties in the data on 

SPM in soil solution. Table 5.25 shows that, in most cases, the impact of suspended particulate 

matter on the total Cd concentration in soil drainage water (even at a concentration of 50 mg l-1) 

is small, but for Pb it can be large (cf. Table 5.26). 

5.6.2.2.3.3 Use of pH and DOC values to be considered in the calculation of critical metal 
concentrations 

Some parameters in the critical load calculation depend on the status of the soil, in particular the 

acidification status (pH) and the concentration of DOC (see also the tables 5.19 and 5.20). In the 

following subsections, recommendations are provided, which status of soil conditions should be 

considered, when Mdis,sdw(crit) is derived from critical limits for free metal ion concentrations, as 

presented in the tables 5.25 and 5.26. 

Table 5.25:  Look-up table to derive values of the total critical Cd concentrations in soil drainage 
water [Cd]tot,sdw(crit) at a CO2 pressure that equals 15 times the CO2 pressure of the 
air. 

   [Cd]tot,sdw(crit) (mg.m-3), being [Cd]dis,sdw(crit) (mg.m-3) at SPM=0 

OM SPM DOC pH pH pH pH pH pH pH pH pH pH 

%dw mg.l-1 mg.l-1 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 

             

10 0 0 4.04 2.79 1.92 1.34 0.94 0.68 0.51 0.43 0.47 0.75 

10 0 5 4.04 2.80 1.93 1.38 1.04 1.08 0.91 0.66 0.61 0.80 

10 0 15 4.04 2.81 1.97 1.47 1.23 1.83 1.68 1.13 0.88 0.91 

10 0 50 4.05 2.86 2.12 1.80 1.89 4.08 4.03 2.74 1.85 1.30 

10 0 100 4.07 2.94 2.36 2.29 2.80 6.76 6.86 4.94 3.22 1.85 

             

10 50 0 4.06 2.82 1.95 1.38 1.00 0.76 0.61 0.57 0.67 1.02 
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   [Cd]tot,sdw(crit) (mg.m-3), being [Cd]dis,sdw(crit) (mg.m-3) at SPM=0 

10 50 5 4.06 2.82 1.96 1.42 1.10 1.16 1.02 0.81 0.80 1.07 

10 50 15 4.06 2.84 2.00 1.51 1.29 1.91 1.79 1.28 1.08 1.18 

10 50 50 4.07 2.89 2.15 1.85 1.94 4.15 4.14 2.88 2.05 1.57 

10 50 100 4.08 2.96 2.39 2.33 2.85 6.84 6.97 5.08 3.42 2.12 

             

50 0 0 3.98 2.74 1.91 1.34 0.94 0.68 0.51 0.43 0.47 0.75 

50 0 5 4.02 2.81 2.02 1.52 1.26 1.09 0.91 0.66 0.61 0.80 

50 0 15 4.11 2.94 2.24 1.89 1.85 1.86 1.68 1.13 0.88 0.91 

50 0 50 4.45 3.48 3.01 3.06 3.69 4.16 4.03 2.74 1.85 1.30 

50 0 100 5.06 4.29 4.07 4.59 5.96 6.89 6.86 4.94 3.22 1.85 

             

50 50 0 4.03 2.81 2.00 1.45 1.11 0.90 0.81 0.84 1.03 1.51 

50 50 5 4.07 2.87 2.10 1.64 1.42 1.31 1.21 1.08 1.17 1.57 

50 50 15 4.16 3.00 2.32 2.01 2.01 2.08 1.98 1.54 1.44 1.68 

50 50 50 4.50 3.54 3.09 3.18 3.85 4.38 4.33 3.15 2.41 2.06 

50 50 100 5.11 4.35 4.16 4.71 6.12 7.11 7.16 5.35 3.78 2.61 

Table 5.26:  Look-up table to derive values of the total critical Pb concentrations in soil drainage 
water [Pb]tot,sdw(crit) at a CO2pressure that equals 15 times the CO2pressure of the air. 

   [Pb]tot,sdw(crit) (mg.m-3), being [Pb]dis,sdw(crit) (mg.m-3) at SPM=0 

OM SPM DOC pH pH pH pH pH pH pH pH pH pH 

%dw mg.l-1 mg.l-1 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 

             

10 0 0 34.72 11.41 3.83 1.32 0.46 0.17 0.08 0.09 0.23 0.72 

10 0 5 34.80 11.55 4.02 1.57 0.77 0.86 1.12 1.29 1.36 1.64 

10 0 15 34.96 11.83 4.42 2.09 1.38 2.18 3.16 3.67 3.61 3.47 

10 0 50 35.52 12.82 5.83 3.92 3.42 6.25 10.04 11.87 11.47 9.89 

10 0 100 36.33 14.25 7.92 6.51 6.21 11.39 19.36 23.30 22.68 19.07 

             

10 50 0 37.33 14.50 7.43 5.53 5.41 5.98 6.88 8.08 9.60 11.71 

10 50 5 37.41 14.64 7.62 5.79 5.72 6.66 7.92 9.27 10.73 12.63 

10 50 15 37.57 14.92 8.02 6.31 6.33 7.98 9.97 11.66 12.98 14.46 

10 50 50 38.13 15.91 9.43 8.14 8.37 12.05 16.84 19.86 20.84 20.89 
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   [Pb]tot,sdw(crit) (mg.m-3), being [Pb]dis,sdw(crit) (mg.m-3) at SPM=0 

10 50 100 38.94 17.34 11.52 10.74 11.16 17.19 26.17 31.29 32.05 30.06 

             

50 0 0 32.85 11.08 3.80 1.31 0.46 0.17 0.08 0.09 0.23 0.72 

50 0 5 34.36 12.59 5.32 2.74 1.63 0.89 1.12 1.29 1.36 1.64 

50 0 15 37.41 15.65 8.37 5.51 3.80 2.25 3.16 3.67 3.61 3.47 

50 0 50 48.44 26.65 18.69 14.44 10.52 6.45 10.04 11.87 11.47 9.89 

50 0 100 65.13 42.22 32.86 26.13 18.94 11.76 19.36 23.30 22.68 19.07 

             

50 50 0 39.22 18.51 12.51 11.53 12.45 14.27 16.57 19.45 22.94 27.36 

50 50 5 40.73 20.03 14.03 12.96 13.63 14.95 17.61 20.64 24.06 28.27 

50 50 15 43.78 23.08 17.07 15.74 15.78 16.30 19.66 23.03 26.31 30.11 

50 50 50 54.80 34.07 27.42 24.65 22.51 20.51 26.54 31.24 34.18 36.53 

50 50 100 71.49 49.66 41.61 36.34 30.92 25.82 35.86 42.66 45.38 45.70 

5.5.2.2.3.3.1 pH values 

If possible, it is recommended to use the pH at steady-state, assuming the implementation of the 

most recent regulations (such as the revised Gothenburg protocol). It may be necessary to run 

dynamic models to obtain this steady-state pH value. 

Alternatively, and pragmatically, the present soil solution pH may be used. It is then assumed 

that present pH is (almost) equal to future pH under most recent regulations. If the present pH 

in soil solution is not available, soil solution pH may be derived from pH in water or pH in salt 

extracts through regression functions. Linear relation coefficients are given in Table 5.20 

assuming no effect of soil type on the relationship. These relations can be used to calculate the 

soil solution pH which is needed in the critical load calculations and also in the transfer 

functions relating reactive metal contents to free metal ion concentrations. 

A last approach is to use the pH at the critical acid load, however, it is not recommended. This pH 

is easier to calculate but may strongly deviate from pH at steady-state. Furthermore, the 

calculation of the critical load pH is rather uncertain as it depends on arbitrary choices. These 

relations can be used to calculate the soil solution pH which is needed in the critical load 

calculations and also in the transfer functions relating reactive metal contents to free metal ion 

concentrations. 

More detailed information is given in Annex 10 in the background document (De Vries et al. 

2005). This includes relationships as a function of soil type. Ranges in the present and steady-

state critical soil pH for various combinations of land use, soil type and soil depth are also 

provided there. 



TEXTE Manual on Methodologies and Criteria for Modelling and Mapping Critical Loads and Levels and Air Pollution 
Effects, Risks, and Trends 

230 

 

Table 5.27:  Results of linear regression analyses of the pH in soil solution against pH-H2O, pH-
CaCl2 and pH-KCl. (pHsoil solution = α pH-X + β, with X = H2O, CaCl2 or KCl). 

Explaining 
variable 

N1) Slope (α)2) Intercept (β)2) se Yest
3) R2adj4) 

pH-H20 1145 1.0462 -0.2847 0.453 0.84 

pH-KCl 905 0.9692 0.6233 0.491 0.80 

pH-CaCl2 413 0.8834 1.317 0.741 0.49 

1) Number of samples 

2) All coefficients are significant at p > 0,999 

3) se Yest: Standard error of estimated Y 

4) R2adj: Adjusted R2 

5.5.2.2.3.3.2 DOC concentrations 

The concentration of dissolved organic matter (DOM) in soils is nowadays frequently 

determined in climaterelated studies. Concentrations of DOM are usually determined by analysis 

of carbon (DOC) which accounts for half of the weight of soil organic matter (DOM = 2 x DOC). 

However, long-term data on soil solutions are rarely available at sufficient density for mapping 

region-specific means and variability’s; they may need to be estimated from studies elsewhere. 

Ranges in DOC values for major forest types and soil layers, by means of the 5-, 50-and 95 

percentiles, are presented in Annex 11 of the background document (De Vries et al. 2005) on the 

basis of DOC values from approximately 120 Intensive Monitoring plots in Europe. In general, 

the results show a clear decrease in DOC concentrations going from the humus layer (median 

value of 40 mg l-1) into the mineral subsoil. Furthermore, the values are slightly higher in 

coniferous forests compared to deciduous forests. 

Relationships of DOC concentrations with vegetation type, hydrology, growth conditions, or soil 

properties may be expected, which would be useful to improve estimates for different sites and 

regions. The data for the mineral soil (De Vries et al. 2005) were thus used to derive 

relationships with available site characteristics and soil data that may affect the DOC 

concentrations, including the type of forest, (coniferous or deciduous forests), texture class 

(indication for soil type), temperature, pH and the contents of C and N, including the C/N ratio. 

Results thus obtained are given in the background document (De Vries et al, 2005). The results 

show a good relationship with the site and soil characteristics in the subsoil (below 30cm) but 

the relationships were much worse in the topsoil (above 30cm). In the topsoil there was a clear 

positive relationship with C/N ratio and temperature, while the correlated values of the 

individual C and N concentrations were negatively and positively related to DOC, respectively. 

The relationships are, however, too weak to be very useful. This is in line with the limited 

number of studies in the literature, from which no significant relationship could be discerned 

(Michalzik et al. 2001). 

Based on the available data the following default values for calculating critical loads of Pb and 

Cd, or critical levels of atmospheric Hg pollution, respectively, are suggested (see background 

document, Annex 11): 

Forest organic layer (O horizon):  

[DOC]sdw = 35 mg l-1 ([DOM]sdw = 70 mg l-1). 

Forest mineral topsoil (0-10 cm): 

[DOC]sdw = 20 mg l-1 ([DOM]sdw = 40 mg l-1). 
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Grass land (0-10 cm): 

[DOC]sdw = 15 mg l-1 ([DOM]sdw = 30 mg l-1). 

Arable land (0-30 cm): 

[DOC]sdw = 10 mg l-1 ([DOM]sdw = 20 mg l-1) 

5.6.2.2.4 Critical dissolved concentrations of hg related to ecotoxicological effects in soils 

5.6.2.2.4.1 Critical limit for the soil 

With respect to Hg, critical limits refer only to effects on soil micro-organisms and invertebrates 

in the humus layer of forests. The suggested critical limit for Hg is that the concentration in the 

humus layer (O-horizon) of forest soils after normalization with respect to the organic matter 

content should not exceed 0.5 mg kg (org)-1 (Meili et al. 2003a). Because of the strong 

association of Hg with organic matter leaving virtually no free ions, the exposure of biota to Hg is 

controlled by the competition between biotic and other organic ligands, and the contamination 

of all types of organic matter is determined by the supply of organic matter relative to the supply 

of Hg at a given site (Meili 1991a, 1997, cf. biodilution). Therefore, the critical limit for Hg in 

soils is set for the organically bound Hg rather than for the free ion concentration, also in 

solution. 

Critical total mercury concentrations in soil solution can be calculated by using a transfer 

function for Hg from soil-to-soil solution, while assuming a similar critical Hg/org ratio in the 

solid phase and in the liquid phase, at least in oxic environments where binding to sulphides is 

negligible. Various reasons supporting this are given in Meili (1991a, 1997, 2003b), De Vries et 

al. (2003), and Åkerblom et al. (2004). 

5.6.2.2.4.2 Transfer function for mercury 

The critical leaching of Hg from the humus layer (Mle(crit) in eq. V.93) is related to the mobility 

and Hg content of dissolved organic matter because of the strong affinity of Hg for living and 

dead organic matter and the resulting lack of competition by inorganic ligands in this layer (e.g., 

Meili 1991, 1997). Because of the strong association of Hg with organic matter leaving virtually 

no free ions (apparently far less than one per km2 of topsoil, based on Skyllberg et al. 2003), the 

biogeochemical turnover of Hg is controlled by the competition between biotic and other 

organic ligands. Therefore, Hg/OM ratios are a useful tool for calculating critical limits, loads, 

and associated transfer functions (Meili et al. 2003a). This is the basis of the transfer function to 

derive total Hg concentrations in percolating (top)soil water ([M]dis,sdw(crit) in eq. V.95, mg m-3) as 

follows: 

(V.101) 

[Hg]dis,sdw(crit) [Hg]OM(crit) · ff · [DOM]sdw · csdw  

where: 

[Hg]dis,sdw(crit) = critical total Hg concentration in soil drainage water (mg m-3) 

[Hg]OM(crit) = critical limit for Hg concentration in solid organic matter (OM), or the Hg/OM ratio 

in organic (top)soils ([Hg]OM(crit)=0.5 mg (kg OM)-1) 

ff = fractionation ratio, describing the Hg contamination of organic matter in solution (DOM) 

relative to that in solids (OM) (–), 

[DOM]sdw = concentration of dissolved organic matter in soil drainage water (g m-3) 

Csdw = 10-3 kg g-1, factor for appropriate conversion of mass units 
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The scale-invariant fractionation or transfer factor ff describes the Hg partitioning between 

organic matter in solids and organic matter in solution and is defined as the ratio between the 

Hg content of DOM and that of OM (Meili et al. 2003a, Meili et al. 2003b). Preliminary studies in 

Sweden suggest that the Hg concentration in DOM is of similar magnitude as that in OM, and that 

1 may be used as a default value for ff until deviations from unity prove to be significant 

(Åkerblom et al. 2004). 

5.6.2.2.4.3 Critical concentration for the soil drainage water: 

Based on the Hg limit of 0.5 mg kg-1 OM and a DOM concentration of 70 mg l-1 (DOC = 35 mg l-1), 

the critical steady state concentration of total Hg in soil drainage water is 35 ng l-1 or 0.035 ug l-1 

(see eq. V.101). This concentration is consistent with that derived by a different approach at the 

watershed scale (Meili et al. 2003a) and is similar to high-end values presently observed in soil 

solutions and surface freshwaters (Meili, 1997; Meili et al. 2003b; Åkerblom et al. 2004). Note 

that this ecosystem limit for soil water is much lower than the drinking water limit above, but 

still higher than that for surface freshwaters where Hg limits for fish consumption usually are 

exceeded at surface water concentrations of 1-5 ng l-1. 

5.6.3 Aquatic ecosystems 

5.6.3.1 Critical loads of cadmium and lead 

5.6.3.1.1 Simple steady-state mass balance model and related input data 

In principle, the simple steady-state mass balance approach can be used for Cd, Pb and Hg but it 

has been decided to restrict the approach in first instance to Cd and Pb and use a different, 

precipitation-based approach for Hg, as described in section 5.5.3.2. 

5.6.3.1.1.1 Steady-state mass balance model in stream waters 

As with terrestrial ecosystems, the critical load of Cd and Pb for freshwaters is the acceptable 

total load of anthropogenic heavy metal inputs corresponding to the sum of tolerable outputs 

from the catchment by harvest and outflow, minus the natural inputs by weathering release in 

the catchment but adding the retention in the surface water (De Vries et al. 1998). There is no 

need to consider net release in catchment soils if the net weathering (weathering minus 

occlusion) is negligible. Since the estimation of net release in soils includes high uncertainties, it 

is preliminarily assumed to be negligible. 

In the initial manual on the calculation of critical loads of heavy metals for aquatic ecosystems 

(De Vries et al. 1998), the default method presented to calculate critical loads of heavy metals for 

soils included in-lake metal retention, including all relevant metal fluxes, namely sedimentation, 

resuspension, and exchange processes in the lake (infiltration, diffusion and bioirrigation), while 

assuming a steady state situation (DeVries et al. 1998). To keep the approach as simple as 

possible, and also to stay as close as possible to the simple mass balance approach for nitrogen 

and acidity, this model can be simplified by neglecting weathering in the catchment and lumping 

transient exchange processes at the sediment-water interface and the net effect of 

sedimentation and resuspension in one retention term according to De Vries et al. (1998): 

(V.102) 

CL(M) = Mu + Mret(crit) · Al / Ac + Mlo(crit) 

where: 

Mu = removal of heavy metal by biomass harvesting or net uptake in the catchment (g ha-1a-1) 

Mret(crit) = net retention of heavy metal in the lake at critical load (g ha-1a-1) 
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Mlo(crit) = critical lateral outflow of heavy metal from the whole catchment (g ha-1a-1) 

Al = lake area (ha) 

Ac = catchment area (ha) 

When critical loads of Cd and Pb for stream waters are calculated, there is no need to consider 

net retention, leading to the following critical load calculation: 

(V.103) 

CL(M) = Mu + Mlo(crit) 

Because the estimation of net retention for lakes includes high uncertainties, it is recommended 

one calculate preliminarily aquatic critical loads for stream waters only, for which the retention 

in surface water is negligible. It furthermore leads to the lowest critical loads and thus implies 

the protection of lakes as well. Finally, when calculating critical loads for lakes, one may also 

assume that net retention of metals in lakes is negligible, implying the assumption that the 

overall release or retention of metals in a catchment, including the lake sediment, is negligible. 

5.6.3.1.1.2 Heavy metal removal by net uptake 

The assessment of these data is comparable for those in terrestrial ecosystems (see eq. V.94), 

but now the uptake or release refers to the complete catchment. This implies that no further 

reduction factors need to be applied to relate the uptake in the root zone/catchment to the 

mineral topsoil. The equation for net uptake is thus equal to eq. V.94 with fMu being equal to 1. 

5.6.3.1.1.3 Critical output of heavy metals from the aquatic system 

The critical lateral outflow can be described as the product of the lateral outflow flux of water 

and the critical limit for the total concentration of the heavy metal in the surface water according 

to: 

(V.104) 

Mlo(crit) = 10 · Qlo ·[M]tot,sw(crit) 

where: 

Qlo = lateral outflow flux of water from the whole catchment area (m a-1)  

[M]tot,sw(crit) = critical limit for the total concentration (dissolved and in suspended particles) of 

heavy metal in surface water (mg m-3) 

Qlo, which sometimes is denoted as the hydraulic load in the literature can be derived for a lake 

on the basis of the flow from the aquatic system, Q (m-3a-1) divided by the catchment area (m2). 

The total concentration of metals can be calculated as: 

(V.105) 

[M]totsw(crit) = [M]dis,sw(crit) + [M]SPM,sw(crit) · [SPM]sw 

where: 

[M]dis,sw(crit) = critical dissolved concentration of a heavy metal in surface water (mg m-3) 

[M]SPM,sw(crit) = critical total content of a heavy metal in suspended particles (mg kg-1) 

[SPM]sw = concentration of suspended particulate matter in surface water (kg m-3) 

Data on the lateral outflow of lakes can be derived from the S&N critical loads database. The 

critical load depends on the critical limit used. In the initial manual for aquatic ecosystems (De 

Vries et al. 1998), it was argued that critical limits referring to the free metal ion activity in 
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surface water are most appropriate. This idea has been further developed by Lofts et al. 

(unpublished data), but has not been adopted here, for reasons which will be given in 5.5.3.1.2. 

Instead, critical limits referring to total dissolved metal concentrations have been adopted. It is 

necessary to include a solid-solution transfer function (see Annex 2) to calculate the critical 

metal concentration in suspended particles and hence the critical total aqueous metal 

concentration. 

Information on how to estimate the critical net in-lake retention when calculating critical metal 

loads for lakes is given in the background document to this manual (De Vries et al. 2005). Like 

for terrestrial ecosystems, it is recommendable to calculate weathering rates (here at least for a 

depth of 1 m) to account for the influence of natural processes in comparison to atmospheric 

deposition in order to evaluate critical loads and critical limits exceedances. Information on how 

to calculate weathering within the catchment is given in Annex 6 of the background document 

(De Vries et al. 2005). 

5.6.3.1.2 Critical total dissolved cadmium and lead concentrations in aquatic ecosystems 

5.6.3.1.2.1 Critical limits for total dissolved concentrations 

Analysis of aquatic ecotoxicological data by Lofts et al. (unpublished) suggested overlap between 

aquatic and terrestrial toxic endpoint concentrations at a given pH. Hence it was suggested that 

common critical limits be applied for both soils and freshwaters, by using the critical limit 

functions derived in 5.5.2.2 for toxic effects on the soil ecosystem. However, although there is no 

theoretical reason why the sensitivities of soil and water organisms to metals should not be 

similar (assuming that uptake of the free ion from the aqueous phase is the significant 

mechanism leading to toxicity) this approach has not been adopted for the following reasons: 

► The aquatic toxicity data for Cd covered a more restricted pH range than for the terrestrial 

toxicity data (pH 6.9 to 8.7 compared to pH 3.2 to 7.9). Therefore, although overlap of points 

was seen within the pH range covered by the aquatic toxicity data, no data were available to 

validate the theory of overlap below pH 6.9. 

► Observed overlapping of points for Pb was less than for any of the metals studied (Cu and Zn 

in addition to Cd and Pb). Most of the aquatic toxicity data gave free Pb endpoints higher 

than those observed for soils. 

For these reasons, it was decided not to use the free ion approach for aquatic critical limits and 

instead to express the critical limits as the total dissolved metal (mg m-3). 

A summary of preliminary effect-based critical limits is given in Table 5.24. The values for Cd are 

based on the EU Risk Assessment Report for Cd (Risk assessment Cadmium metal CAS-No. 7440-

43-9). The values for Pb are based on Crommentuijn et al. (1997) for the value suggested for use 

in the 2004 call for data, and on a substance data sheet on Pb and its compounds (2003) for the 

value to be used with the 2005 update of Annex 3. There are also critical limits related to 

secondary poisoning, but these values are not yet recommended for use because they require 

further substantiation and discussion. 

The value of 0.38 mg m-3, taken from EU Risk Assessment Report for Cd, is based on the 5-

percentile cut-off value of chronic toxicity data from 168 reliable tests on single species and 9 

multi-species studies. An assessment factor of 2 is further introduced in the report, leading to a 

critical limit of 0.19 mg m-3, but this approach was not accepted in this manual. For Cd, a 

relationship with water hardness has also been found in the EU Risk Assessment Report. Since 

2004, it has been also accepted to take the influence of hardness on the toxicity of cadmium into 

account, using 3 hardness classes (with hardness H in mg CaCO3 l-1) according to 0.16 mg m-3 if H 
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<100, 0.30 mg m-3 if 100<H <200 and 0.50 mg m-3 if H >200, using no assessment factor (see also 

the background document to the manual, De Vries et al, 2005). 

For Pb, the critical limit of 11 mg m-3 is based on Crommentuijn et al. (1997), whereas the value 

of 5 mg m-3 (range of 2.1–9.3 mg m-3) is based on the 5-percentile cut-off value of chronic toxicity 

data, calculated with the method of Aldenberg & Jaworska, using 3 data sets of selected (i) 

freshwater and saltwater NOECs/EC10s (30 values). (ii) freshwater NOECs/EC10s (19 values) 

and (iii) saltwater NOECs/EC10s (11 values). In the substance data sheet on Pb, an assessment 

factor of 3 is further introduced, but this approach was not accepted in this manual. At a 

workshop of ICP Waters on heavy metals, 2002, in Lillehammer (Skjelkvale and Ulstein, 2002) a 

range of 1–11 mg m-3 was suggested in dependence on water chemistry, with low values 

referring to clear softwaters. 

Table 5.28:  Recommended critical limits for dissolved Cd and Pb concentrations surface waters. 

Metal Critical dissolved concentration (mg m-3) 

 Value used before 2005 Value used since the 2005 update of 
Annex 3 

Cd 0.38 1 0.16   if H < 100 2 
0.30   if 100 < H < 200 and 
0.50   if H > 200 

Pb 11 5 

1 A comparable critical limit is suggested in the RAR on Cd for the protection of top predators, namely 0.26 mg m-3. This 

value is based on a critical limit for the intake of Cd of 160 µg Cd /kg food (wet weight) of the predator, being the quality 

standard for biota tissue with respect to secondary poisoning. However, this value is yet considered too uncertain to be 

used in the critical load calculations. 
2 H = hardness in mg CaCO3 l-1 

Regulation update: 

The recommended values for use in this manual are the ones that were agreed upon when the 

2004 version of the manual was prepared. Since then, new EU legislations (Directive 2013/39/UE) 

have been published. They are mentioned here for information. The values in the table below are 

not compatible with data used in the Annex 3 of this section. 

Metal Critical dissolved concentration (mg m-3) 

 mg.m-3 Water hardness 

Cd ≤0.08 
0.08 
0.09 
0.15 
0.25 

[CaCO3] < 40 mg/l 
40 < [CaCO3] < 50 mg/l 
50 < [CaCO3] < 100 mg/l 
100 < [CaCO3] <200 mg/l 
200 mg/l < [CaCO3] 

Pb 1.32 5 

Hg 0.073  

1 Annual Averages of Environmental Quality Standards for inland surface waters as in Directive 2013/39/EU 2013. 
2 This Environmental Quality Standard applies to lead bioavailable fraction. 
3 Maximum allowable concentrations for inland waters. 
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The critical limit of 5 mg m-3 is in the middle of this range and thus consistent. A much lower 

critical limit is suggested in substance data sheet on Pb for the protection of human health using 

a critical limit of 200 µg Pb kg-1 muscle meat of fish (food standard set by Commission Regulation 

(EC) No. 466/2001) and the protection of predators in freshwater and saltwater environments 

from secondary poisoning (near 0.4 µg Pb l-1). However, this value is considered too uncertain to 

be used in the critical load calculations. 

Although not presently used, a preliminary critical limit for Hg can be found in the substance 

data sheet on Hg and its compounds (2003). As with Pb, this value is based on the 5-percentile 

cut-off value of chronic toxicity data, using 3 data sets of selected (i) freshwater and saltwater, 

(ii) freshwater and (iii) saltwater, leading to a value of 0.142 mg m-3 (90 percentile range of 

0.056–0.281 mg m-3). In the substance data sheet on Hg, an assessment factor of 4 is further 

introduced, but this approach was not accepted in this manual. A reliable quality standard to 

protect top predators from secondary poisoning can not be given, but the value is much lower 

than those for ecotoxicological effects. The value of 0.035 mg m-3 presented earlier for soils is 

likely to be an upper limit for secondary poisoning. 

5.6.3.1.2.2 Calculation of critical limits for total aqueous concentrations 

In order to calculate critical loads of metals for freshwater ecosystems it is necessary to know 

the total aqueous concentration at the critical limit, (i.e. the concentration of dissolved metal and 

of metal bound to suspended particulate matter (SPM)). There are various possible approaches 

to derive adsorbed metal contents on suspended particles ([M]SPMsw) from total dissolved metal 

concentrations in surface water ([M]tot,sw). The simplest approach is an empirical linear approach 

(Kd-value) relating both contents and concentrations, while accounting for the impact of major 

properties of the suspended particles influencing the sorption relationship. However, Kd values 

for a given metal may vary substantially from place to place and so the Kd approach is not 

appropriate when calculating metal contents on suspended particles from a large number of 

different locations. 

An alternative approach, which uses as far as possible data and models used elsewhere in this 

manual, is to take a two-stage approach: 

► Calculate the critical free ion concentration from the critical dissolved metal concentration. 

► Calculate the critical particle-bound metal from the critical free ion. 

► Sum the critical particle-bound and dissolved metal to obtain the critical total metal. 

Step 1 uses a complexation model (e.g., WHAM) to calculate the critical free ion concentration 

from the critical dissolved metal concentration. Step 2 uses a transfer function to calculate the 

particle-bound metal from the free ion. This transfer function is given in Annex 2. The 

calculation of the critical total aqueous concentration is presented in Annex 3. 

In Annex 3, the procedure given applies to the values given in Table 5.22 (considering water 

hardness for Cd and 5 mg m-3 for Pb). Use of different values implies a rerun of the WHAM model. 

5.6.3.1.2.3 Surface water chemistry data 

Data needed to calculate the total dissolved metal concentration are the concentration of 

suspended particles in the water compartment, [SPM]sw, the pH and DOC concentrations of 

surface water. The concentration of SPM in the surface water (kg m-3 or g l-1) depends on the 

turbulence of the water, which in turn depends on the geological setting (incl. land use) and 

water flow velocity (i.e., wind speed for lakes). The concentration of suspended particles may 

thus vary considerably and generally ranges from 1 to 100 g m-3. The average concentration for 
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Dutch surface waters, for example, is 30 g m-3, and for a dataset of lowland UK rivers (n = 2490) 

it is 30.6 g m-3 with a range of <0.1 to 890 g m-3, while Scandianavian waters typically show much 

lower values. 

pH and DOC values for lakes largely depend on the landscape surrounding the lakes including 

the parent material (its sensitivity to acid inputs). Typical DOC values for clear water lakes are 

below 5 mg l-1, whereas for humic lakes, values can be higher than 50 mg l-1. Values for the pH 

generally vary between 5 and 7. Both pH and DOC are standard measurements in lake surveys 

and a wealth of data can be derived from those surveys. 

When calculating in-lake retention in deriving critical loads for lakes, data on characteristics 

such as the lake, catchment area, and the net retention rate are needed. For more information 

we refer to the background document (De Vries et al. 2005) and an earlier manual (De Vries et 

al. 1998). 

5.6.3.2 Critical levels of mercury in precipitation 

Critical loads of atmospheric pollution for aquatic ecosystems (lakes and rivers) may be 

approached by a mass balance approach involving a wide variety of processes both within the 

water column and in the surrounding watershed. Alternatively, the steady state partitioning of 

pollutants in a constant environment can be formulated without any need for mass balance 

considerations or detailed understanding of ecosystem processes. This can be achieved by 

linking critical receptors, such as fish, directly to the main immissions through transfer functions 

(TF) describing the relationship of their Hg concentrations at steady state, as described below. 

5.6.3.2.1 Derivation of critical levels of mercury in precipitation referring to a standard fish 

5.6.3.2.1.1 Basic concept 

Hg concentrations in fish show a wide variation, about 30-fold both within and among sites 

(Meili 1997). A standardized value for a given site (lake or river) can be obtained by referring to 

a commonly caught piscivorous fish with a total body weight of 1 kg, in particular pike (Esox 

lucius). Using a 1-kg pike as a standard receptor, the mean Hg concentration in fish flesh can be 

related to the mean Hg concentration in precipitation at a given site as follows: 

(V.106) 

[Hg]Pike = Cbp · [Hg]Prec · TFHgSite 

where: 

[Hg]Pike = Hg concentration in the flesh of 1-kg pike (mg kg-1 fw) 

[Hg]Prec = Hg concentration in precipitation (ng l-1) 

TFHgSite = site-specific transfer function (l kg-1 fw) referring to the transfer of atmospheric Hg to 

fish flesh in a watershed at steady state 

Cbp = 10-6 mg ng-1, factor for appropriate conversion of units. 

The critical level of atmospheric pollution ([Hg]Prec(crit)) can thus be calculated as follows: 

(V.107) 

[Hg]Prec(crit) = [Hg]Pike(crit) /(TFHgSite · Cbp) 

where: 

[Hg]Pike(crit) = critical Hg concentration in the flesh of 1-kg pike (0.3 mg kg-1 fw) 

[Hg]Prec(crit) = critical Hg concentration in precipitation (ng l-1) 
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Cbp =10-6 mg ng-, factor for appropriate conversion of flux units 

Regarding the critical limit for mercury in pike of 0.3 mg kg-1 fw, we refer to the background 

document of the manual (De Vries et al. 2005). 

5.6.3.2.1.2 The transfer function TFHgSite  

TFHgSite addresses the wide variation of Hg concentrations among ecosystems in response to a 

given atmospheric Hg input at steady state. It accounts for a variety of complex processes 

including both terrestrial and aquatic aspects related to the biogeochemistry of Hg in lakes and 

rivers (Meili et al. 2003a), thus accounting for both fluxes and transformations of Hg (e.g., 

sorption, volatilization, net methylation, bioavailability, biodilution, biomagnification). For 

mapping of watershed sensitivity, TFHgSite is preferably expressed as a function of basic physical 

chemical parameters. Hg concentrations in fish are generally highest in nutrient-poor softwaters 

in acidic watersheds rich in wetlands (e.g., Verta et al. 1986, Hakanson et al. 1988, Meili 1991a, 

1994, 1996a, 1997). Such differences can be described by empirical relationships to address 

regional and local differences in watershed biogeochemistry, based on variables for which data 

are commonly available (e.g., from other studies under the LRTAP Convention), such as surface 

water pH or concentrations of organic carbon or nutrients (the latter being of particular 

relevance for mercury). Two alternative formulations capturing part of the large variation in 

TFHgSite are: 

(V.108a) 

TFHgSite ≈ TFHgRun · ([TOC]sw+1) / (400[TP]sw+6) 

(V.108b) 

TFHgSite ≈ TFHgRun · e-(pHsw-6)/2 

where: 

[TOC]sw = concentration of total organic carbon in surface water (mg l-1)  

[TP]sw = concentration of total phosphorus in surface water (mg l-1) 

pHsw = pH in surface water 

TFHgRun = transfer function (l kg-1 fw) referring to the transfer of atmospheric Hg to fish flesh via 

runoff in a reference watershed at steady state. 

The first formulation (V.108a) is most appropriate and should be used when concentrations of 

total organic carbon and total phosphorus in surface water are available, which is often the case 

from routine monitoring of surface waters. The alternative formulation based on pH alone 

(V.108b) is less adequate but can be used if data access is limited. 

TFHgRun can be quantified from adequate data sets in various ways (see Annex 13 of the 

background document, De Vries et al. 2005). If such data are not available, a value of 

250 000 l kg-1 fw can be used for TFHgRun referring to the standard fish (1 kg, in particular pike, 

Esox lucius) at steady state (Meili et al. 2003a, cf. Verta et al. 1986, Meili 1991a). An important 

aspect to consider when quantifying TFHgRun (or other steady state parameters) from field data is 

that present environmental Hg concentrations are not in steady state with the present level of 

atmospheric pollution. 
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5.6.3.2.2 Derivation of critical levels of mercury in precipitation referring to other organisms 

5.6.3.2.2.1 Basic concept 

The Hg concentration in any fish or other organism, serving as food for humans and fish-based 

wildlife such as birds and mammals, can be related to the Hg concentration in 1-kg pike 

according to:  

(V.109) 

[Hg]Bio = [Hg]Pike · TFHgBio 

where: 

[Hg]Bio = Hg concentration in any biota, (e.g., fish flesh) (mg kg-1 fw) 

TFHgBio = organism-specific transfer function addressing the typical Hg partitioning within food 

webs (–) 

The critical level of atmospheric pollution ([Hg]Prec(crit)) can thus be calculated from a 

combination of eq. V.107 and eq. V.109 as follows: 

(V.110) 

[Hg]Prec(crit) = [Hg]Bio(crit) /(TFHgBio · TFHgSite · Cbp) 

where: 

[Hg]Bio(crit) = critical Hg concentration in any biota, (e.g., fish flesh) (mg kg-1 fw) 

Cbp = see above 

TFHgBio is useful for two purposes: 

(1) to estimate values for 1-kg pike for sites/regions in which only mercury concentrations in 

other organisms are available, 

(2) to convert critical load maps referring to 1-kg pike into maps for other target organisms of 

local/regional interest. 

5.6.3.2.2.2 The transfer function TFHgBIO 

TFHgBio addresses the wide variation of Hg concentrations among organisms within food webs, by 

describing the typical deviation from the standard fish. Among commonly available variables, 

body weight is the most powerful single predictor of fish Hg levels, also across species. The 

variation in TFHgBio can be described as follows: 

(V.110) 

TFHgBio ≈ fHgY + fHgW W2/3 

where: 

fHgY = value for very young fish and other small animals (–); fHgY ≈ 0.13 

fHgW = species-specific slope coefficient (–) 

fHgw ≈ 0.2...2 (Table 5.29) 

W = total body fresh weight (kg fw) 

For many freshwater fish used for human consumption, this will generate estimates of mean Hg 

concentrations at a given fish size that differ less than 2-fold from observed means. Species-

specific slope coefficients (fHgw) for some common freshwater fish are given in Table 5.29 for the 
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typical case that the value for very young fish and other small animals (fHgY) can be maintained at 

0.13. For any fish species (e.g. for unexplored sites or for unknown future fish populations), a 

first approximation differing less than 3-fold from observed size-class means can be made based 

on body weight alone, using the parameter for the standard fish, pike (fHgw = 0.87, Table 5.29). If 

fish weight data are not available, total body weight (Win kg) can be estimated from total body 

length by applying a species-specific shape factor (fLW, Table 5.29) according to: 

(V.112) 

W ≈ fLW · L3.1 

Where L = length of the fish (cm). 

Table 5.29:  Coefficients for size conversion (fLW) and normalization of Hg concentrations (fHgw) 
in freshwater fish, some standard fish weights (W) for consumption, and the 
related value for TFHgBio. 

Fish taxa fLW fHgW W TFHgBio 

pike Esox lucius Esocidae 3.8 10-6 0.87 1.0 1 

pike-perch, zander Stizostedion lucioperca Percidae 6.4 10-6 1.2 1.0 1.3 

perch Perca fluviatilis Percidae 7.9 10-6 1.9 0.3 1.0 

trout Salmo trutta Salmonidae 7.2 10-6 0.4 0.3 0.3 

Arctic char Salvelinus alpinus Salmonidae 6.8 10-6 0.7 0.3 0.4 

whitefish Coregonus spp. Coregonidae 6 10-6 <0.4...>2   

burbot Lota lota Lotidae 5 10-6 0.9 0.3 0.5 

bream Abramis brama Cyprinidae 8 10-6 0.25 0.3 0.2 

roach Rutilus rutilus Cyprinidae 6.8 10-6 0.6...1.2   

Table 5.29 is meant as a reference that can be expanded and adapted for local use, based on 

additional field data from systems where several coexisting species have been analyzed. Note 

that for compatibility of transfer functions and for inter-regional comparisons, the value of 

TFHgBio refers to a 1-kg pike, which should be maintained as a reference receptor with a value of 
TFHgBio=1. 

5.6.4 Limitations in the present approach and possible future refinements 

In general, the uncertainties in measurement as well as in modelling are higher with respect to 

trace elements than for main nutrient elements. In particular the following uncertainties of the 

models should be mentioned: 

► The steady-state of metal inputs and outputs on the level of the critical limit is a theoretical 

situation. In dependence of the actual status of a site (or area) it may take years to centuries 

(e.g., for calcareous soils) to reach this steady-state. This should be considered when critical 

loads and their exceedances are to be interpreted. To consider the processes of metal 

accumulation or loss from soils over time, dynamic approaches would be needed (see for an 

overview Bonten et al., 2015). Although such models are already suggested, they are not yet 

considered here, because they still need further sophistication. There is some inconsistency 

between the calculation of the critical leaching and the tolerable removal of the metals with 

biomass because types of critical limits and their mode of use are different for both fluxes. 
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► The uptake of heavy metals by plants is not constant over time but varies strongly with 

changes in pollution and is at present likely lower than indicated above at steady state at the 

level of critical concentrations. 

► Possible effects of thinning of the metal concentration due to high mass fluxes of biomass 

harvest (high yields) are not considered due to missing knowledge. 

► The delivery of heavy metals to the available pools of soils and surface waters is excluded 

from the mass balance equation due to high uncertainties of the available calculation 

approach. However, since the same approach is used to identify sites with high natural 

inputs it may happen that one site is excluded, while another site with an insignificant lower 

weathering rate will stay in the database. 

► The approaches taken to calculate critical limits for ecotoxicological effects are different for 

terrestrial and aquatic ecosystems. Given the likelihood that terrestrial and freshwater 

organisms (with the exception of surface-dwelling soil invertebrates such as snails) are 

exposed to metal in a similar manner (i.e., via the solution phase), a common approach to 

deriving critical limits, if not common values or functions for the limits, is scientifically 

desirable. 

► The critical limit derivation includes several uncertainties, as e.g. differences between results 

from laboratory or field, which are (deviating e.g. from OECD methodologies) not taken into 

account by the use of “uncertain factors”. 

► Organisms can be affected by different pathways, which could only partly considered here. 

► The vertical flux of metals bound to particulate matter suspended in the drainage water, may 

be remarkable in certain soils, this holds in particular for Pb. It was, however, not 

recommended to consider this, in order to be consistent with other parts of the manual. 

► The seasonal variation of soil parameters such as pH, DOC cannot be accounted for in the 

models. 

5.7 Modelling critical loads for biodiversity 

5.7.1 Introduction 

The critical load concept has been developed as a measure of the good ecological state of an 

ecosystem in the long-term in relation to air pollutants. Initially this indicator has been based on 

chemical characteristics of soils. On the other hand, empirical critical loads considered the 

effects of atmospheric pollution on specific functions of an ecosystem or its overall good 

condition. 

At its 25th session in 2007, the Executive Body encouraged the Working Group on Effects “... to 

increase its work on quantifying effects indicators, in particular for biodiversity. These should 

also be linked to the integrated assessment modelling activities” (ECE/EB.AIR/91, para. 31). 

This has been confirmed in the Long-term Strategy of the Convention till 2020 which “set a 

vision for the next 10 years and beyond to address the remaining issues from existing activities 

and to meet emerging challenges with the aim of delivering a sustainable optimal long-term 

balance between the effects of air pollution, climate change and biodiversity” 

(ECE/EB.AIR/2010/4, para 6a). This has been thus explained in the 2012-2014 call for data 

issued by the CCE (CCE 2012). 
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Responding to this request from the EB in 2007, the ICP M&M embarked on developing methods 

and data for biodiversity indicators that can be used for policy support through integrated 

assessment modelling. Preliminary results were reported in the CCE status reports as soon as 

2008 (Hettelingh et al. 2008). Following this, ICP M&M, the CCE and M&M NFCs have continued 

their activity on biodiversity indicators as reported every year in CCE status reports (Hettelingh 

et al. 2009; Posch et al. 2011, 2012a; Slootweg et al. 2010). This was a logical methodological 

evolution that aimed at linking critical loads to biodiversity. These new developments, based on 

recent scientific findings, are described in this section. Under the WGE, different ICPs have also 

undertaken to develop indicators linking atmospheric pollution to biodiversity changes, as 

shown in Harmens et al. (2013). 

The work undertaken under ICP M&M, and more widely by the WGE, meet general 

preoccupations about the observed loss of biodiversity at the world scale (cf. 

http://www2.epa.gov/nutrientpollution, http://www.initrogen.org, Sutton et al. 2011). Also, 

pollution deposition, in particular nitrogen, is included in the threats to biodiversity listed by the 

Convention on Biological Diversity (CBD, decisions VII/30 in 2004 and VIII/15 in 2006). 

Nitrogen deposition has been shown to be above critical loads for a significant number of 

protected areas across the world, indicating that nitrogen deposition is a one of the drivers of 

biodiversity loss (Bleeker et al., 2011). Assessments for the revision of the Gothenburg protocol 

evaluated that, in 2005, over 57 % of the EMEP area the critical loads for eutrophication were 

exceeded (WGE 2013). 

Published in 2010, the CBD “strategic plan for biodiversity 2011-2020” translated its decisions 

into the Aichi Targets (in particular “Target 8: By 2020, pollution, including from excess 

nutrients, has been brought to levels that are not detrimental to ecosystem function and 

biodiversity”). In 2011, its Subsidiary Body on Scientific, Technical and Technological Advice 

recommended that this target was supported by indicators expressing the trends in pressures 

from pollution such as “trends in water quality in aquatic ecosystems”; “trends in pollution 

deposition rate”; “trends in emission to the environment of pollutants relevant for biodiversity”; 

and “trends in ozone levels in natural ecosystems” (Target 8, recommendation XV/1, CBD 2011). 

At the European level, the pan-European initiative, launched in January 2005, developed a set of 

indicators to assess progress towards CBD 2010 biodiversity target in Europe, the Streamlining 

European 2010 Biodiversity Indicators (SEBI 2010, http://biodiversity.europa.eu/topics/sebi-

indicators). One of these indicators, in line with the Aichi target 8, is the critical load exceedance 

for nitrogen (SEBI 09). 

The EU Biodiversity Strategy for 2020 (EC, 2011), adopted through a European Parliament 

resolution in 2012, emphasizes the importance of the SEBI indicators for implementing and 

assessing policy efficiency. Its target 2, action 7, encourages member states to “Ensure no net 

loss of biodiversity and ecosystem services”. 

For Europe, the EU specified six 2020-biodiversity targets. In particular for EU Member States, 

results of this work could contribute and support the EU 2020 headline target “halting the loss of 

biodiversity and the degradation of ecosystem services in the EU by 2010, and restoring them in 

so far as feasible, while stepping up the EU contribution to averting global biodiversity loss”. 

This objective has been abbreviated in the EU to “no net loss of biodiversity and ecosystem 

services” (EU 2011, p.12, Target 2, Action 7) which was simplified to “no net loss of biodiversity" 

for the purpose of this call. For more detailed background information, NFCs may wish to 

consult the documents listed in the CCE Call for Contributions of 2011-2012 (to be found at: 

http://wge-cce.org/Activities/Call_for_Data). 

http://www2.epa.gov/nutrientpollution
http://www.initrogen.org/
http://biodiversity.europa.eu/topics/sebi-indicators
http://biodiversity.europa.eu/topics/sebi-indicators
http://wge-cce.org/Activities/Call_for_Data
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5.7.2 Objectives 

In this context, ICP M&M and CCE have promoted the development of modelling tools based on 

biodiversity metrics (instead of a physico-chemical indicator) and integrating the effects of 

climate change. These tools may calculate nitrogen critical loads in relation to an acceptable 

change in plant species diversity or predict change in vegetation under different scenarios. 

Available approaches, used by ICP M&M NFCs, are briefly described below. 

At the ICP M&M meeting and CCE workshop in 2012 in Warsaw (Poland), NFCs have 

furthermore been encouraged to choose indicators that may provide a measure of “no net loss of 

biodiversity” for sensitive plant species or ecosystems that are of relevance for individual 

countries. In this context an approach is adopted that is similar to previous calls for ICP M&M 

relative to critical loads data. The reason is that in their response to calls for critical loads data, 

countries are free to decide on the sensitive ecosystems for which they wish to include critical 

loads in the European critical load database. This way of harmonisation of information on 

impacts provides a level playing field for the comparison, by policy analysts, of impacts 

generated from emission reduction scenarios that are simulated in integrated assessment. 

In this way, the use of future “no net loss of biodiversity” indicators in integrated assessment 

models becomes similar to the manner in which the Europen critical loads database is 

implemented and used in effect-based scenario analyses. 

Following the 2012-2014 call for data (Slootweg et al. 2014), the ICP M&M discussions 

concluded that a common indicator, preliminarily named “habitat suitability indicator”, should 

be used by all NFCs, in addition to indicators that meet specific national requirements. This 

indicator should be calculated using lists of species characteristic of EUNIS habitats. 

The most recent information on the development of “no net loss of biodiversity indicators” and 

“habitat suitability indicators” can be found on the ICP M&M and CCE websites 

(http://icpmapping.org/ and http://wge-cce.org/) and described in the CCE Status Report 2014 

(Slootweg et al. 2014). 

These indicators are to be calculated from a number of tools and models that are made available 

through the CCE for NFCs to carry out their calculations. NFCs are encouraged to make use of 

them especially when they do not have at their disposal more accurate or detailed national tools 

equivalent to the ones listed here. These tools and models are briefly described in the following 

sections. Further information is to be found in the CCE Status Reports, in particular the 2009 and 

2014 reports. 

5.7.3 Vegetation models to predict biodiversity changes 

Vegetation models simulate vegetation developments or changes in relation to abiotic conditions 

(nutrients, basic cations, light or water availability, soil acidity, temperature, etc.). These 

conditions are provided by models such as VSD+ (see chapter 6.3). 

Vegetation models have been developed and tested under ICP M&M for several years (see, for 

instance, De Vries et al. 2010 for a comparison of 4 of them; Bonten et al. 2015). In the following 

sections, some of these approaches are presented. Models are sorted in alphabetical order. 

Further details on the models are to be found in the bibliographic references and in particular in 

De Vries et al. (2015a). 

5.7.3.1 BERN 

The BERN model (Schlutow et al. 2015) simulates the potential plant community composition 

depending on the geo-chemical soil’s characteristics and climatic conditions. It uses fuzzy 

http://icpmapping.org/
http://wge-cce.org/
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functions for 7 different factors (soil water content, base saturation or pH, C:N ratio, climatic 

water balance, vegetation period, solar radiation, and temperature). These functions represent 

the ecological niche under pristine or semi-natural conditions (Schlutow and Huebener 2003, 

Nagel et al. 2012). 

5.7.3.2 MOVE 

The MOVE model assesses changes in plant species occurrence due to changes in abiotic site 

conditions. This statistical model is based on response curves that define the probability of 

occurrence of plant species along environmental gradients (De Vries et al. 2007; Latour and 

Reiling 1993; Latour et al. 1994; Van Dobben et al. 2010, Van Dobben et al. 2015). 

GBMOVE is an application to the UK to this model. This simulates the interactions between 1,130 

UK plant species through a set of multiple logistic regression niche models. This is an empirical 

model based on extensive survey dataset (Rowe et al. 2009; Smart et al. 2010). 

5.7.3.3 PROPS 

The PROPS model estimates the probability of plant species occurrence as a function of 

environmental factors. It is associated to a database including over 40,000 vegetation relevés. At 

some of the sites, soil parameters such as pH and C/N ratio have been measured as well. The 

PROPS model has been coupled to the biogeochemical model VSD+ (Reinds et al. 2012; Bonten et 

al. 2015). 

5.7.3.4 Sumo 

In SUMO, the biomass development of five functional plant types is simulated as a function of 

nitrogen availability, light interception, and management. This process-based model simulates 

the change in biomass distribution over functional types during the succession from almost bare 

soil via grassland or heathland to various forest types (Wamelink et al., 2009). 

The SUMO model has been coupled with the biogeochemical model SMART2 (Wamelink et al. 

2009). 

5.7.3.5 Veg 

The Veg model (Belyazid et al., 2015) estimates the composition of the ground vegetation 

community using abiotic conditions at a particular site (Reinds et al. 2013). The composition of 

the ground vegetation community is simulated in the Veg module by distributing the available 

ground area (a representative 1 m2) over the plant species that would be able to establish at the 

site, given its abiotic conditions. For each species a ‘niche window’ is estimated by the model. 

This niche window is the combined limits of N and Bc concentrations in the soil solution, soil 

solution pH, soil moisture, air temperature, and light intensity reaching the ground vegetation 

(light below tree canopy in case trees are present), within which a species could become 

established at a certain site. Usually, site conditions are favourable enough for several species to 

be present simultaneously. The model then calculates the relative ground area occupied by each 

species, depending on their vigour in response to site conditions and their respective 

competitiveness. The plant species compete by growing roots to different soil depths and by 

shading other plants above ground. The root depth and shading are given as inputs for each 

indicator plant species (Belyazid et al. 2009; Belyazid et al. 2011b; Belyazid et al. 2011c; 

Sverdrup et al. 2007). 

The model requires a list of indicator plant species, which is typically based on input from 

biologists and ecologists familiar with the ecosystem to be modelled, which can be found on the 

“Veg Table”. It contains information on plant species present in the different EUNIS classes. 
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Initially compiled on the basis of Northern Europe plant relevés (Sverdrup et al., 2007), this 

table has been enriched or adapted by different countries. It thus progressively adapts to 

different European eco-regions (e.g., Braun et al. 2012; Nagel et al. 2012; Probst et al., 2012; 

Probst et al., 2014; Probst et al. 2015). 

The Veg model has been coupled with the biogeochemical ForSafe (Belyazid et al. 2015) and 

VSD+ (Bonten et al. 2015) models.  
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5.9 Annexes 

5.9.1 Annex 1: Complementary information on available models 

5.9.1.1 Steady state modeling of weathering rates 

1988-1995; Warfvinge P. and Sverdrup, H.; The single site version of PROFILE model for 

calculation and mapping of critical loads and rates of field chemical weathering. It is the world’s 

most used soil model, it has been validated and is used operationally in more than 50 countries 

worldwide. It uses laboratory kinetics and kinetic coefficients to predict field weathering rates. 

PROFILE remains in operation from its launch 25 years ago and is still the only existing field 

verified model for chemical weathering of soil minerals under field conditions that 

demonstrably works and yields verifiable results. Archived. Fortran 77 older source code 

version available upon request for PC and Apple from Harald Sverdrup (hus@hi.is). Hypercard 

version no longer operable. 

1992-present; Sverdrup, H., Warfvinge, P., Alveteg, M., Walse, C., Kurz, P., Posch, M., Belyazid, S.; 

RegionalPROFILE. A regionalized version of the PROFILE model, used for creating weathering 

rate maps for soils and catchments across regions and countries, as well as a key tool for critical 

loads for forest soils. Updated versions available upon request from Salim Belyazid 

(salim.belyazid@natgeo.su.se) or Dani Kurz (geo-science@bluewin.ch). 

2000; Sverdrup, H. and Alveteg, M., CLAY-PROFILE. Specialized for volcanic soils and clayey 

agricultural soils. No longer operable. Archived. Fortran 77 source code available upon request 

from Harald Sverdrup (hus@hi.is) or Salim Belyazid (salim.belyazid@natgeo.su.se). 

5.9.1.2 Dynamic modeling of weathering 

1987-2008; Warfvinge P., Sverdrup, H., Alveteg, M., Walse, C., Martinsson, L.: The SAFE model 

and its helper routine MakeDep, a generally applicable dynamic soil chemistry and acidification 

model. Used worldwide for acidification research and critical loads. FORTRAN code. Retired 

model, replaced by the ForSAFE model system. Archived. No longer maintained. 

1995-1996; Rietz, F., Sverdrup, H., Warfvinge, P.; SkogsSAFE; A long term model for simulating 

soil genesis and mineralogy dynamics in soils since glaciation (14,000 years ago to the present). 

FORTRAN code. Source code available upon request from Harald Sverdrup (hus@hi.is) or Salim 

Belyazid (salim.belyazid@natgeo.su.se). 

1996-2004; Sverdrup, H., Wallman P., Belyazid, S., Alveteg, M., Walse, C., Martinsson, L.: Directed 

the development of ForSAFE and ForSAFE-VEG, an integrated biogechemical forest ecosystem 

model for growth, nitrogen, and carbon cycling. FORTRAN code. Published and available from 

Salim Belyazid (salim.belyazid@natgeo.su.se) or Dani Kurz (geo-science@bluewin.ch) 

5.9.1.3 Mineralogy estimation 

1990; Sverdrup, H., Melkerud, P. A., Kurz, D.: The UPPSALA model for reconstruction of soil 

mineralogy from soil total analysis data. Very simple model, spreadsheet based. Available upon 

request from Harald Sverdrup (hus@hi.is). 

1998; Sverdrup, H. and Erdogan, B. Turkey mineral depletion model (TMD), a simple model for 

estimating the soil mineralogy from bedrock geology and estimates of soil age. Can be used 

when the soil was created in-situ over very long time. Not applicable in glaciated areas. Written 

in STELLA®. Archived, available upon request from Harald Sverdrup (hus@hi.is). 

2005-2010; Kurz, D. and Posch, M.; A2M (“Analysis to Mineralogy”), A mathematical procedure 

(not a model!) to derive all possible mineralogies from a total chemical analysis for any pre-
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mailto:geo-science@bluewin.ch
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defined set of (potential) minerals. Available upon request from Max Posch 

(max.posch@rivm.nl) or Dani Kurz (geo-science@bluewin.ch). 

5.9.2 Annex 2: Transfer functions for lead and cadmium for the conversion of metal 
concentrations in different soil phases 

Need of transfer functions in deriving critical dissolved metal concentrations 

In principle, transfer functions are not needed when performing a critical load calculation. 

Transfer functions have been used to derive critical limits for free metal ion concentrations from 

NOEC data, referring to reactive soil metal contents. When applying critical limits for free metal 

ion concentrations, related to ecotoxicological effects, no transfer function is needed any more, 

since [M](sdw)crit can be obtained directly, either by reference to the look up tables or by use of the 

W6S-MTC2 program (see section 5.5.2.2.3). In case of ground water protection, total dissolved 

critical concentrations can be used directly (see section 5.5.2.2.2). In the case of using critical 

limits, referring to the metal content in plants, an empirical relationship can be used to derive 

the total dissolved critical concentrations in soil solution, at least for Cd (See Table 6). 

Using the more sophisticated and consistent way to derive soil solution concentrations from 

critical plant contents does, however, require transfer functions according to the following: 

► First derive a critical “pseudo” total soil metal content, by applying soil-plant relationships in 

the inverse way (derive a critical total soil content from a critical plant content); 

► then apply a transfer function relating pseudo-total metal contents to reactive metal 

contents (Annex 2, eq. A2.3); 

► followed by a transfer function relating the free ion metal activity in solution to the reactive 

metal content (Annex 2, eq. A2.4 or eq. A2.5). 

Furthermore, all the transfer functions listed below are needed for the calculation of a critical 

soil limit (from a given critical limit function for the soil solution) and are also used to compare 

this to the present soil metal content to assess the critical limit exceedance in the present 

situation. This requires a map of the present soil metal content in the country. Inversely, one 

may calculate the present dissolved metal concentration from the present soil metal content, 

using the transfer functions described below and compare this to the critical limit function for 

the soil solution (see section 5.5.1.4). 

Transfer functions to calculate pseudo-total from total contents of Cd and Pb 

In some countries, true total metal concentrations are measured, whereas most or nearly all 

countries use “pseudo-total” concentrations. Utermann et al. (2000) provided transfer functions 

to calculate pseudo-total contents of heavy metals (here aqua regia extract [M]AR) from total 

contents (here [M]HF), according to: 

(A2.1) 

log10[M]AR = a0 + a1 · log10[M]HF 

where: 

[M]AR = pseudo-total content of heavy metal M in soil provided as Aqua Regia extraction (mg kg-1) 

[M]HF = total content of heavy metal M in soil, provided as HF-extraction (mg kg-1) 

Values for a0 and ai are given in Tables A2.1 and A2.2. The correlations are depending on metal 

and substrate. In general, total, and pseudo-total contents are very similar. For backcalculations 
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of total contents from pseudo-total contents, different functions are to be used (see background 

document, De Vries et al 2005, Annex 7). These functions are not provided here since those 

calculations are not needed in the present calculation of critical loads. 

Table A2.1:  Relationship between cadmium (Cd) content in soils extractable by aqua regia (AR) 
and total contents in dependence on the parent material. 

Parent material a0 a1 n R2 range of validity 

Cd (HF)  (mg kg-1) 

basic and intermediate igneous 
rock 

0.13 1.41 25 0,94 0,25 1,12 

boulder clay 0.09 1.38 26 0.91 0.07 0.39 

limestone -0.15 1.24 25 0.91 0.26 1.86 

loess or loessic loam -0.15 1.26 25 0.91 0.07 0.88 

marl stone -0.05 1.24 25 0.93 0.10 0.98 

sand -0.02 1.26 37 0.89 0.04 0.65 

sandy loess 0.29 1.78 36 0.82 0.06 0.29 

acid igneous and metamorphic 
rock 

-0.09 1.08 25 0.80 0.09 0.63 

quartzitic sand stones and 
conglomerates 

-0.11 1.23 25 0.81 0.07 0.60 

clay stone, hard argillaceous and 
silty slates 

-0.05 1.33 25 0.96 0.14 1.88 

all parent materials -0.12 1.19 274 0.91 0.04 1.88 

Table A2.2:  Relationship between lead (Pb) content in soils extractable by aqua regia (AR) and 
total contents extractable by HF in dependence on the parent material. 

Parent material a0 a1 n R2 range of validity 

Pb (HF)  (mg kg-1) 

basic and intermediate igneous 
rock 

-0.20 1.11 25 0.97 5.6 113.6 

boulder clay -0.54 1.32 26 0.95 8.3 49.5 

limestone -0.02 0.99 22 0.88 24.8 132.7 

loess or loessic loam -0.42 1.22 24 0.91 15.1 91.8 

marl stone -0.03 0.95 25 0.94 5.5 124.0 

sand -0.54 1.31 49 0.91 2.7 76.7 

sandy loess -0.72 1.46 43 0.97 6.0 75.9 

acid igneous and metamorphic 
rock 

-0.84 1.44 25 0.84 14.6 106.1 
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Parent material a0 a1 n R2 range of validity 

Pb (HF)  (mg kg-1) 

quartzitic sand stones and 
conglomerates 

-0.55 1.28 25 0.88 12.6 109.2 

clay stone, hard argillaceous and 
silty slates 

-0.11 1.05 25 0.98 13.9 270.3 

all parent materials -0.45 1.24 289 0.95 2.7 270.3 

Transfer functions to calculate reactive contents from pseudo-total contents of Cd and Pb. 

The reactive metal concentration [M]re (mol kg-1) can be related to the pseudo-total 

concentration extracted with Aqua Regia [M]AR (mol kg-1) according to: 

(A2.3) 

log[M]re = ß0 + ß1 · log[M]AR + ß2 · log(%[OM]s) + ß3 · log(%[clay]) 

Regression relations were derived from a Dutch dataset containing 630 soil samples which were 

both extracted with 0.43 Mol l-1 HNO3 and Aqua Regia. The dataset consists of a large variety of 

soil types with a wide variety in soil properties, such as the organic matter and clay content. The 

dataset comprises both polluted and unpolluted soils. Results are shown in Table A2.3 and 

suggest that reactive contents typically are more than half of pseudo-total contents. 

Table A2.3:  Relationship between lead (Pb) content in soils extractable by aqua regia (AR) and 
total contents extractable by HF in dependence on the parent material. 

Metal ß0 ß1 ß2 ß3 R2 se-yest1) 

Cd 0.225 1.075 0.006 -0.020 0.82 0.26 

Pb 0.063 1.042 0.024 -0.122 0.88 0.17 

1) The standard error of the y-estimate on a logarithmic basis 

Transfer functions to calculate free Cd and Pb ion concentrations from reactive Cd and Pb contents 

used in the derivation of critical limits for free Cd and Pb ion concentrations 

Critical concentrations of soil metal are frequently higher than ambient soil concentrations. 

Therefore, a transfer function should, if possible, be calibrated over a range of soil metal 

concentrations which is the whole range of critical receptor concentrations observed. This is 

relevant, since the derived critical limit functions are dependent upon the transfer functions. 

For calibration of direct transfer functions for Cd and Pb, data were drawn from four sources: 

► Sauvé et al. (1998). Soil metal and labile Pb in Pb-contaminated soils of various origins. Free 

Pb concentrations were estimated by measurement of labile Pb using differential pulse 

anodic stripping voltammetry (DPASV) and speciation calculations. 

► Sauvé et al. (2000). Soil metal and labile Cd in Cd-contaminated soils of various origins. Free 

Cd concentrations were estimated by measurement of labile Cd using differential pulse 

anodic stripping voltammetry (DPASV) and speciation calculations. 

► Weng et al. (2002). Soil metal and free ion concentrations in sandy Dutch soils. Free Cd and 

Pb concentrations were estimated by the Donnan membrane technique. 
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► Tipping et al. (2003a). Soil metal and free ion concentrations in UK upland soils. Free Cd and 

Pb were estimated by using the WHAM6 speciation model (Tipping, 1998) to speciate the 

soil solution. 

The data were fitted to the following transfer function (termed as c-Q relationship): 

(A2.4) 

log[M]free,sdw = a + b·log[OM]s + c·pHsdw + m·log[M]re 

where: 

[M]free,sdw = the free metal ion concentration (mol l-1) 

[M]re = the reactive metal content in the solid phase (mol l-1) 

[OM]s = organic matter (%) 

pHsdw = soil drainage water pH 

Calculated values of the parameters are given in Table A21.4. 

Table A2.4:  Values for the regression coefficients for the free ion concentration – reactive 
metal content relationship (eq. A2.4) and statistical measures R2

 and se(Y) based on 
results of studies carried out in Canada, the Netherlands, and the UK. Values in 
brackets are the standard errors for the coefficients. 

Metal a b c m R2 se(Y) 

 ([OM])s (pHsdw) (lOg[M]re) 

Cd -0.08 
(0.65) 

-0.60 
(0.08) 

-0.53 
(0.03) 

0.60 
(0.06) 

0.624 0.53 

Pb 4.32 
(0.49) 

-0.69 
(0.07) 

-1.02 
(0.03) 

1.05 
(0.06) 

0.854 0.60 

Transfer functions to calculate reactive Cd and Pb contents from free Cd and Pb ion concentrations 

used in the derivation of critical Cd and Pb contents on suspended particles in aquatic ecosystems 

This transfer function (termed as Q-c relationship) has been derived using the same soil data set 

used to calculate the transfer function relating the free ion to the soil reactive metal (see Table 

A2.4). The expression for the Q-c relation is: 

(A2.5) 

log[M]re = a+ b·log[OM]s +c·pHsw + m·log[M]free,sw (A2.5) 

where 

[M]free,sw= the free metal ion concentration in surface water (mol l-1) 

[M]re = the reactive metal content in the solid phase (mol g-1) 

[OM]s= organic matter (%), here the organic matter content of the suspended particles 

pHsw= the pH of the surface water Calculated values of the parameters are given in Table A2.5. 

Use of transfer functions in the manual 

The direct transfer function for the calculation of the free ion concentration from the soil 

reactive metal content (the c-Q relation) is used for the calculation of the pH-dependent critical 

limit functions (see section 5.5.2.2.3), in order to express the endpoint metal dose in toxicity 
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experiments as the free ion concentration. The transfer function for the calculation of the soil 

reactive metal content from the free metal ion concentration (the Q-c relation) is used to 

calculate the critical SPM-bound metal ([M]SPM (crit)) in surface waters (see section 5.5.2.2.3 and 

Annex 3). 

Table A2.5:  Values for the regression coefficients for the reactive metal content – free ion 
concentration relationship (eq. 8) and statistical measures R2 and se(Y) based on 
results of studies carried out in Canada, the Netherlands, and the UK. Values in 
brackets are the standard errors for the coefficients. 

Metal a b c m R2 se(Y) 

 ([OM])s (pHsdw) (lOg[M]free,sw) 

Cd -6.42 
(0.41) 

0.64  
(0.07) 

0.45 
(0.04) 

0.58  
(0.06) 

0.507 0.52 

Pb -5.42 
(0.21) 

0.55  
(0.06) 

0.70 
(0.03) 

0.61  
(0.03) 

0.698 0.45 

5.9.3 Annex 3: Calculation of total metal concentration from free metal ion 
concentrations using the wham model 

The metal in soil drainage water comprises the following metal species: 

Metal species Symbol 

Metal free ion M2+ [M]free,sdw 

Inorganic complexes 
MOH+, MHCO3, MCl+ etc 

[M]DIC,sdw 

Metal bound to DOM [M]DOM,sdw 

Metal bound to SPM [M]SPM,sdw 

Here, DOM is dissolved organic matter, and SPM is suspended particulate matter. The total 

concentration of metal in soil drainage water does not refer simply to dissolved components 

([M]free,sdw, [M]DIC,sdw, and [M]DOM,sdw), but also includes [M]SPM,sdw. Data on SPM concentration in soil 

drainage waters may be scarce, and in many cases the contribution of SPM to the metal leaching 

is only small. Thus, this flux can be neglected preliminarily. The calculation model includes, 

however, the possibility of metal being leached from the soil in association with particulates. 

Given the activity or concentration of M2+, the concentrations of the other metal species can be 

estimated by applying an equilibrium speciation model. The calculation has to consider the 

dependence of the metal speciation on pH and competitive effects due to major cationic species 

of Mg, Al, Ca, and Fe. For this purpose, a custom version of the Windermere Humic Aqueous 

Model version 6 (WHAM6; Tipping 1998) speciation model, termed W6S MTC2, has been 

produced. A more detailed description of the model calculation steps is given in the background 

document (De Vries et al. 2005). NFCs may calculate critical dissolved metal concentrations from 

the free ion concentration by one of three methods: 

8. Linear interpolation in the look-up tables (chapter 5.5.2.2.3). The look-up tables list critical 

dissolved metal concentrations (calculated using W6S-MTC2) for various combinations of 

pH, concentrations of soil organic matter, dissolved organic carbon ([DOC]sdw) and suspended 

particulate matter (SPM) and partial CO2 pressure (pCO2). 
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9. Sending suitably formatted files to the Centre for Ecology & Hydrology (CEH), Lancaster, Ed 

Tipping (ET@CEH.AC.UK), who will perform the computations with W6S-MTC2. Instructions 

for preparing suitably formatted files for this purpose are given below. 

10. Using the W6S-MTC2 program themselves. Instructions for use are given with the program, 

which can be obtained by contacting Ed Tipping (see above). 

NFCs that wish values of Mtot,sdw(crit) to be calculated by should submit files to the CEH Lancaster, 

Ed Tipping (ET@CEH.AC.UK). The data should simply be entered into an Excel workbook, under 

the following headings. 

code pH % OM PCO2 DOC SPM 

code the user’s identifier of the site 

pH soil solution pH 

% OM the soil organic matter content 

pCO2 the soil pCO2 expressed as a multiple of the atmospheric value 

DOC concentration of dissolved organic carbon in mg l-1 

SPM concentration of suspended particulate matter in mg l-1 

► Please see the background document (Annex 8 and 9) regarding the selection of pH and pCO2 

values. If data on DOC concentration are not available, a standard value of 20 mg l-1 will be 

assumed. 

► If data on pCO2 are not available, a value of 15 x atmospheric will be assumed. 

► If data on SPM are not available, a value of zero will be assumed. 

Please note that it is necessary to recalculate values of soil pH (measured in KCl, CaCl2, H2O) to 

soil solution pH, as mentioned in the main text, before applying the look-up tables or creating 

input files for W6S-MTC2. Annex 3: Calculation of critical total Cd and Pb concentrations in 

surface water related to ecotoxicological effects. 

This Annex was first published as Appendix 12 of the background document (De Vries et al. 

2005) and became part of the manual by decision of the 22th Task Force on ICP Modelling and 

Mapping (April 2006, in Bled, Slovenia). It replaces the original version of Annex 3 (October 

2004). 

The calculation of the critical total aqueous concentration comprises the following steps:  

11. Estimate the critical free metal ion concentration from the critical dissolved concentration 

(critical limit). 

12. Calculate the metal bound per unit mass of suspended particulate matter (SPM). 

13. Calculate the water hardness. 

14. Sum the total dissolved and particulate concentrations. 

The critical free metal ion concentrations ([M]free, crit) (mol l-1) are calculated using WHAM6, for 

waters of different pH, DOC, and pCO2, making the same assumptions as are used for calculating 

total metal from free-ion critical limits (for the look-up tables, see 5.5.2.2.3). These assumptions 

also lead to hardness values (H = hardness in mg CaCO3 l-1). In the calculations the critical 

dissolved concentrations used depend on the water hardness in case of Cd (0.16 mg m-3 if H < 

100, 0.30 mg m-3 if 100 < H < 200 and 0.50 mg m-3 if H >200), whereas a value of 5 mg m-3 was 

used for Pb. Note that, here, all waters are assumed to be “normal” with respect to dissolved Al 

(i.e., acid bog-waters are not included). 
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Free ion activities corresponding to these limits (taking into account the variation in the Cd 

critical limit with water hardness) were calculated with WHAM6 for a range of solution 

conditions covering most natural freshwaters. They can be expressed in terms of multiple 

regression equations at different pH values, according to: 

log [M]free,crit = A · [DOC] + B · pCO2 + C (A3.1) 

where [DOC] is in mg l-1 and pCO2 is a multiple of the atmospheric pCO2. Root mean square errors 

in log [M]free,crit between the WHAM6 values and the regression values are < 0.12 for Cd and 

< 0.18 for Pb. The regression coefficients are given in Tables A3.1 and A3.2. Linear interpolation 

can be performed to obtain coefficients for intermediate pH values. 

Step 1 

Table A3.1  Regression coefficients for estimating critical free Cd2+ concentrations. 

pH A B C 

4 -0.0004 0.0000 -8.87 

5 -0.0053 -0.0001 -8.87 

6 -0.0258 0.0040 -8.93 

7 -0.0344 0.0189 -9.05 

8 -0.0196 0.0466 -9.18 

9 -0.0010 -0.0742 -9.44 

Table A3.2  Regression coefficients for estimating critical free Pb2+ concentrations. 

pH A B C 

4 -0.0020 0.0000 -7.66 

5 -0.0231 0.0000 -7.70 

6 -0.0546 0.0062 -8.19 

7 -0.0681 0.0261 -9.33 

8 -0.0641 0.0349 -10.33 

9 -0.0160 -0.1303 -11.41 

Step 2 

The critical SPM-bound metal ([M]SPM (crit), mol.g-1) is calculated using the Q-c relations 

derived in Annex 2, eq. A2.4 (Table A2.4). In this way, we do calculate the critical reactive metal 

content on the suspended particles. This is considered appropriate by limiting the critical load 

approach to processes and fluxes of geochemically reactive metals. This implies that actual loads 

should also be related to the reactive fraction of the total input. Deposition measurements 

practices aim at extraction of reactive species (not total metal). Therefore, we assume that, since 

EMEP models are calibrated to measurements, the currently mapped concentration/ deposition 

data (called “total”) can be regarded as geochemically reactive metals. 

Before proceeding to Step 3 [M]SPM (crit) must be converted to units of mg kg-1 by multiplying 

with the molar weight and a factor 106 to transfer from g g-1 to mg kg-1  
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[Cd]SPM(crit) (mg kg-1) = [Cd]SPM(crit) (mol g-1) · (112 · 106) (A3.2a)  

[Pb]SPM(crit) (mg kg-1) = [Pb]SPM(crit) (mol g-1) · (207 · 106) (A3.2b) 

Step 3 

Using the assumptions about water composition (see Step 1), water hardness (mg CaCO3 l-1) is 

given by regression equations in the following form: 

hardness = A · [DOC] + B · pCO2 + C (A 3.3) 

where [DOC] is in mg l-1 and pCO2 is a multiple of the atmospheric pCO2. The regression 

coefficients are given in Table A3.3. Linear interpolation can be performed to obtain coefficients 

for intermediate pH values. 

Table A3.3  Regression coefficients for estimating water hardness. 

pH A B C 

4 0.00 0.00 0.00 

5 0.11 0.02 -0.37 

6 0.23 0.34 -0.14 

7 0.31 3.4 -0.12 

8 0.36 38.2 -6.84 

9 0.43 1020 -966 

Step 4 

The total metal concentration in surface water at the critical limit is given by: [M]tot, sw(crit) = 

[M]dis,sw(crit) + [M]SPM (crit) · [SPM]sw (A3.4) where [M]dis, sw(crit) is the critical dissolved 

concentration (mg m-3 or µg l-1) (see Table 5.24 in the main text), [M]SPM(crit) is the critical 

concentration bound to SPM calculated in Step 2 (mg.kg-1), and [SPM]sw is the SPM 

concentration in surface water (kg m-3). 

FULL CALCULATION EXAMPLE #1 

pH = 6 

DOC = 8 mg l-1 

pCO2 = 4 times atmospheric 

SPM = 50 mg l-1 

% OM = 20 

Step 1 

Log [Cd]free(crit) = (-0.0258 · 8) + (0.0040 · 4) + (-8.93) 

= -0.206 + 0.016 – 8.93 

= -9.12 

log [Pb] free(crit) = (-0.0546 · 8) + (0.0062 · 4) + (-8.19) 

= -0.437 + 0.025 – 8.19 

= -8.60 

Step 2 
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log [Cd]SPM (crit) = -6.42 + (0.45 · 6) + (0.64 · 1.30) + (0.58 · -9.12) 

= -6.42 + 2.70 + 0.832 – 5.29 

= -8.178 [Cd]SPM (crit) 

= 6.64 · 10-9 (mol g-1) · 112 · 106 

= 7.43 mg kg-1 

log [Pb]SPM (crit) = -5.42 + (0.70 · 6) + (0.55 · 1.30) + (0.61 · -8.60)  

= -5.42 + 4.20 + 0.715 – 5.25 

= -5.755 

[Pb]SPM (crit) = 1.76 · 10-6 (mol g-1) · 207 · 106 

= 364 mg kg-1 

Step 3 

HARDNESS = (0.23 · 8) + (0.34 · 4) + (-0.14)  

= 1.84 + 1.36 – 0.14 = 3.1 

Therefore 

[Cd]sw(crit) = 0.16 µg l-1 

[Pb]sw(crit) = 5 µg l-1 

Step 4 

[Cd]tot, sw(crit) = 0.16 + [(50 / 1000) · 7.43)] µg l-1 

= 0.53 µg l-1 

[Pb]tot, sw(crit) = 5 + [(50 / 1000) · 364)] µg l-1 

= 23 µg l-1 

FULL CALCULATION EXAMPLE #2 

pH = 8 

DOC = 1 mg l-1 

pCO2 = 10 times atmospheric 

SPM = 10 mg l-1 

% OM = 20 

Step 1 

Log [Cd]free(crit) = (-0.0196 · 1) + (0.0466 · 10) + (-9.18) 

= -0.020 + 0.466 – 9.18 

= -8.73 

log [Pb] free(crit) = (-0.0641 · 1) + (0.0349 · 10) + (-10.33) . 

= -0.064 + 0.349 – 10.33 

= -10.05 

Step 2 

log [Cd]SPM (crit) = -6.42 + (0.45 · 8) + (0.64 · 1.30) + (0.58 · -8.73) 

= -6.42 + 3.60 + 0.832 – 5.06 

= -7.048 

[Cd]SPM (crit) = 8.95 · 10-8 mol g-1 · 112 · 106 

= 10.0 mg kg-1 
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log [Pb]SPM (crit) = -5.42 + (0.70 · 8) + (0.55 · 1.30) + (0.61 · -10.05) 

= -5.42 + 5.60 + 0.715 – 6.13 

= -5.235 

[Pb]SPM (crit) = 5.82 · 10-6 mol g-1 · 207 · 106 

= 1205 mg kg-1 

Step 3 

HARDNESS = (0.36 · 1) + (38.2 · 10) + (-6.84) 

= 0.36 + 382 – 6.84 

= 376 

Therefore, 

[Cd]sw(crit) = 0.50 µg l-1 

[Pb]sw(crit) = 5 µg l-1 

Step 4 

[Cd]tot, sw(crit) = 0.50 + [(10/1000) · 10)] µg l-1 

= 0.60 µg l-1 

[Pb]tot, sw(crit) = 5 + [(10 / 1000) · 1205)] µg l-1 

= 17 µg l-1 

5.9.4 Annex 4: Correcting depositions for sea salts 

Acidity critical loads are often compared with anthropogenic S deposition, (i.e., the contribution 

due to sea spray is not included). If this is the case, the critical load of S has to be reduced by the 

S deposition originating from sea salts, in other words: 

CLmax(S*) = CLmax(S) – SO4, dep, ss 

where the asterisk indicates a sea salt corrected quantity and the subscript ‘ss’ stand for sea salt 

derived. Ignoring ions such as Br, F, Sr, boric acid, and bicarbonate, which occur only in traces in 

seawater (and which we thus ignore), the charge balance of sea salt derived deposition reads: 

SO4, dep, ss = BCdep, ss – Cldep, ss 

Subtracting this from the critical load equation (CLmaxS = BCdep – Cldep + BCw – Bcu – ANCle,crit) 

yields for the sea salt corrected critical load: 

CLmax(S*) = BC*dep – Cl*dep + BCw – Bcu – ANCle,crit 

How are those sea salt derived depositions obtained for a given location? First, the amounts of 

those ions in ocean water (unaffected by land drainage) are remarkably constant. This has been 

established by Dittmar (1884); and Dittmar’s results were so consistent that later investigations 

introduced only minor changes, mostly with respect to more accurate atomic weights. Here we 

report the values given in Sverdrup et al. (1946), which are in turn based on data by Lyman & 

Fleming (1940). Table A4.1 lists the amounts of the six major ions in seawater, their atomic 

weights, and the calculated equivalents. 

Table A4.1  Major ions in seawater and their abundance. 

Ion Amount in 
seawatera) (g/kg) 

Molecular weight of 
ionb) (mol/g) 

Equivalents in 
seawater (eq/kg) 

Ca2+ 0.4001 40.078 0.01997 
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Ion Amount in 
seawatera) (g/kg) 

Molecular weight of 
ionb) (mol/g) 

Equivalents in 
seawater (eq/kg) 

Mg2+ 1.2720 24.305 0.10467 

K+ 0.3800 39.098 0.00972 

Na+ 10.5561 22.990 0.45916 

Cl- 18.9799 35.453 0.53545 

SO4
2- 2.6486 96.064 0.05514 

a)Sverdrup et al. (1946; p. 173); b)Weast et al. (1989) 

Secondly, it is assumed that either the sodium or the chloride deposition at a given location 

derives only from sea salts. Using their globally constant ratio in sea water, the depositions of 

base cations, sulphur, and chloride (given in equivalents) are corrected according to: 

X*dep = Xdep – rXY Ydep 

where X = Ca,Mg,K,Na,Cl or SO4, Y = Na or Cl and rXY is the ratio of ions X to Y in seawater. Ratios 

rXY can by computed from the last column of Table A4.1 and are shown in Table A4.2 with 3-

decimal accuracy. Note that if Na (Cl) is chosen to correct for sea salts, Na*dep=0 (Cl*dep=0). 

Table A4.2  Ion ratios rXY = [X]/[Y] (in eq/eq) in seawater (computed from Table A4.1). 

 X 

Y Ca Mg K Na Cl SO4 

Na 0.043 0.228 0.021 1 1.166 0.120 

Cl 0.037 0.195 0.018 0.858 1 0.103 

 

It should be noted that the above procedure assumes that all quantities involved disperse in the 

atmosphere in the same way, which is not entirely true, especially for chloride. Nevertheless, 

given the dearth of dispersion modelling results for sea salts, the above procedure is widely used 

for locations not too far from the sea. 
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6 Dynamic modelling 
Last updated in 2015 with inputs from Richard Wright, Luc Bonten, Max Posch and Anne 

Christine Le Gall, from initial text by M. Posch and J. Aherne, Mapping Manual 2004. 

Please refer to this document as: CLRTAP, 2015. Dynamic modelling, Chapter 6 of Manual on 

methodologies and criteria for modelling and mapping critical loads and levels and air pollution 

effects, risks and trends. UNECE Convention on Long-range Transboundary Air Pollution; 

accessed on [date of consultation] on Web at www.umweltbundesamt.de/en/cce-manual. 

6.1 Introduction 

Target load is the logical extension of critical load. Critical loads are based on a steady-state 

concept, they are the constant depositions an ecosystem can tolerate in the long run, (i.e., after it 

has equilibrated with these depositions). However, many ecosystems are not in equilibrium with 

present or projected depositions, since there are processes (‘buffer mechanisms’) at work, which 

delay the reaching of an equilibrium (modelled as steady-state) for years, decades or even 

centuries. By definition, critical loads do not provide any information on these time scales. 

Target loads take these time delays into account. Dynamic models are needed to assess time 

delays of damage in regions where critical loads continue to be exceeded and time delays of 

recovery in regions where critical loads cease being exceeded. The purpose of this Chapter is to 

explain the use (and constraints) of dynamic modelling in support of the effects-oriented work 

under the LRTAP Convention. This chapter is a shortened and updated version of the ‘Dynamic 

Modelling Manual’ published earlier by the CCE (Posch et al. 2003). It has been further updated 

in 2015 to take into account new methodologies and model developments and improvements. 

For the sake of simplicity and in order to avoid the somewhat vague term ‘ecosystem’, we refer 

in this sequel to non- calcareous (forest) soils. However, most of the considerations hold for 

surface water systems as well, since their water quality is strongly influenced by properties of, 

and processes in, catchment soils. A report dealing specifically with the dynamic modelling of 

surface waters on a regional scale has been prepared under the auspices of the ICP Waters 

(Jenkins et al. 2002). 

6.1.1 Why dynamic modelling? 

In the causal chain from deposition of strong acids to damage to key indicator organisms there 

are two major links that can give rise to delays. Biogeochemical processes can delay the chemical 

response in soil, and biological processes can further delay the response of indicator organisms, 

such as damage to trees in forest ecosystems. The static models to determine critical loads 

consider only the steady-state condition, in which the chemical and biological response to a 

(new) (constant) deposition is complete. Dynamic models, on the other hand, attempt to 

estimate the time required for a new (steady) state to be achieved. 

In the steady-state situation, only two cases can be distinguished when comparing deposition to 

critical load: (1) the deposition is below critical load(s) (i.e., does not exceed critical load) and 

(2) the deposition is greater than critical load(s) (i.e., there is critical load exceedance). In the 

first case there is no (apparent) problem (i.e., no reduction in deposition is deemed necessary). 

In the second case there is, by definition, an increased risk of damage to the ecosystem. Thus, a 

critical load serves as a warning as long as there is exceedance, since it states that deposition 

should be reduced. However, it is often assumed that reducing deposition to (or below) critical 

loads immediately removes the risk of ‘harmful effects’ or, in other words the chemical criterion 

https://www.umweltbundesamt.de/en/cce-manual
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(e.g., the Al/Bc-ratio1617) that links the critical load to the (biological) effect(s), immediately 

attains a non-critical (safe) value, and that there is immediate biological recovery as well. But the 

reaction of soils, especially their solid phase, to changes in deposition is delayed by (finite) 

buffers, the most important being the base cation pool of the soil cation exchange complex. 

These buffer mechanisms can delay the attainment of a critical chemical parameter, and it might 

take decades or even centuries, before an equilibrium (steady-state) is reached. These finite 

buffers are not included in the critical load formulation, since they do not influence the steady-

state, but only the time to reach it. Therefore, dynamic models are needed to estimate the times 

involved in attaining a certain chemical state in response to deposition scenarios (e.g. the 

consequences of ‘gap closures’ in emission reduction negotiations). In addition to the delay in 

chemical recovery, there is likely to be a further delay before the ‘original’ biological state is 

reached even if the chemical criterion is met (e.g., Al/Bc<1), it will take time before biological 

recovery is achieved. 

Figure 6.1 summarises the possible development of a (soil) chemical and biological variable in 

response to a ‘typical’ temporal deposition pattern. Five stages can be distinguished: 

Stage 1: Deposition was and is below the critical load (CL) and the chemical and biological 

variables do not violate their respective criteria. As long as deposition stays below the CL, this is 

the ‘ideal’ situation. 

Stage 2: Deposition is above the CL, but (chemical and) biological criteria are not violated 

because there is a time delay before this happens. No damage has yet occurred despite 

exceedance of the CL. The time between the first exceedance of the CL and the first violation of 

the biological criterion (the first occurrence of actual damage) is termed the Damage Delay Time 

(DDT=t3–t1). 

Stage 3: The deposition is above the CL and both the chemical and biological criteria are 

violated. Measures (emission reductions) have to be taken to avoid a (further) deterioration of 

the ecosystem status. 

Stage 4: Deposition is below the CL, but the (chemical and) biological criteria are still violated 

and thus recovery has not yet occurred. The time between the first non- exceedance of the CL 

and the subsequent non-violation of both criteria is termed the Recovery Delay Time (RDT=t6–

t4). 

Stage 5: Deposition is below the CL and both criteria are no longer violated. This stage is similar 

to Stage 1 and only at this stage can the ecosystem be considered to have recovered. 

Stages 2 and 4 can be subdivided into two sub-stages each: Chemical delay times (DDTc=t2–t1 

and RDTc=t5–t4; dark grey in Figure 6.1) and (additional) biological delay times (DDTb=t3–t2 and 

RDTb=t6–t5; light grey). Very often, due to the lack of operational biological response models, 

damage and recovery delay times mostly refer to chemical recovery alone and this is used as a 

surrogate for overall recovery. It is also important to note that recovery does not follow the 

same, (inverse) path of damage, since there is a so-called hysteresis in these natural systems 

(see, e.g., Warfvinge et al. 1992). 

 

16 Bc = Ca + Mg + K 

17 In Chapter 5 (and elsewhere) the Bc/Al-ratio is used. However, this ratio becomes infinite when the Al concentration approaches 
zero. To avoid this inconvenience, its inverse, the Al/Bc-ratio, is used here. 
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Figure 6.1:  Typical past and future development of the acid deposition effects on a soil 
chemical variable (Al/Bc-ratio) and the corresponding biological response in 
comparison to the critical values of those variables and the critical load derived 
from them. The delay between the (non)exceedance of the critical load, the 
(non)violation of the critical chemical criterion and the crossing of the critical 
biological response is indicated in grey shades, highlighting the Damage Delay Time 
(DDT) and the Recovery Delay Time (RDT) of the system. 

Source: This figure is adopted from a previous version of Chapter 6 of the Mapping Manual 

6.1.2 Constraints for dynamic modelling under the LRTAP Convention 

Steady-state models (critical loads) have been used to negotiate emission reductions in Europe. 

In this context, an emission reduction is judged successful if deposition no longer exceeds the 

critical load. To gain insight into the time delay between the attainment of non-exceedance and 

actual chemical (and biological) recovery, dynamic models are needed. Thus, if dynamic models 

are to be used to assess recovery with respect to negotiated targets under the LRTAP 

Convention or other national or international regulations, they should be compatible with the 

steady-state models used for calculating critical loads. In other words, when critical loads are 

used as input to the dynamic model, the (chemical) parameter chosen as the criterion in the 

critical load calculation has to attain the critical value after the dynamic simulation has reached 

steady-state. But this also means that concepts and equations used in the dynamic model should 

be an extension of the concepts and equations employed in deriving the steady- state model. For 

example, if critical loads are calculated with the Simple Mass Balance (SMB) model (see 

Chapter 5), this model should be the steady-state version of the dynamic model used (e.g., the 

VSD model, see below). 
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Due to a lack of (additional) data, it may be impossible to run dynamic models on all sites in a 

country for which critical loads have been calculated. The selection of the subset of sites, at 

which dynamic models are applied, should be sufficiently representative to allow comparison 

with results obtained with critical loads. 

6.2 Basic concepts and equations  

Dynamic models of acidification are based on the same principles as steady-state models: the 

charge balance of the ions in the soil solution, mass balances of the various ions, and equilibrium 

equations. However, whereas in steady-state models only infinite sources and sinks are 

considered (such as base cation weathering), the inclusion of the finite sources and sinks of 

major ions into dynamic models is crucial, since they determine the long-term (slow) changes in 

soil (solution) chemistry. The three most important processes involving finite buffers and time-

dependent sources/sinks are cation exchange, nitrogen retention and sulphate adsorption. 

A short description of the models mentioned in this section can be found in section 6.3. 

6.2.1 Charge and mass balances 

As mentioned above, we consider non-calcareous forest soils as ecosystem, although most of the 

considerations hold also for non-calcareous soils covered by (semi-)natural vegetation subjected 

to acidification. Since we are interested in applications on a large regional scale (for which data 

are scarce) and long-time horizons (decades to centuries with a time step of one year), we make 

the same simplifying assumption as for the SMB model (see Chapter 5). We assume that the soil 

is a single homogeneous compartment and its depth is equal to the root zone. This implies that 

internal soil processes (such as weathering and uptake) are evenly distributed over the soil 

profile, and all physico-chemical constants are assumed uniform in the whole profile. 

Furthermore, we assume the simplest possible hydrology: The water leaving the root zone is 

equal to precipitation minus evapotranspiration; more precisely, percolation is constant through 

the soil profile and occurs only vertically. 

As for the SMB model, the starting point is the charge balance of the major ions in the soil water, 

leaching from the root zone (cf. eq.V.9): 

(VI.1) 

SO4,le + NO3,le − NH4,le − BCle + Clle = Hle + Alle − HCO3,le − RCOOle = − ANCle 

where BC=Ca+Mg+K+Na and RCOO stands for the sum of organic anions. Eq.VI.1 also defines the 

acid neutralising capacity, ANC. The leaching term is given by Xle=Q·[X] where [X] is the soil 

solution concentration (eq/m3) of ion X and Q (m/yr) is the water leaving the root zone. 

The concentrations [X] of an ion in the soil compartment, and thus its leaching Xle, are either 

obtained from equilibrium equations with [H], such as [Al], [HCO3], and [RCOO] (see eqs. V.42, 

V.43 and V.45), or from mass balance equations. The latter describe the change over time of the 

total amount of ion X per unit area in the soil matrix/soil solution, Xtot (eq/m2): 

(VI.2)  

𝑑

𝑑𝑡
𝑋𝑡𝑜𝑡 = 𝑋𝑖𝑛 − 𝑋𝑙𝑒 

where Xin (eq/m2/yr) is the net input of ion X (sources minus sinks, except leaching). 

With the simplifying assumptions used in the derivation of the SMB model, the net input of 

sulphate and chloride is given by their respective deposition: 
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(VI.3)  

SO4,in = Sdep and Clin = Cldep 

For base cations the net input is given by (Bc=Ca+Mg+K): 

(VI.4)  

BCin = BCdep + BCw − Bcu 

where the subscripts dep, w, and u stand for deposition, weathering and net uptake, 

respectively. Note, that S adsorption and cation exchange reactions are not included here, they 

are included in Xtot and described by equilibrium equations (see below). For nitrate and 

ammonium, the net input is given by: 

(VI.5)  

NO3,in = NOx,dep + NH4,ni − NO3,i − NO3,u − NO3,de 

(VI.6)  

NH4,in = NH3,dep − NH4,ni − NH4,i − NH4,u 

where the subscripts ni, i, and de stand for nitrification, net immobilisation and denitrification, 

respectively. In the case of complete nitrification one has NH4,in=0 and the net input of nitrogen is 

given by: 

(VI.7)  

NO3,in = Nin = Ndep − Ni − Nu − Nde 

6.2.2  From steady state (critical loads) to dynamic models 

Steady-state means there is no change over time in the total amounts of ions involved (i.e., see 

eq.VI.2): 

(VI.8)  

𝑑

𝑑𝑡
𝑋𝑡𝑜𝑡 = 0 ⇒ 𝑋𝑙𝑒 = 𝑋𝑖𝑛 

From eq.VI.7 the critical load of nutrient nitrogen, CLnut(N), is obtained by specifying an 

acceptable N-leaching, Nle,acc. By specifying a critical leaching of ANC, ANCle,crit, and inserting eqs. 

VI.3, VI.4 and VI.7 into the charge balance (eq. VI.1), one obtains the equation describing the 

critical load function of S and N acidity, from which the three quantities CLmax(S), CLmin(N) and 

CLmax(N) can be derived (see Chapter 5). 

To obtain time-dependent solutions of the mass balance equations, the term Xtot in eq. VI.2  the 

total amount (per unit area) of ion X in the soil matrix/soil solution system has to be specified. 

For ions, which do not interact with the soil matrix, Xtot is given by the amount of ion X in 

solution alone: 

(VI.9)  

Xtot=  z [X] 

where z (m) is the soil depth under consideration (root zone) and  (m3/m3) is the (annual 

average) volumetric water content of the soil compartment. The above equation holds for 

chloride. For every base cation Y participating in cation exchange, Ytot is given by: 

(VI.10)  
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Ytot =  z [Y] +   z  CEC  EY 

where  is the soil bulk density (g/cm3), CEC the cation exchange capacity (meq/kg) and EY is the 

exchangeable fraction of ion Y. 

The (long-term) changes of the soil N pool are mostly caused by net immobilisation, and Ntot is 

given by: 

(VI.11)  

Ntot =  z [N] +   z  Npool 

If there is no ad/desorption of sulphate, SO4,tot is given by eq. VI.9. If sulphate adsorption cannot 

be neglected, it is given by: 

(VI.12)  

SO4,tot =  z [SO4] +   z  SO4,ad 

When the rate of Al leaching is greater than the rate of Al mobilisation by weathering of primary 

minerals, the remaining part of Al has to be supplied from readily available Al pools, such as Al 

hydroxides. This causes depletion of these minerals, which might induce an increase in Fe 

buffering which in turn leads to a decrease in the availability of phosphate (De Vries 1994). 

Furthermore, the decrease of those pools in podzolic sandy soils may cause a loss in the 

structure of those soils. The amount of aluminium is in most models assumed to be infinite and 

thus no mass balance for Al is considered. 

Inserting these expressions into eq. VI.2 and observing that Xle=Q·[X], one obtains differential 

equations for the temporal development of the concentration of the different ions. Only in the 

simplest cases can these equations be solved analytically. In general, the mass balance equations 

are discretised and solved numerically, with the solution algorithm depending on the model 

builders’ preferences. 

6.2.3  Finite buffers 

Finite buffers of elements in the soil are not included in the derivation of critical loads, since they 

do not influence the steady state. However, when investigating the state of soils over time as a 

function of changing deposition patterns, these finite buffers govern the long-term (slow) 

changes in soil (solution) chemistry. In the following we describe the most important ones in 

turn. 

6.2.3.1 Cation exchange  

Generally, the solid phase particles of a soil carry an excess of cations at their surface layer. Since 

electro-neutrality has to be maintained, these cations cannot be removed from the soil, but they 

can be exchanged against other cations (e.g., those in the soil solution). This process is known as 

cation exchange and every soil (layer) is characterised by the total amount of exchangeable 

cations per unit mass (weight), the “cation exchange capacity” (CEC, measured in meq/kg). If X 

and Y are two cations with charges m and n, then the general form of the equations used to 

describe the exchange between the liquid- phase concentrations (or activities) [X] and [Y] and 

the equivalent fractions EX and EY at the exchange complex is: 

(VI.14)  

𝐸𝑋
𝑖

𝐸𝑌
𝑗
= 𝐾𝑋𝑌 ∙

[𝑋𝑚+]𝑛

[𝑌𝑛+]𝑚
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where KXY is the exchange (or selectivity) constant, a soil-dependent quantity. Depending on the 

powers i and j different models of cation exchange can be distinguished: For i=n and j=m one 

obtains the Gaines-Thomas exchange equations, whereas for i=j=mn, after taking the mn-th root, 

the Gapon exchange equations are obtained. 

The number of exchangeable cations considered depends on the purpose and complexity of the 

model. For example, Reuss (1983) considered only the exchange between Al and Ca (or divalent 

base cations). In general, if the exchange between N ions is considered, N–1, exchange equations 

(and constants) are required, all the other (N–1)(N–2)/2 relationships and constants can be 

easily derived from them. In the VSD/VSD+ and SAFE models, the exchange between aluminium, 

divalent base cations and protons is considered. The exchange of protons is important, if the 

cation exchange capacity (CEC) is measured at high pH- values (pH=6.5). In the case of the Bc-Al-

H system, the Gaines-Thomas equations read: 

(VI.15)  

𝐸𝐴𝑙
2

𝐸𝐵𝑐
3 = 𝐾𝐴𝑙𝐵𝑐 ∙

[𝐴𝑙3+]
2

[𝐵𝑐2+]3
 and 

𝐸𝐻
2

𝐸𝐵𝑐
= 𝐾𝐻𝐵𝑐 ∙

[𝐻+]2

[𝐵𝑐2+]
 

where Bc=Ca+Mg+K, with K treated as divalent. The equation for the exchange of protons 

against Al can be obtained from eqs.VI.15 by division: 

(VI. 16) 

𝐸𝐻
2

𝐸𝐴𝑙
= 𝐾𝐻𝐴𝑙 ∙

[𝐻+]2

[𝐴𝑙3+]3
 and 𝐾𝐻𝐴𝑙 = √𝐾𝐻𝐵𝑐

3 𝐾𝐴𝑙𝐵𝑐⁄  

The corresponding Gapon exchange equations read: 

(VI.17) 

𝐸𝐴𝑙

𝐸𝐵𝑐
= 𝑘𝐴𝑙𝐵𝑐 ∙

[𝐴𝑙3+]
1 3⁄

[𝐵𝑐2+]1 2⁄  and 
𝐸𝐻

𝐸𝐵𝑐
= 𝑘𝐻𝐵𝑐 ∙

[𝐻+]

[𝐵𝑐2+]1 2⁄  

Again, the H-Al exchange can be obtained by division (with kHAl=kHBc/kAlBc). Charge balance 

requires that the exchangeable fractions add up to one: 

(VI.18)  

EBc +EAl +EH =1 

The sum of the fractions of exchangeable base cations (here EBc) is called the base saturation of 

the soil. It is the time development of the base saturation, which is of interest in dynamic 

modelling. In the above formulations the exchange of Na, NH4 (which can be important in high 

NH4 deposition areas) and heavy metals is neglected (or subsumed in the proton fraction). 

Care has to be exercised when comparing models, since different sets of exchange equations are 

used in different models. Whereas eqs. VI.15 are used in the VSD and VSD+ model, the SAFE 

model employs the Gapon exchange equations (eqs. VI.17), however with exchange constants 

k’X/Y=1/kXY. In the MAGIC model the exchange of Al with all four base cations is modelled 

separately with Gaines- Thomas equations, without explicitly considering H-exchange. This is 

because the equation for dissolution of the solid phase Al-hydroxide is identical to that of Al- H+ 

exchange. Including both in MAGIC would be redundant. 

6.2.3.2 Nitrogen immobilisation  

In the calculation of critical loads, the (acceptable, sustainable) long-term net immobilisation 

(i.e., the difference between immobilisation and mineralisation) is assumed to be constant. 
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However, it is well known, that the amount of N immobilised is (at present) in many cases larger 

than this long-term value. Thus, a sub-model describing the nitrogen dynamics in the soil is part 

of most dynamic models. For example, the MAKEDEP model, which is part of the SAFE model 

system (but can also be used as a stand-alone routine) describes the N-dynamics in the soil as a 

function of forest growth and deposition. 

According to Dise et al. (1998) and Gundersen et al. (1998) the forest floor C/N-ratios may be 

used to assess risk for nitrate leaching. Gundersen et al. (1998) suggested threshold values of 

>30, 25 to 30, and <25 to separate low, moderate, and high nitrate leaching risk, respectively. 

This information has been used in several models, such as VSD and MAGIC (version 7) to 

calculate nitrogen immobilisation as a fraction of the net N input, linearly depending on the C/N-

ratio in the mineral topsoil. 

In addition to the long-term constant net immobilisation, Ni,acc, the net amount of N immobilised 

is a linear function of the actual C/N-ratio, CNt, between a prescribed maximum, CNmax, and a 

minimum C/N-ratio, CNmin,: 

(VI.19)  

𝑁𝑖,𝑡 =

{
 

 
𝑁𝑖𝑛,𝑡 , 𝐶𝑁𝑡 ≥ 𝐶𝑁𝑚𝑎𝑥

𝐶𝑁𝑡 − 𝐶𝑁𝑚𝑖𝑛
𝐶𝑁𝑚𝑎𝑥 − 𝐶𝑁𝑚𝑖𝑛

∙ 𝑁𝑖𝑛,𝑡 , 𝐶𝑁𝑚𝑖𝑛 < 𝐶𝑁𝑡 < 𝐶𝑁𝑚𝑎𝑥

0, 𝐶𝑁𝑡 ≤ 𝐶𝑁𝑚𝑖𝑛

 

where Nin,t is the available N (e.g., Nin,t=Ndep,t- –Nu,t–Ni,acc). At every time step the amount of 

immobilised N is added to the amount of N in the top soil, which in turn is used to update the 

C/N-ratio. The total amount immobilised at every time step is then Ni=Ni,acc+Ni,t. The above 

equation states that when the C/N- ratio reaches the minimum value, the annual amount of N 

immobilised equals the acceptable value Ni,acc (see Figure 6.2). This formulation is compatible 

with the critical load formulation for t→∞. 

Figure 6.2:  Amount of N immobilised (left) and resulting C/N-ratio in the topsoil (right) for a 
constant net input of N of 1 eq/m2/yr (initial Cpool = 4000 gC/m2), Ni,acc = 1 kg/ha/yr). 

Source: This figure is adopted from a previous version of Chapter 6 of the Mapping Manual 
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6.2.3.3 Sulphate adsorption 

The amount of sulphate adsorbed, SO4,ad (meq/kg), is often assumed to be in equilibrium with 

the solution concentration and is typically described by a Langmuir isotherm (e.g., Cosby et al. 

1986):  

(VI.20)  

𝑆𝑂4,𝑎𝑑 =
[𝑆𝑂4]

𝑆1 2⁄ + [𝑆𝑂4]
∙ 𝑆𝑚𝑎𝑥 

where Smax is the maximum adsorption capacity of sulphur in the soil (meq/kg) and S1/2 is the 

half-saturation concentration (eq/m3). 

6.2.4  From soils to surface waters 

The processes discussed so far are assumed to occur in the soil solution while it is in contact 

with the soil matrix. To calculate surface water concentrations, it is assumed that the water 

leaves the soil matrix and is exposed to the atmosphere (Cosby et al. 1985, Reuss and Johnson 

1986). When this occurs, excess CO2 in the water degasses. This shifts the carbonate- 

bicarbonate equilibria and changes the pH (see eq. V.43). Surface water concentrations are thus 

calculated by resolving the system of equations presented above at a lower partial pressure of 

CO2 (e.g., mean pCO2 of 8·10–4 atm for 37 lakes, Cole et al. 1994) while ignoring exchange 

reactions, nitrogen immobilisation and sulphate adsorption. 

Since exchanges with the soil matrix are precluded, the concentration of the base cations and the 

strong acid anions (SO4, NO3 and Cl) will not change as the soil water becomes surface water. As 

such, ANC is conservative (see eq. VI.1). 

In lakes additional processes occur, and several of these are included in dynamic models such as 

MAGIC. In-lake, retention of NO3 and SO4 by denitrification and sulphate reduction, respectively, 

at the sediment water interface and retention in sediment or loss as gaseous phase to the 

atmosphere are the most important of these processes (Dillon and Molot 1990, Kaste and Dillon 

2003). 

6.2.5  Biological response models 

Just as there are delays between changes in acid deposition and changes in surface (or soil) 

water chemistry, there are delays between changes in chemistry and the biological response. 

Because the goal in recovery is to restore good or healthy populations of key indicator 

organisms, the time lag in response is the sum of the delays in chemical and biological response 

(see Figure 6.1). Thus, dynamic models for biological response are needed. In the following a 

summary is provided of existing models and ideas. 

6.2.5.1 Terrestrial ecosystems 

A major drawback of most dynamic soil acidification models is the neglect of biotic interactions. 

For example, vegetation changes are mainly triggered by a change in N cycling (N 

mineralisation; Berendse et al. 1987). Furthermore, the enhancement of diseases by elevated N 

inputs, such as heather beetle outbreaks, may stimulate vegetation changes. Consequently, 

dynamic soil-vegetation models, which include such processes, have a better scientific basis for 

the assessment of critical and target N loads. Such an approach has been developed to model 

eutrophication (see section 5.3). Amongst older models, are CALLUNA (Heil and Bobbink 1993) 

and ERICA (Berendse 1988). The model CALLUNA integrates N processes by atmospheric 

deposition, accumulation and sod removal, with heather beetle outbreaks and competition 
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between species, to establish the critical N load in lowland dry-heathlands (Heil and Bobbink 

1993). The wet-heathland model ERICA incorporates the competitive relationships between the 

species Erica and Molinia, the litter production from both species, and nitrogen fluxes by 

accumulation, mineralisation, leaching, atmospheric deposition and sheep grazing. At present, 

there are also several forest-soil models that calculate forest growth impacts in response to 

atmospheric deposition and other environmental aspects, such as meteorological changes 

(precipitation, temperature) and changes in CO2 concentration. Examples are the models NAP 

(Van Oene 1992), ForSVA (Oja et al. 1995), and Hybrid (Friend et al. 1997). 

Statistical models have been developed to assess the relationship between the species diversity 

of the ecosystem and abiotic aspects related to acidification and eutrophication. An example is 

the vegetation model MOVE (Latour and Reiling 1993), that predicts the occurrence probability 

of plant species in response to scenarios for acidification, eutrophication, and desiccation. Input 

to the model comes from the output of the soil model SMART2 (Kros et al. 1995), being an 

extension of the SMART model (De Vries et al. 1989). The SMART2 model predicts changes in 

abiotic soil factors indicating acidification (pH), eutrophication (N availability), and desiccation 

(moisture content) in response to scenarios for acid deposition and groundwater abstraction, 

including the impact of nutrient cycling (litterfall, mineralisation and uptake). MOVE predicts the 

occurrence probability of around 700 species as a function of three abiotic soil factors, including 

nitrogen availability, using regression relationships. Since combined samples of vegetation and 

environmental variables are rare, the indication values of plant species by Ellenberg (1985) are 

used to assess the abiotic soil conditions. Deduction of values for the abiotic soil factors from the 

vegetation guarantees ecological relevance. Combined samples of vegetation with 

environmental variables are used exclusively to calibrate Ellenberg indication values with 

quantitative values of the abiotic soil factors. A calibration of these indication values to 

quantitative values of the abiotic soil factors is necessary to link the soil module to the 

vegetation module. 

A comparable statistical model is the NTM model (Wamelink et al. 2003, Schouwenberg et al. 

2000), that was developed to predict the potential conservation value of natural areas. Normally 

conservation values are calculated on the basis of plant species or vegetation types. As with 

MOVE, NTM has the possibility to link the vegetation and the site conditions by using plant 

ecological indicator values. NTM uses a matrix of the habitats of plant species defined on the 

basis of moisture, acidity and nutrient availability. The model was calibrated using a set of 

160,252 vegetation relevées. A value index per plant species was defined on the basis of rarity, 

decline, and international importance. This index was used to determine a conservation value 

for each relevée. The value per relevée was then assigned to each species in the relevée and 

regressed on the Ellenberg indicator values for moisture, acidity and nutrient availability 

(Ellenberg 1985) using a statistical method (P-splines). The model has these three Ellenberg 

indication values as input for the prediction of the potential conservation value. A potential 

conservation value is calculated for a combination of the abiotic conditions and vegetation 

structure (ecotope). Therefore, four vegetation types are accounted for, each represented by a 

sub-model of NTM: heathland, grassland, deciduous forest, and pine-forest. Use of those models 

in dynamic modelling assessments is valuable to gain more insight in the effect of deposition 

scenarios on terrestrial ecosystems. 

6.2.5.2 Aquatic ecosystems 

As with terrestrial ecosystems, biological dose/response models for surface waters have not 

generally focused on the time- dynamic aspects. For example, the relationship between lake ANC 

and brown trout population status in Norwegian lakes used to derive the critical limit for surface 

waters is based on synoptic (once in time) surveys of ANC and fish status in a large number of 
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lakes. Similarly, the invertebrate indices (Raddum 1999) and diatom response models 

(Battarbee et al. 1996) do not incorporate dynamic aspects. Additional information on 

dose/response comes from traditional laboratory studies of toxicity (chronic and acute) and 

reproductive success. 

Information on response times for various organisms comes from studies of recovery following 

episodes of pollution, for example, salmon population following a chemical spill in a river. For 

salmon, full recovery of the population apparently requires about 10 years after the water 

chemistry has been restored. 

There is currently no available time-dynamic process-oriented biological response models for 

effects of acidification on aquatic and terrestrial organisms, communities or ecosystems. Such 

models are necessary for a full assessment of the length of time required for recovery of damage 

from acidification. 

There are several types of evidence that can be used to empirically estimate the time delays in 

biological recovery. The whole-lake acidification and recovery experiments conducted at the 

Experimental Lakes Area (ELA) in north-western Ontario, Canada, provide such information at 

realistic spatial and temporal scales. These experiments demonstrate considerable lag times 

between the achievement of acceptable water quality following a decrease in acid inputs, and 

achievement of acceptable biological status. The delay times for various organisms are at least 

several years. In the case of several fish species, irreversible changes may have occurred (Hann 

and Turner 2000, Mills et al. 2000). 

A second source of information on biological recovery comes from liming studies. Over the years 

such studies have produced extensive empirical evidence on rate of response of individual 

species as well as communities following liming. There has been little focus, however, on the 

processes involved. 

Finally, there is recent documentation of recovery in several regions at which acid deposition 

has decreased since the 1980s and 1990s. Lakes close to the large point- source of sulphur 

emissions at Sudbury, Ontario, Canada, show clear signs of chemical and biological recovery in 

response to substantial decreases in emissions beginning in the late 1970s (Keller and Gunn 

1995). Lakes in the nearby Killarney Provincial Park (Ontario, Canada) also show clear signs of 

biological recovery during the past 20 years (Snucins et al. 2001). Also, recent results compiled 

by ICP Waters have shown recovery processes (Garmo et al., 2014; Skjelkvåle, 2008). Here there 

are several biological factors that influence the rate of biological recovery such as: 

1. fish species composition and density; 

2. dispersal factors such as distance to intact population and ability to disperse; 

3. existence of resting eggs (for such organisms such as zooplankton); 

4. existence of precluding species – (i.e., the niche is filled). 

Knowledge on models for biological recovery in surface waters has been reviewed in a 

workshop in 2002 (Wright and Lie 2002) and is commonly discussed at ICP Waters meetings. 

Development of biological response models must also consider the frequency and severity of 

harmful episodes, such as pH shocks during spring snowmelt, or acidity and aluminium pulses 

due to storms with high seasalt inputs. These links between episodic water chemistry and 

biological response at all levels (organisms, community, and ecosystem) are poorly quantified 

and thus not yet ready to be incorporated into process-oriented models. 
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6.3 Available dynamic models  

In the previous sections the basic processes involved in soil acidification have been summarised 

and expressed in mathematical form, with emphasis on slow (long-term) processes. Over the 

past 25 years, the resulting equations, or generalisations and variants thereof, together with 

appropriate solution algorithms and input-output routines have been packaged into soil 

acidification models, mostly known by their (more or less formal) acronyms. 

There is no shortage of soil (acidification) models, but most of them are not designed for 

regional applications. A comparison of 16 models can be found in a special issue of the journal 

‘Ecological Modelling’ (Tiktak and Van Grinsven, 1995). These models emphasise either soil 

chemistry (such as SMART, SAFE, and MAGIC) or the interaction with the forest (growth). There 

are very few truly integrated forest-soil models. An example is the forest model series ForM-S 

(Oja et al. 1995), which is implemented not in a ‘conventional’ Fortran code, but is realised in the 

high-level modelling software STELLA. A more recent comparison of the models VSD, SAFE and 

MAGIC (and PnET- BGC) can be found in Tominaga et al. (2010). 

The following selection is biased towards models which have been widely used and which are 

simple enough to be applied on a (large) regional scale. Only a short description of the models is 

given as details can be found in the references cited. It should be emphasised that the term 

‘model’ used here refers, in general, to a model system (i.e., a set of (linked) software and 

databases) which consists of pre-processors for input data (preparation) and calibration, post-

processors for the model output, and – in general the smallest part – the actual model itself. 

An overview of the various models is given in Table 6.1 and a short description below. The first 

three models are soil models of increasing complexity, whereas the MAGIC model is generally 

applied at the catchment level. Application at the catchment level, instead of on a single (forest) 

plot, has implications for the derivation of input data. For example, weathering rates have to 

represent the average weathering of the whole catchment, data that is difficult to obtain from 

soil parameters. Thus, in MAGIC catchment, weathering is calibrated from water quality data. 

Table 6.1:  Overview of dynamic models that have been (widely) applied on a regional scale. 

Model Essential process descriptions Layers Essential model inputs 

VSD ANC charge balance 
Mass balances for BC and N (complete 
nitrification assumed) 

One CL input data + 
CEC, base saturation  
C/N-ratio 

VSD+ VSD model + 
Separate mass balances for NH4 and NO3, 
nitrification; N fixation 
Explicit organic C and N dynamics  
Ca and Mg carbonate equilibrium 

One VSD model + 
organic C and N inputs (litterfall, root 
turnover, harvest residues) 

SAFE VSD model + 
Separate weathering calculation  
Element cycling by litterfall 
Root decay 
Mineralisation and root uptake 

Several VSD model + 
Input data for PROFILE  
litterfall rate  
parameters describing 
mineralisation and root uptake 

MAGIC VSD model +  
SO4 sorption 
Al speciation/complexation 
Aquatic chemistry 

Several 
(mostly 
one 
used) 

VSD model + 
Smax and S1/2 
pK values for several Al reactions  
parameters for aquatic chemistry 
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6.3.1  The VSD model 

The basic equations presented in section 6.2 have been used to construct a Very Simple Dynamic 

(VSD) soil acidification model. The VSD model is designed as the simplest extension of the SMB 

model for critical loads. In addition to the equations included in the SMB model, it includes 

cation exchange and N immobilisation as well as a mass balance for cations and nitrogen as 

described above. However, it resembles the model presented by Reuss (1980) which does not 

consider nitrogen processes. The model is described in Posch and Reinds (2009) and a single-

site version is available from the CCE website (www.wge-cce.org).  

The VSD model consists of a set of mass balance equations, describing the soil input- output 

relationships, and a set of equations describing the rate-limited and equilibrium soil processes, 

as described in section 6.2. The soil solution chemistry in VSD depends solely on the net element 

input from the atmosphere (deposition minus net uptake minus net immobilisation) and the 

geochemical interaction in the soil (CO2 equilibria, weathering of carbonates and silicates, and 

cation exchange). Soil interactions are described by simple rate- limited (zero-order) reactions 

(e.g., uptake and silicate weathering) or by equilibrium reactions (e.g. cation exchange). It 

models the exchange of Al, H and Ca+Mg+K with Gaines-Thomas or Gapon equations. Solute 

transport is described by assuming complete mixing of the element input within one 

homogeneous soil compartment with a constant density and a fixed depth. Since VSD is a single 

layer soil model neglecting vertical heterogeneity, it predicts the concentration of the soil water 

leaving this layer (the rootzone). The annual water flux percolating from this layer is taken equal 

to the annual precipitation excess. The time step of the model is one year, i.e. seasonal variations 

are not considered. 

6.3.2  The VSD+ model 

The VSD+ model (Bonten et al. 2015) is an extension of the VSD model. An explicit description of 

organic C and N turnover has been included to better predict N eutrophication and C 

sequestration and be able to link the model to vegetation biodiversity models. For C 

sequestration, VSD+ uses the equations of the RothC-26.3 model (Coleman and Jenkinson 2005). 

This model consists of five soil C pools. Two pools contain fresh organic input from litterfall, root 

turnover, and harvest residues, whereby one of these pools assembles easily decomposable 

plant material and the other pool stands for recalcitrant material. For the three other pools, one 

resembles soil microbial C, one is humified material and the last one is inert organic material. 

Mineralisation and transfer of C to a next pool is described by single order differential equations, 

with a fixed reference rate constant for each pool that is adjusted for temperature and soil 

moisture. Nitrogen mineralization and immobilization follows the turnover of the C pools, 

depending on the C:N ratios of the five organic matter compartments. The C:N ratio of the pool 

with easily decomposable plant material depends on the C:N ratio of the total organic C input. 

The C:N ratio of the humified pool is adjusted depending on N deposition, N uptake, and transfer 

of N from other pools. The C:N ratios for the three other pools are fixed. Input for this explicit C 

and N model are the total organic C and N inputs. 

Also different from the VSD model, the VSD+ model no longer assumes full nitrification, but 

includes a first order differential equation for nitrification. Also, denitrification is modelled with 

a first order equation. Nitrification and denitrification rates are calculated from reference rate 

constants that are modified for temperature, soil moisture, and soil pH. 

The final difference with VSD is that VSD+ includes equations for Ca and/or Mg carbonates 

equilibrium, which allows VSD+ to be easier used for calcareous soils, especially for N 

eutrophication effects (acidification does not play a big role for these soils). 

http://www.wge-cce.org/
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6.3.3  The SAFE model 

The SAFE (Soil Acidification in Forest Ecosystems) model has been developed at the University 

of Lund (Warfvinge et al. 1993) and a recent description of the model can be found in Alveteg 

(1998) and Alveteg and Sverdrup (2002). The main differences to the VSD/VSD+ and MAGIC 

models are: (a) weathering of base cations is not a model input, but it is modelled with the 

PROFILE (sub-)model, using soil mineralogy as input (Warfvinge and Sverdrup 1992); (b) SAFE 

is oriented to soil profiles in which water is assumed to move vertically through several soil 

layers (usually 4), (c) Cation exchange between Al, H, and (divalent) base cations is modelled 

with Gapon exchange reactions, and the exchange between soil matrix and the soil solution is 

diffusion limited. The standard version of SAFE does not include sulphate adsorption although a 

version in which sulphate adsorption is dependent on sulphate concentration and pH has been 

developed (Martinson et al. 2003). 

The SAFE model has been applied to many sites and more recently also regional applications 

have been carried out for Sweden (Alveteg and Sverdrup 2002) and Switzerland (SAEFL 1998, 

Kurz et al. 1998, Alveteg et al. 1998). 

6.3.4  The MAGIC model 

MAGIC (Model of Acidification of Groundwater In Catchments) is a lumped- parameter model of 

intermediate complexity, developed to predict the long- term effects of acidic deposition on soils 

and surface water chemistry (Cosby et al. 1985a, b, c, 1986). The model simulates soil solution 

chemistry and surface water chemistry to predict the monthly and annual average 

concentrations of the major ions in lakes and streams. MAGIC represents the catchment with 

aggregated, uniform soil compartments (one or two) and a surface water compartment that can 

be either a lake or a stream. MAGIC consists of (1) a section in which the concentrations of major 

ions are assumed to be governed by simultaneous reactions involving sulphate adsorption, 

cation exchange, dissolution-precipitation-speciation of aluminium, and dissolution-speciation 

of inorganic and organic carbon, and (2) a mass balance section in which the flux of major ions to 

and from the soil is assumed to be controlled by atmospheric inputs, chemical weathering 

inputs, net uptake in biomass and losses to runoff. At the heart of MAGIC is the size of the pool of 

exchangeable base cations in the soil. As the fluxes to and from this pool change over time owing 

to changes in atmospheric deposition, the chemical equilibria between soil and soil solution shift 

to give changes in surface water chemistry. The degree and rate of change in surface water 

acidity thus depend both on flux factors and the inherent characteristics of the affected soils. 

The soil layers can be arranged vertically or horizontally to represent important vertical or 

horizontal flow paths through the soils. If a lake is simulated, seasonal stratification of the lake 

can be implemented. Time steps are monthly or yearly. Time series inputs to the model include 

annual or monthly estimates of: (1) deposition (wet plus dry) of ions from the atmosphere; (2) 

discharge volumes and flow routing within the catchment; (3) biological production, removal 

and transformation of ions; (4) internal sources and sinks of ions from weathering or 

precipitation reactions; and (5) climate data. Constant parameters in the model include physical 

and chemical characteristics of the soils and surface waters, and thermodynamic constants. The 

model is calibrated using observed values of surface water and soil chemistry for a specified 

period. 

MAGIC has been modified and extended several times from the original version from 1984. In 

particular, organic acids have been added to the model (version 5; Cosby et al. 1995a), nitrogen 

processes have been added based on the C/N ratio of soil (version 7; Cosby et al. 2001) and most 
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recently, N retention in soil is described as a microbial-driven process (i.e., the C/N ratio of the 

soil no longer governs the N immobilisation) (Oulehle et al., 2012). 

The MAGIC model has been extensively applied and tested over the past 30 years at many sites 

and in many regions around the world. Overall, the model has proven to be robust, reliable and 

useful in a variety of scientific and managerial activities. 

6.4 Input data and model calibration  

Running a dynamic model is usually the least time- or resource-consuming step in an 

assessment. It takes time to interpret model output, but most time-consuming is the acquisition 

and preparation of input data. Rarely can field, laboratory, or literature data be directly used as 

model inputs. They have to be pre-processed and interpreted, often with the help of other 

models. Especially for regional applications, not all model inputs are available (or directly 

usable) from measurements at sites, and interpolations and transfer functions have to be 

derived and used to obtain the necessary input data. When acquiring data from different sources 

of information, it is important to keep a record of the ‘pedigree’ (i.e., the entire chain of 

information, assumptions and (mental) models used to produce a certain number). Also, the 

uncertainty of the data should be assessed, recorded and communicated. 

As with critical loads, for the policy support of the effects-oriented work under the LRTAP 

Convention, output of dynamic models will most usefully represent not a particular site, but a 

larger area, such as a forest instead of a single tree stand. Therefore, certain variables should be 

‘smoothed’ to represent that larger area. For example, (projected) growth uptake of nutrients 

(nitrogen and base cations) should reflect the (projected) average uptake of the forest over that 

area, and not the succession of harvest and re- growth at a particular spot. 

6.4.1  Input data 

The input data required to run dynamic models depend on the model, but essentially all of them 

need the following (minimum) data, which can be roughly grouped into in- and output fluxes, 

and soil properties. Note that this grouping of the input data depends on the model considered. 

For example, weathering has to be specified as a (constant) input flux in the VSD/VSD+ models, 

whereas in the SAFE model it is internally computed from soil properties and depends on the 

state of the soil (e.g., the pH). Some of the input data are also needed in the SMB model to 

calculate critical loads, and are described in Chapter 5. This chapter thus focuses on additional 

data and parameters needed to run dynamic models. The most important soil parameters are 

the cation exchange capacity (CEC), the base saturation, and the exchange (or selectivity) 

constants describing cation exchange, as well as parameters describing nitrogen retention and 

sulphate ad/desorption, since these parameters determine the long-term behaviour (recovery) 

of soils. 

Ideally, all input data are directly derived from measurements. This is usually not feasible for 

regional applications, in which case input data have to be derived from relationships (transfer 

functions) with basic (map) information. In this chapter, we provide information on the input 

data needed for running the VSD model and thus, by extension, also other models. Descriptions 

and technical details of the input data for those models can be found in Posch and Reinds (2009) 

for the VSD model, in Bonten et al (2015) for the VSD+ model, in Cosby et al. (1985a, 2001) for 

the MAGIC model and in Alveteg and Sverdrup (2002) for the SAFE model. 

In most of the (pedo-)transfer functions presented here, soils – or rather soil groups – are 

characterised by a few properties, mostly organic carbon and clay content of the mineral soil 

(see also Figure 6.3). The organic carbon content, Corg, can be estimated as 0.5 or 0.4 times the 
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organic matter content in the humus or mineral soil layer, resp. If Corg>15%, a soil is considered 

a peat soil. Mineral soils are called sand (or sandy soil) here, if the clay content is below 18% 

(coarse textured soils; see also Table 6.6), otherwise it is called a clay (or clayey/loamy soil). 

Loess soils are soils with more than 50% silt, i.e. clay+sand<50% (since clay+silt+sand=100%). 

Figure 6.3:  Illustration of the basic composition of a soil profile: soil water, organic matter 
(organic carbon) and the mineral soil, characterised by its clay, silt, and sand 
fraction (clay+silt+sand=100%). 

Source: This figure is adopted from a previous version of Chapter 6 of the Mapping Manual 

6.4.1.1 Averaging soil properties 

For single layer soil models, such as VSD, VSD+, or MAGIC, the profile averages of certain soil 

parameters are required, and in the sequel formulae for the average bulk density, cation 

exchange capacity, and base saturation are derived. 

For a given soil profile it is assumed that there are measurements of bulk density l (g/cm3), 

cation exchange capacity CECl (meq/kg), and base saturation EBC,l for n (homogeneous) soil 

horizons with thickness zl (l=1,…, n). Obviously, the total thickness (soil depth) z is given by: 

(VI.21)  

𝑧 =∑𝑧𝑙

𝑛

𝑙=1

 

The mean bulk density ρ of the profile is derived from mass conservation (per unit area): 

(VI.22)  

𝜌 =
1

𝑧
∑𝑧𝑙 ∙ 𝜌𝑙

𝑛

𝑙=1
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The average cation exchange capacity CEC has to be calculated in such a way that the total 

number of exchange sites (per unit area) is given by zCEC. This implies the following formula 

for the profile average cation exchange capacity: 

(VI.23)  

𝐶𝐸𝐶 =
1

𝑧 ⋅ 𝜌
∑𝑧𝑙 ∙ 𝜌𝑙

𝑛

𝑙=1

∙ 𝐶𝐸𝐶𝑙 

And for the profile average base saturation EBC one then gets:  

(VI.24)  

𝐶𝐸𝐶 =
1

𝑧 ⋅ 𝜌 ∙ 𝐶𝐸𝐶
∑𝑧𝑙 ∙ 𝜌𝑙

𝑛

𝑙=1

∙ 𝐶𝐸𝐶𝑙 ∙ 𝐸𝐵𝐶,𝑙 

Note that for aquatic ecosystems, these parameters have to be averaged over the terrestrial 

catchment area as well. 

6.4.1.2 Data also used for critical load calculations 

In this section we describe those input data which are also used in critical load calculations (see 

chapter 5) For further details the reader is referred to that chapter, especially sections 5.3.1.3 

and 5.3.2.3. 

Whereas for critical loads and exceedance calculations, data are needed at a specific point in 

time (or at steady-state), their past and future temporal development is needed for dynamic 

modelling. 

6.4.1.2.1 Deposition 

Non-anthropogenic (steady-state) base cation and chloride deposition are incorporated into the 

definition of the critical load of acidity. For dynamic model times, a series of past and future 

depositions are needed. However, at present there are no projections available for these 

elements on a European scale. Thus, in most model applications (average) present base cation 

and chloride depositions are assumed to hold also in the future (and past). 

Sulphur and nitrogen depositions enter only the exceedance calculations of critical loads. In 

contrast, their temporal development is the driving force of every dynamic model. Time series 

for the period 1880–1990 of S and N deposition on the EMEP-150 grid have been computed 

using published estimates of historical emissions (Schöpp et al. 2003) and 12-year average 

transfer matrices derived from the EMEP/MSC-W lagrangian atmospheric transport model. 

Equivalent datasets have been prepared for the EMEP 50x50 km2 as well as the latest 10x10 km2 

grids. 

Scenarios for future sulphur and nitrogen deposition are provided by integrated assessment 

modellers, based on atmospheric transport modelling by EMEP. 

In case the deposition model provides only grid average values, a local deposition (adjustment) 

model could compute the local deposition from the grid average values, especially for forest 

soils, where the actual (larger) deposition depends on the type and age of trees (via the ‘filtering’ 

of deposition by the canopy). An example of such a model is the MAKEDEP model, which is also 

part of the SAFE model system (Alveteg and Sverdrup 2002). 
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6.4.1.2.2 Uptake 

Long-term average values of the net growth- uptake of nitrogen and base cations by forests are 

also needed to calculate critical loads. Data sources and calculation procedures are given in 

Chapter 5. In simple dynamic models these processes are described as a function of actual and 

projected forest growth. To this end, additional information on forest age and growth rates is 

needed, and the amount of data needed depends largely on whether the full nutrient cycle is 

modelled or whether only net sources and sinks are considered. 

When considering net removal by forest growth, as in the VSD and MAGIC models, the yield 

(forest growth) at a certain age can be derived from yield tables for the considered tree species. 

The element contents in stems (and possibly branches) should be the same as used in the critical 

load calculations (see, e.g., Table 5.2). If the nutrient cycle is modelled, as in the SAFE model, 

data are needed on litterfall rates, root turnover rates, including the nutrient contents in litter 

(leaves/needles falling from the tree), and fine roots. Such data are highly dependent on tree 

species and site conditions. Compilations of such data can be found in De Vries et al. (1990) and 

Jacobsen et al. (2002). 

6.4.1.2.3 Water flux and soil moisture 

Water flux data that are needed in one- layer models are limited to the precipitation surplus 

leaving the root zone (see Chapter 5), whereas multi- layer models require water fluxes for each 

soil layer down to the bottom of the root zone. For simple dynamic models, water fluxes could be 

calculated by a separate hydrological model, running on a daily or monthly time step with 

aggregation to annual values afterwards. An example of such a model is WATBAL (Starr 1999), 

which is a capacity-type water balance model for forested stands/plots running on a monthly 

time step and based on the following water balance equation: 

(VI.25)  

Q = P − ET  SM 

where Q = precipitation surplus, P = precipitation, ET = evapotranspiration, and ±SM = changes 

in soil moisture content. WATBAL uses relatively simple input data, which is either directly 

available (e.g., monthly precipitation and air temperature) or which can be derived from other 

data using transfer functions (e.g., soil available water capacity). 

In any dynamic model, that includes a mass balance for elements, information on the soil 

moisture content is also needed. This is also output from a hydrological model (see SM in 

eq.6.25) or has to be estimated from other site properties. An approximate annual average soil 

moisture content θ (m3/m3) can be obtained as a function of the clay content (see Brady 1974): 

(VI.26)  

 = min0.04 + 0.0077  clay, 0.27 

Namely, for clay contents above 30% a constant value of 0.27 is assumed. It should be noted that 

most models are quite insensitive to the value of θ. 

6.4.1.2.4 Base cation weathering 

The various possibilities to assess weathering rates of base cations, which are a key input also to 

critical load calculations, are discussed and cited in Chapter 5. 

6.4.1.2.5 Mineralisation and (de-)nitrification 

Rate constants (and possibly additional parameters) for mineralisation, nitrification, and 

denitrification are needed in detailed models, but simple models mostly use factors between 
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zero and one, which compute nitrification and denitrification as fraction of the (net) input of 

nitrogen. 

As with the calculation of critical loads (SMB model), in the VSD model complete nitrification is 

assumed (nitrification fraction equals 1.0), and denitrification fractions can be found in 

Table 5.3. Mineralisation is not considered explicitly, but included in the net immobilisation 

calculations. 

For the complete soil profile, the nitrification fraction in forest soils varies mostly between 0.75 

and 1.0. This is based on measurements of NH4/NO3 ratios below the root-zone of highly acidic 

Dutch forests with very high NH4 inputs in the early nineties, which were nearly always less than 

0.25 (De Vries et al. 1995). Generally, 50% of the NH4 input is nitrified above the mineral soil in 

the humus layer (Tietema et al. 1990). Actually, the nitrification fraction includes the effect of 

both nitrification and preferential ammonium uptake. 

6.4.1.2.6 AL-H equilibrium 

The constants needed to quantify the equilibrium between [Al] and [H] in the soil solution are 

discussed and presented in Chapter 5 (Table 5.9), since they are also needed for critical load 

calculations. For models including the complexation of Al with organic anions, such as MAGIC, 

relevant parameters can be found (e.g., in Driscoll et al. (1994)). 

6.4.1.3 Data needed to simulate cation exchange 

In all dynamic soil models, cation exchange is a crucial process (see section 6.2.3.1). Data needed 

to allow exchange calculations are: 

► The pool of exchangeable cations, being the product of layer thickness, bulk density, cation 

exchange capacity (CEC) and exchangeable cation fractions; 

► Cation exchange constants (selectivity coefficients). 

These data are preferably taken from measurements. Such measurements are generally made 

for several soil horizons. For single-layer models, such as VSD, these data have to be properly 

averaged over the entire soil depth (rooting zone; see eqs. VI.21 – VI.24). 

In the absence of measurements, the various data needed to derive the pool of exchangeable 

cations for major forest soil types can be derived by extrapolation of point data, using transfer 

functions between bulk density, CEC and base saturation and basic land and soil characteristics, 

such as soil type, soil horizon, organic matter content, soil texture, etc. 

6.4.1.3.1 Soil bulk density  

If no measurements are available, the soil bulk density ρ (g cm-3) can be estimated from the 

following transfer function: 

(VI.27)  

𝜌 = {

1 (0.625 + 0.05 ⋅ 𝐶𝑜𝑟𝑔)⁄ , 𝐶𝑜𝑟𝑔 ≤ 5%

1.55 − 0.0814 ⋅ 𝐶𝑜𝑟𝑔, 5% < 𝐶𝑜𝑟𝑔 < 15%

0.725 − 0.337 ⋅ log10 𝐶𝑜𝑟𝑔 , 𝐶𝑜𝑟𝑔 ≥ 15%

 

where Corg is the organic carbon content and clay the clay content (both in %). The top equation 

for mineral soils is based on data by Hoekstra and Poelman (1982), the bottom equation for 

peat(y) soils is derived from Van Wallenburg (1988) and the central equation is a linear 

interpolation (for clay=0) between the two. 
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6.4.1.3.2 Cation exchange capacity (CEC) 

The value of the CEC depends on the soil pH at which the measurements are made. 

Consequently, there is a difference between unbuffered CEC values measured at the actual soil 

pH and buffered values measured at a standard pH, such as 6.5 or 8.2. In the VSD (and many 

other) models the exchange constants are related to a CEC that is measured in a buffered 

solution in order to standardise to a single pH value (e.g., pH=6.5, as upper limit of non- 

calcareous soils). The actual CEC can be calculated from pH, clay and organic carbon content 

according to (after Helling et al. 1964): 

(VI.28)  

CEC(pH) = (0.44  pH + 3.0)  clay + (5.1  pH − 5.9)  Corg  

where CEC is the cation exchange capacity (meq/kg), clay is the clay content (%) and Corg the 

organic carbon content (%). The pH in this equation should be as close as possible to the 

measured soil solution pH. For sandy soils the clay content can be set to zero in eq. VI.28. Typical 

average clay contents as a function of the texture class, presented on the FAO soil classification 

(FAO 1981), are given in Table 6.2. Values for Corg range from 0.1% for arenosols (Qc) to 50% for 

peat soils (Od). 

Table 6.2:  Average clay contents and typical base saturation as a function of soil texture 
classes (see Table 6.6). 

Texture 
class 

Name Definition Average clay 
content (%) 

Typical base 
saturation (%) 

1 coarse clay < 18% and sand  65% 6 5 

2 medium clay < 35% and sand  15%; 

but clay  18% if sand  65% 

20 15 

3 medium fine clay < 35% and sand < 15% 20 20 

4 fine 35%  clay < 60% 45 50 

5 very fine clay  60% 75 50 

9 organic soils Soil types O 5 10-70 

Computing CEC (pHmeasured) (i.e., the CEC from eq. VI.28) using measured (site- specific) Corg, clay 

and pH does not always match the measured CEC, CECmeasured, and thus computing CEC at pH=6.5, 

CEC (6.5), would not be consistent with it. Nevertheless, eq. VI.28 can be used to scale the 

measured CEC to a value at pH=6.5 (i.e. the value needed for modelling), in the following 

manner: 

(VI.29)  

𝐶𝐸𝐶𝑝𝐻=6.5 = 𝐶𝐸𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ⋅
𝐶𝐸𝐶(6.5)

𝐶𝐸𝐶(𝑝𝐻𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)
 

This method of scaling measured data with the ratio (or difference) of model output is widely 

used in global change work to obtain, for example, climate-changed (meteorological) data 

consistent with observations. 

6.4.1.3.3 Exchangeable base cation fraction (base saturation) 

In most models, a lumped expression is used for the exchange of cations, distinguishing only 

between H, Al and base cations (VSD, VSD+, and SAFE). As with the clay content, data for the 
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exchangeable cation fractions, or in some cases only the base saturation, can be based on 

information on national soil information systems, or in absence of these, on the FAO soil map of 

Europe (FAO 1981). Base saturation data vary from 5-25% in relatively acid forest soils to more 

than 50% in well buffered soils. A very crude indication of the base saturation as a function of 

the texture class of soils is given in the last column of Table 6.2. This relationship is based on 

data from forest soils given in FAO (1981) and in Gardiner (1987). A higher texture class reflects 

a higher clay content implying an increase in weathering rate, which implies a higher base 

saturation. For organic soils, the base saturation is put equal to 70% for eutric histosols (Oe) and 

10% for dystric histosols (Od). 

Ideally, only measured CEC and exchangeable cation data are used. However, when data on the 

initial base saturation of soils are not available for regional (national) model applications, one 

may derive them from a relationship with environmental factors. Such an exercise was carried 

out using a European database with approximately 5,300 soil chemistry data for the organic 

layer and the forest topsoil (0-20 cm) collected on a systematic 16×16 km2 grid (ICP Forest 

level-I grid; Vanmechelen et al. 1997). The regression relationship for the estimated base 

saturation EBC (expressed as a fraction with values between 0 and 1) is: 

(VI.30a)  

𝐸𝐵𝐶 =
1

1 + 𝑒−𝐵
 

(VI.30b) 

𝐵 = 𝑎0 + 𝑎1(𝑠𝑜𝑖𝑙𝑔𝑟𝑜𝑢𝑝) + 𝑎2(𝑡𝑟𝑒𝑒𝑠𝑝𝑒𝑐𝑖𝑒𝑠) + 𝑎3 ⋅ 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒 + 𝑎4 ⋅ ln(𝑎𝑔𝑒) + 𝑎5 ⋅ 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

+ 𝑎6(𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒)
2 + 𝑎7 ⋅ ln(𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛) +∑ 𝑎𝑘 ⋅ ln(𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑘)

𝑘=11

𝑘=8

+∑ 𝑎𝑘 ⋅ lt(𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑘)
𝑘=15

𝑘=12
 

where ‘ln’ is the natural logarithm, lt(x)=ln(x/(1–x)), and the ak’s are the regression coefficients. 

The regression analysis was carried out using a so-called select-procedure. This procedure 

combines qualitative predictor variables, such as tree species and/or soil type, with quantitative 

variables and combines forward selection, starting with a model including one predictor 

variable, and backward elimination, starting with a model including all predictor variables. The 

‘best’ model was based on a combination of the percentage of explained variance (which should 

be high) and the number of predictor variables (which should be low). More information on the 

procedure is given in Klap et al. (2004). Results of the analyses are given in Table 6.3. The 

explained variance for base saturation was approximately 45%. 

Note: When data are not available, one may also calculate base saturation as the maximum of (i) 

a relation with environmental factors as given above and (ii) an equilibrium with present 

deposition levels of SO4, NO3, NH4, and BC. Especially in southern Europe, where acid deposition 

is relatively low and base cation input is high, the base saturation in equilibrium with the 

present load can be higher than the value computed according to eq. VI.30. 
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Table 6.3:  Coefficients for estimating base saturation and the C/N-ratio in the mineral topsoil 
(0- 20cm) and the organic layer (after Klap et al. 2004; Note: (a) the star denotes 
sea-salt corrected depositions, (b) depositions<0.1 should be set to 0.1 to avoid 
underflow in the equations). 

Predictor variable Base saturation 
(mineral 
topsoil) 

C/N-ratio 
(organic layer) 

C/N-ratio 
(mineral 
topsoil) 

Coefficients in 
eqs.6.30 and 
6.31 

Constant 3.198 3.115 1.310 a0 

Soil group: 
    

sandy soils 0 0 0 a1 

loamy/clayey soils 0.297 -0.807 -0.279 a1 

peat soils 0.534 -0.025 -0.312 a1 

Tree species: 
    

pine 0 0 0 a2 

spruce -0.113 -0.158 -0.093 a2 

oak 0.856 -0.265 -0.218 a2 

beech 0.591 -0.301 -0.218 a2 

Site conditions: 
    

Altitude [m] -0.00014 -0.00008 -0.000136 a3 

Age [yr] 0 0.025 0.096 a4 

Meteorology: 
    

Temperature [C] 0 -0.0078 -0.041 a5 

Temperature2 [C2] 0 0.00095 0.0014 a6 

Precipitation [mm/yr] 0 0.178 0.194 a7 

Deposition: 
    

Na [eq/ha/yr] -0.223 0 0.080 a8 

N-tot (=NOy+NHz) [eq/ha/yr]: 
    

sandy soils 0 -0.150 -0.019 a9 

loamy/clayey soils 0 -0.032 0 a9 

peat soils 0 -0.136 0 a9 

Acid (=Sox
* +N-tot) [eq/ha/yr] -1.025 0 0 a10 

Bc* (=Ca*+Mg*+K*) [eq/ha/yr] 0.676 0 0 a11 

Deposition fractions:     

NHz/Acid [-]:     

sandy soils 0 0 0 a12 
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Predictor variable Base saturation 
(mineral 
topsoil) 

C/N-ratio 
(organic layer) 

C/N-ratio 
(mineral 
topsoil) 

Coefficients in 
eqs.6.30 and 
6.31 

loamy/clayey soils -0.494 0 0 a12 

peat soils -0.896 0 0 a12 

NHz/N-tot [-] 0 0.102 0.120 a13 

Ca*/Bc* [-] 1.211 0 0 a14 

Mg*/Bc* [-] 0.567 0 0 a15 

6.4.1.3.4 Exchange constants (selectivity coefficients) 

In many exchange models the cations are lumped to H, Al, and base cations (as in VSD, VSD+, and 

SAFE), but in MAGIC every base cation (Ca, Mg, K, Na) is modelled separately. Furthermore, 

cation exchange in VSD, VSD+, and MAGIC is based upon Gaines-Thomas equations; in SAFE it is 

described by Gapon exchange reactions, whereas in the VSD and VSD+ models the user can 

choose between the two. Exchange constants can be derived from the simultaneous 

measurement of the major cations (H, Al, Ca, Mg, K, and Na) at the adsorption complex and in the 

soil solution. 

In contrast to the other dynamic soil models, MAGIC takes a different approach to estimating 

both weathering rates and selectivity coefficients for base cations. MAGIC assumes that at some 

time in the past (i.e., year 1850), the ecosystem was at steady-state with the output flux of each 

base cation in runoff (soil leachate) equal to weathering plus deposition. The user thus chooses 

an initial set of values for weathering and % base cation saturation, runs the model forward in 

time to the present driven by an historical sequence of deposition and compares the simulated 

values for % base cation saturation and concentration of base cation in runoff with those 

measured for the present-day reference year. If these do not agree, then the user goes back and, 

by trial-and-error, changes the initial values such that the simulated agree with the observed for 

each of the four base cations in the reference year. This trial-and-error procedure has been 

automated for MAGIC with a program named “MAGICOPT”. 

Using more than 800 such measurements from Dutch soils, extensive tables of exchange 

constants have been derived for sand, loess, clay, and peat soils, together with their standard 

deviations and correlations for all combinations of H, Al, and base cations (De Vries and Posch 

2003). The data show the high affinity of the complex for protons compared to all other 

monovalent cations, and that the relative contributions of K, Na, and NH4 on the adsorption 

complex are very low. Results for the logarithms (log10) of the exchange constants used in the 

VSD model, both for the ‘Gaines-Thomas mode’ and the ‘Gapon mode’, together with their 

standard deviation (‘stddev’) are given in Tables 6.4 to 6.7. For a conversion to other units see 

Annex III. 

It should be noted that exchange constants vary widely and are unknown for most sites. 

Therefore, in most models (SAFE, MAGIC, but also VSD) they are calibrated against 

measurements of base saturation (and soil solution concentrations). 
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Table 6.4:  Mean and standard deviation of logarithmic Gaines-Thomas exchange constants of 
H against Ca+Mg+K as a function of soil depth for sand, loess, clay, and peat soils 
(mol/l)–1. 

Layer Sand 
 

Loess 
 

Clay 
 

Peat 
 

(cm) Mean stddev Mean Stddev Mean stddev Mean stddev 

0-10 5.338 0.759 5.322 0.692 6.740 1.464 4.754 0.502 

10-30 6.060 0.729 5.434 0.620 6.007 0.740 4.685 0.573 

30-60 6.297 0.656 - - 6.754 0.344 5.307 1.051 

60-100 6.204 0.242 5.541 0.579 7.185 - 5.386 1.636 

0-30 5.236 0.614 5.386 0.606 6.728 1.373 4.615 0.439 

0-60 5.863 0.495 - - 6.887 1.423 4.651 0.562 

Table 6.5:  Mean and standard deviation of logarithmic Gaines-Thomas exchange constants of 
Al against Ca+Mg+K as a function of soil depth for sand, loess, clay, and peat soils 
(mol/l). 

Layer Sand 
 

Loess 
 

Clay 
 

Peat 
 

(cm) Mean stddev Mean Stddev Mean stddev Mean stddev 

0-10 2.269 1.493 1.021 1.147 1.280 1.845 0.835 1.204 

10-30 3.914 1.607 1.257 0.939 -0.680 1.152 0.703 0.968 

30-60 4.175 1.969 - - -3.070 0.298 0.567 1.474 

60-100 2.988 0.763 1.652 1.082 -2.860 - 0.969 1.777 

0-30 2.306 1.082 0.878 1.079 0.391 1.555 0.978 0.805 

0-60 2.858 1.121 - - -0.973 1.230 0.666 0.846 

Table 6.6 :  Mean and standard deviation of logarithmic Gapon exchange constants of H 
against Ca+Mg+K as a function of soil depth for sand, loess, clay, and peat soils 
(mol/l)–1/2. 

Layer Sand 
 

Loess 
 

Clay 
 

Peat 
 

(cm) Mean stddev Mean Stddev Mean stddev Mean stddev 

0-10 3.178 0.309 3.138 0.268 3.684 0.568 2.818 0.199 

10-30 3.527 0.271 3.240 0.221 3.287 0.282 2.739 0.175 

30-60 3.662 0.334 - - 3.521 0.212 2.944 0.382 

60-100 3.866 0.125 3.232 0.251 3.676 - 3.027 0.672 

0-30 3.253 0.311 3.170 0.206 3.620 0.530 2.773 0.190 

0-60 3.289 0.340 - - 3.604 0.654 2.694 0.170 
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Table 6.7:  Mean and standard deviation of logarithmic Gapon exchange constants of Al 
against Ca+Mg+K as a function of soil depth for sand, loess, clay, and peat soils 
(mol/l)1/6. 

Layer Sand 
 

Loess 
 

Clay 
 

Peat 
 

(cm) Mean stddev Mean Stddev Mean stddev Mean stddev 

0-10 0.306 0.440 0.190 0.546 -0.312 0.738 -0.373 0.350 

10-30 0.693 0.517 0.382 0.663 -0.463 0.431 -0.444 0.255 

30-60 0.819 0.527 - - -1.476 0.093 -0.740 0.336 

60-100 1.114 0.121 0.390 0.591 -1.795 - -0.867 0.401 

0-30 0.607 0.472 0.221 0.647 -0.609 0.731 -0.247 0.404 

0-60 0.199 0.633 - - -1.054 0.362 -0.551 0.210 

6.4.1.4 Data needed for balances of nitrogen, sulphate, and aluminium 

6.4.1.4.1 C/N-ratio 

Data for the C/N-ratio generally vary between 15 in rich soils where humification has been high 

to 40 in soils with low N inputs and less humification. Values can also be obtained from results of 

a regression analysis similar to that of the base saturation according to: 

(VI.31) 

ln(𝐶 𝑁⁄ − 𝑟𝑎𝑡𝑖𝑜)

= 𝑎0 + 𝑎1(𝑠𝑜𝑖𝑙𝑔𝑟𝑜𝑢𝑝) + 𝑎2(𝑡𝑟𝑒𝑒𝑠𝑝𝑒𝑐𝑖𝑒𝑠) + 𝑎3 ⋅ 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒 + 𝑎4 ⋅ ln(𝑎𝑔𝑒) + 𝑎5
⋅ 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 𝑎6(𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒)

2 + 𝑎7

⋅ ln(𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛) +∑ 𝑎𝑘 ⋅ ln(𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑘)
𝑘=11

𝑘=8

+∑ 𝑎𝑘 ⋅ lt(𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑘)
𝑘=15

𝑘=12
 

where ‘ln’ is the natural logarithm and lt(x) = ln(x/(1–x)). Results of the analysis, which was 

performed with the same data sets as described in the section on base saturation, are given in 

Table 6.3; and more information on the procedure is given in Klap et al. (2004). 

6.4.1.4.2 Sulphate sorption capacity and half- saturation constant 

Values for the maximum sorption capacity for sulphate, Smax, can be related to the content of 

oxalate extractable Al (meq kg-1) according to (Johnson and Todd 1983): 

(VI.32)  

Smax = 0.02 Alox  

Estimates for the oxalate extractable Al content are given below. Adsorption or half- saturation 

constants for sulphate, S1/2, can be derived from literature information (e.g., Singh and Johnson 

1986, Foster et al. 1986). A reasonable average value is 1.0 eq/m3. 

6.4.1.4.3 AL-hydroxide content 

Data for the oxalate extractable Al content (the content of readily available Al- hydroxide) are 

often available in national soil information systems, such as the soil information system of the 

Netherlands. In sandy soils the Al-hydroxide content (in meq/kg) mostly varies between 100-
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200 for A-horizons, between 200-350 for B- horizons, and between 50-150 for C- horizons 

(parent material, De Vries 1991). 

6.4.1.5 Model calibration 

If all input parameters, initial conditions, and driving forces were known, the chosen model 

would describe the future development of the soil chemical status for any given deposition 

scenario. However, in most cases several of the parameters are poorly known, and thus many 

models (i.e. the badly known parameters in the model) have to be ‘calibrated’. The method of 

calibration varies with the model and/or the application. 

In standard applications of both the MAGIC and SAFE model it is assumed that in pre- 

acidification times (say 1850) the input of ions is in equilibrium (steady-state) with the soil 

(solution) chemistry. Furthermore, it is assumed that the deposition history of all (eight) ions is 

known (properly reconstructed). 

In SAFE, weathering rates and uptake/net removal of N and base cations are computed within 

the model (see above). Only simulated (present) base saturation is matched with observations 

(in every soil layer) by adjusting the cation exchange selectivity coefficient(s). Matching 

simulated and observed soil solution concentrations is not part of the standard calibration 

procedure. 

The calibration of MAGIC is a sequential process whereby firstly the input and output of those 

ions assumed to act conservatively in the catchment are balanced (usually only Cl). Next, the 

anion concentrations in surface waters are matched by adjusting catchment net retention (of N) 

and soil adsorption (of S) if appropriate. Thirdly, the four individual major base cation 

concentrations in the stream and on the soil solid phase (expressed as a percentage of cation 

exchange capacity) are matched by adjusting the cation exchange selectivity coefficients and the 

base cation weathering rates. Finally, surface water pH, Al, and organic anion concentrations are 

matched by adjusting the aluminium solubility coefficient and total organic acid concentration in 

surface water. 

Both in MAGIC and SAFE automatic calibration routines are an important part of the overall 

model system. For the VSD and VSD+ model, a Bayesian calibration routine has been 

implemented, the details of which can be found in Reinds et al. (2008) and Posch and Reinds 

(2009) and in the help-file of the ‘VSD/VSD+-Studio’ software (available at www.wge-cce.org). 

6.5 Model calculations and presentation of model results  

As stated above, the most demanding part is not the actual running of a model, but the 

derivation and preparation of input data (files) and the model initialisation/calibration. 

However, especially for regional applications (i.e. runs for many sites), additional work is 

required to embed the model – often designed for single site applications – into a suitable (data 

base) framework which allows the efficient handling of model inputs and outputs. 

6.5.1 Use of dynamic models in integrated assessment 

Most usefully for the review of the Gothenburg Protocol, a link should be established between 

the dynamic models and integrated assessment (models). In the following several modes of 

interaction with integrated assessment (IA) models are identified. 

https://www.umweltbundesamt.de/en/Coordination_Centre_for_Effects
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6.5.1.1 Scenario analyses 

Deposition scenario output from IA models are used by the ‘effects community’ (ICPs) as input 

to dynamic models to analyse their impact on (European) soils and surface waters, and the 

results (recovery times etc.) are reported back. 

Presently available dynamic models are well suited for this task. The question is how to 

summarise the resulting information on a European scale. Also, the ‘turn-around time’ of such an 

analysis (i.e. the time between obtaining deposition scenarios and reporting back dynamic 

model results) may be long as it could involve the work of several subsidiary bodies under the 

LRTAP Convention. 

6.5.1.2 Response functions  

Response functions are pre-processed dynamic model runs for a large number of plausible 

future deposition patterns from which the results for every (reasonable) deposition scenario can 

be obtained by interpolation. Such response functions encapsulate a site’s temporal behaviour to 

reach a certain (chemical) state and linking them to IA models allows to evaluate the site’s 

response to a broad range of deposition patterns. 

An example is shown in Figure 6.4: It shows the isolines of years (‘recovery isochrones’) in which 

Al/Bc=1 is attained for the first time for a given combination of percent deposition reduction 

(vertical axis) and implementation year (horizontal axis). The reductions are expressed as 

percentage of the deposition in 2010 after implementation of the Gothenburg Protocol and the 

implementation year refers to the full implementation of that additional reduction. For example, a 

44% reduction of the 2010 deposition that is fully implemented by the year 2020 will result in a 

(chemical) recovery by the year 2040 (dashed line in Figure 6.4). Note that for this example site no 

recovery is possible, unless deposition is reduced more than 18% of the 2010 level. 

Figure 6.4:  Example of ‘recovery isochrones’ for a single site. The vertical axis gives the 
additional reduction in acidifying deposition after the implementation of the 
Gothenburg Protocol in 2010 (expressed as percentage of the 2010 level) and the 
horizontal axis the year at which these additional reductions are fully 
implemented. The isolines are labelled with the first year at which Al/Bc=1 is 
attained for a given combination of percent reduction and implementation year.  

Source: This figure is adopted from a previous version of Chapter 6 of the Mapping Manual 
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Figure 6.5:  Required deposition reductions (target loads) for a site as a function of the target 
year, i.e., the year in which recovery is achieved (see also Figure 6.4). The 
implementation year of the reductions is 2020. Note that for reductions above 74% 
the recovery happens already before the implementation year.  

Source: This figure is adopted from a previous version of Chapter 6 of the Mapping Manual 

During the negotiations of protocols or of their review, a recurrent question to integrated 

assessment modellers is: What is the maximum deposition allowed to achieve recovery (i.e., 

reach and sustain) a desired chemical state (e.g., Al/Bc=1) in a prescribed year? Such a 

deposition is called a target load and, in the case of a single pollutant, target loads can, in 

principle, be read from information as presented in Figure 6.4. In Figure 6.5, target loads 

(expressed as percent deposition reductions from the 2010 level) are shown explicitly as 

function of the target year for the (fixed) implementation year 2020. In the case of a single 

pollutant, this is the type of information to be linked to integrated assessment models. 

However, in the case of acidity, both N and S deposition determine the soil chemical state and it 

will not be possible to obtain unique pairs of N and S deposition to reach a prescribed target 

(similar to critical load functions for acidity). Thus, target loads functions have to be derived 

with dynamic models for a series of target years and agreed upon implementation years. These 

target load functions, or suitable statistics derived from them, are passed on to the integrated 

assessment modellers who evaluate their feasibility of achievement (in terms of costs and 

technological abatement options available). 

The determination of response functions, such a target loads, requires no changes to existing 

models per se, but rather additional work, since dynamic soil model have to run many times 

and/or ‘backwards’ (i.e. in an iterative mode). A further discussion of the problems and possible 

pitfalls in the computation of target loads is provided in the next section (see also Jenkins et al. 

2003). 

6.5.1.3 Integrated dynamic model 

The ‘most intimate’ link would be the integration of a dynamic model into an integrated 

assessment model (e.g., GAINS). In this way it could be an integral part of all scenario analyses 

and optimisation runs. Widely used models, such as MAGIC or SAFE, are not easily incorporated 

into integrated assessment models, and they might be still too complex to be used in 



TEXTE Manual on Methodologies and Criteria for Modelling and Mapping Critical Loads and Levels and Air Pollution 
Effects, Risks, and Trends 

301 

 

optimisation runs. Alternatively, a very simple dynamic model could be incorporated into an 

integrated assessment model, capturing the essential, long-term features of dynamic soil models. 

This would be comparable to the process that led to the simple ozone model included in GAINS, 

which was derived from the complex photo- oxidant model of EMEP. However, even this would 

require a major effort, not the least of which is the creation of a European database to run the 

model. 

6.5.2  Target load calculations 

As outlined above, target loads, or target load functions in the case of acidification, are a way to 

link dynamic models with integrated assessment models, not least due to their similarity with 

critical load functions (see chapter 5). If a target load exists, there exists also an infinite variety 

of deposition paths to reach that target load. To bring order into this multitude and to make 

results comparable, we define a target load as a deposition path characterised by three numbers 

(years): (i) the protocol year, (ii) the implementation year, and (iii) the target year (see 

Figure 6.6). If needed, these terms are proceeded by the term ‘dynamic modelling’ (‘DM’) to 

distinguish them from similar terms used in integrated assessment circles. 

In contrast to scenario analyses, the computation of target loads is not straightforward. After 

specifying the target year and the year of implementation of the (yet unknown) target load, the 

dynamic model has to be run iteratively until the deposition (= target load) is found which is 

required to reach the desired chemical status in the specified target year. The following 

examples demonstrate the different cases that can arise when calculating target loads and what 

can happen when doing such calculations ‘blindly’. For the sake of simplicity, we use a single 

pollutant (deposition), but the conclusions hold for target load functions as well. 

As an example, Figure 6.7 shows the deposition history (left) and the resulting molar Al/Bc-ratio 

(right) as simulated (by the VSD model) for three different soils, solely distinguished by their 

CEC (40, 60 and 80 meq/kg). In two cases the Al/Bc- ratio in the year 2010 is above the critical 

value (=1), while for CEC=80 it stayed below it during the past. To investigate the future 

behaviour of the soils, we let the deposition drop to the critical load (which is independent of the 

CEC) during the ‘implementation period’ (marked by two vertical lines in Figure 6.7). Obviously, 

for CEC=80, the Al/Bc-ratio stays below one, whereas for CEC=60 it drops below one within the 

first decade and then slowly rises again towards the critical value. For CEC=40, the Al/Bc-ratio 

stays well above the critical value, approaching it asymptotically over time. In all three cases the 

approach to the critical value is very slow. 
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Figure 6.6: Deposition paths for calculating target loads by dynamic models (DM) are 
characterised by three key years. (i) The year up to which the (historic) deposition 
is fixed (protocol year); (ii) the year in which the emission reductions leading to a 
target load are fully implemented (DM implementation year); and (iii) the years in 
which the chemical criterion is to be achieved.  

Source: This figure is adopted from a previous version of Chapter 6 of the Mapping Manual 

Figure 6.7:  Temporal development of acidifying deposition (left) and corresponding molar 
Al/Bc- ratio (right) for 3 soils varying in CEC. The two vertical lines separate 50 years 
of ‘history’, 10 years (2010-2020) of implementation, and the future. Also shown 
are the critical load and the critical value (Al/Bc)crit=1 as thin horizontal lines. The 
deposition drops to the critical load within the implementation period and the 
Al/Bc-ratios (slowly) approach the critical value.  

Source: This figure is adopted from a previous version of Chapter 6 of the Mapping Manual 

Next, we look at target load calculations for these three soils. Figure 6.8 shows the results of 

target load calculations for 40 years, in other words, achieving (Al/Bc)crit=1 in the year 2050. For 

CEC=40 meq/kg the target load is smaller than the critical load, as one would expect. For 

CEC=60 and 80, however, the computed target loads are higher than the critical load. As 
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Figure 6.8 illustrates, this does not make sense: After reaching the critical limit, these two soils 

deteriorate and the Al/Bc-ratio gets larger and larger. Since target loads are supposed to protect 

also after the target year, we stipulate that whenever a calculated target load is higher than the 

critical load it has to be set equal to the critical load. 

In the light of the above considerations we define that a target load is the deposition for which 

a pre-defined chemical or biological status is reached in the target year and maintained (or 

improved) thereafter. 

Figure 6.8:  Target loads (with 2050 as target year) for three soils and the resulting Al/Bc-ratio 
(left). Note that for CEC=60 and 80 the target load is higher than the critical load, 
even when (Al/Bc)crit<1 at present (for CEC=80). Clearly, in such cases target load 
calculations don’t make sense.  

Source: This figure is adopted from a previous version of Chapter 6 of the Mapping Manual 
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Figure 6.9:  Flow chart of the procedure to calculate a target load, avoiding the pitfalls 
mentioned in the text (e.g., computing a target load that allows violation of the 
criterion after the target year).  

Source: This figure is adopted from a previous version of Chapter 6 of the Mapping Manual 

In view of this, the steps to be considered for calculating a target load are shown in the flow 

chart in Figure 6.9. The first check at every site is whether the critical load (CL) is exceeded in 

the reference year (2010 in this case). If the answer is ‘yes’ (as for the soils with CEC=40 and 60 

in Figure 6.7), the next step is to run the dynamic model with the deposition equal to the critical 

load. If in the target year the chemical criterion is no longer violated (e.g., Al/Bc1), the target 

load equals the critical load (TL=CL). 

If, after running the model with the critical load as deposition, the criterion is still violated in the 

target year, the model has to be run with “zero” deposition until the specified target year. “Zero” 

deposition means a deposition small enough as not to contribute to acidification (or 
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eutrophication). In the case of nitrogen, this would mean that Ndep is set equal to CLmin(N), thus 

avoiding problems, such as, for example, negatively influencing forest growth in case of zero N 

deposition. 

If, after running the model with “zero” deposition, the criterion is still violated in the target year, 

then the target cannot be met in that year. In such a case recovery can only be achieved in a later 

year. Otherwise, a target load exists and has to be calculated; its value lies somewhere between 

zero and the critical load. 

If the critical load is not (or no longer) exceeded in the implementation year (here 2010, as for 

the soil with CEC=80 in Figure 6.7), this does not mean that the risk of damage to the ecosystem 

is already averted – it only means that eventually, maybe after a very long time, the chemical 

criterion is no longer violated. Only if, in addition, the chemical criterion is not violated in 2010, 

no further emission reductions are required for that ecosystem. Also, if the model is run with the 

2010 deposition until the target year and the criterion is no longer violated in that year, no 

further emission reductions are required. 

In the implementation of the above procedure, one could skip the step in which the model is run 

with the critical load as deposition (in case of exceedance in 2010) and immediately start with 

target load calculations (if a target load exists). It is only afterwards that it is checked if this 

target load is greater than the CL (and set it equal to the CL) (see the soil with CEC=60 in 

Figure 6.8). However, in view of the fact that TL calculations require iterative model runs, and 

also to avoid surprises due to round-off errors, it makes good sense to include that intermediate 

step. 

An issue requiring attention in all target load calculations is the assumptions about finite 

nitrogen buffers. If it is, for example, assumed that a soil can immobilise N for, say, the next 50 

years more than assumed in the critical load calculations, then target loads can be higher than 

the critical load. This might cause confusion and demands careful explanations. 

The above considerations hold also in the case of two pollutants, such as S and N in the case of 

acidification. The result is then not a single value for a target load, but a so- called target load 

function consisting of all pairs of deposition (Ndep, Sdep) for which the target is achieved in the 

selected year. This concept is very similar to the critical load function (see Chapter 5). In 

Figure 6.10, examples of target load functions are shown for a set of target years. 

When summarising target load calculations for ecosystems in a grid square (or region), it is 

important not only to report sites for which target load (functions) could been derived, but all 

cases (and their areas). In other words, the sites for which (i) no further deposition reductions 

are necessary, (ii) a target load has been calculated, and (iii) no target load exists (for the given 

target year). Note that in case (i), the deposition at the time of the implementation year (2010 in 

the example here) needs to be below (or equal to) the critical load. 
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Figure 6.10:  Example of target load functions for a site for five different target years. Also 
shown is the critical load function of the site (dashed line). Note that any 
meaningful target load function has to lie below the critical load function, i.e., 
require stricter deposition reductions than achieving critical loads.  

Source: This figure is adopted from a previous version of Chapter 6 of the Mapping Manual 

6.5.2.1 Presentation of model results 

Figure 6.11:  Example of percentile traces of a regional dynamic model output. From it, seven 
percentiles (5, 10, 25, 50, 75, 90, and 95%) can be read for every time step.  

Source: This figure is adopted from a previous version of Chapter 6 of the Mapping Manual 
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For single site applications of dynamic models, the obvious way to present model output are 

graphs of the temporal development of the most relevant soil chemical variables, such as base 

saturation or the concentrations of ions in the soil solution (e.g., Al/Bc-ratio), in response to 

given deposition scenarios. In regional (European) applications, however, this kind of 

information has to be summarised. This can be done in several ways, for example, by displaying 

the temporal development of selected percentiles of the distribution of the variable(s) of interest 

(see Figure 6.11). Another way is to show a sequence of maps displaying the variable of interest 

in, say five-year intervals (‘map movies’). These and other options are discussed and illustrated 

in Evans et al. (2001), Jenkins et al. (2002), and Moldan et al. (2003). 

Maps can represent single sites only if their number does not become too large. If the number of 

sites reaches the thousands, statistical descriptors (means, percentiles) have to be used to 

represent the model output. For example, for a given target year the percentage of ecosystems in 

a grid square for which the target is achieved under a given deposition scenario can be displayed 

in a map format, very much in the same way as protection percentages (derived from protection 

isolines) have been displayed for critical load exceedances. Procedures for calculating 

percentiles and ‘target load’ isolines can be found in Chapter 8. 
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7 Exceedance calculations 
Last updated in 2015 by Max Posch, CCE, from the initial text of the Mapping Manual 2004. 

Please refer to this document as: CLRTAP, 2015. Exceedance calculations, chapter 7 of Manual on 

methodologies and criteria for modelling and mapping critical loads and levels and air pollution 

effects, risks, and trends. UNECE Convention on Long-range Transboundary Air Pollution; 

accessed on [date of consultation] on Web at www.umweltbundesamt.de/en/cce-manual. 

7.1 Introduction 

In this chapter the calculation of exceedances (i.e. the comparison of critical loads/levels with 

depositions/ concentrations, is described). In section 7.2, the basic definition of an exceedance is 

given, including some historical remarks on the origin and use of the word ‘exceedance’. In 

Section 7.3, the concept of a conditional critical load of S and N is introduced, which allows 

treating these two acidifying pollutants separately, and thus also makes exceedance calculations 

straightforward. 

In Section 7.4 the exceedance of critical loads is defined that involves two pollutants 

simultaneously; in Section 7.5 exceedances are regionalised by defining the Average 

Accumulated Exceedance (AAE). Finally, in Section 7.6, the exceedances of surface water critical 

loads are considered. Most of the material presented here is based on Posch et al. (1997, 1999, 

2001). 

7.2 Basic definitions 

The word ‘exceedance’ is defined as “the amount by which something, especially a pollutant, 

exceeds a standard or permissible measurement” (The American Heritage Dictionary of the 

English Language, Fourth Edition 2000) and is a generally accepted term within the air pollution 

discipline. Interestingly, the Oxford English Dictionary (OED) database has an example of 

‘exceedance’ from 1836 (Quinion 2004) – 36 years before Robert Angus Smith was credited with 

coining the term ‘acid rain’ (Smith 1872). However, the term ‘acid rain’ (in French) had already 

been used in 1845 by Ducros in a scientific journal article (Ducros 1845). 

Critical loads and levels are derived to characterise the vulnerability of ecosystem (parts, 

components) in terms of a deposition or concentration. If the critical load of pollutant X at a 

given location is smaller than the deposition of X at that location, the critical load is said to be 

exceeded, and the difference is called exceedance18. In mathematical terms, the exceedance Ex of 

the critical load CL(X) is given as: 

(VII.1)  

Ex(Xdep) = Xdep − CL(X) 

where Xdep is the deposition of pollutant X. In the case of the critical level, the comparison is with 

the respective concentration quantity. If the critical load is greater than or equal to the 

deposition, one says that it is not exceeded or there is non- exceedance of the critical load. 

An exceedance defined by eq. VII.1 can obtain positive, negative or zero value. Since it is in most 

cases sufficient to know that there is non-exceedance, without being interested in the magnitude 

of non- exceedance, the exceedance can be also defined as: 

 

18 When comparing deposition(s) to target load (functions), one does not talk about the exceedance, but the ‘non-achievement’ of a 
target load. 
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(VII.2)  

𝐸𝑥(𝑋𝑑𝑒𝑝) = 𝑚𝑎𝑥{0, 𝑋𝑑𝑒𝑝 − 𝐶𝐿(𝑋)}

= {
𝑋𝑑𝑒𝑝 − 𝐶𝐿(𝑋), 𝑋𝑑𝑒𝑝 > 𝐶𝐿(𝑋) 

0, 𝑋𝑑𝑒𝑝 ≤ 𝐶𝐿(𝑋)
 

An example of the application of this basic equation is the exceedance of the critical load of 

nutrient N (see Chapter 5), which is given by: 

(VII.3)  

Exnut (Ndep) = Ndep − CLnut(N) 

It should be noted that exceedances differ fundamentally from critical loads, as exceedances are 

time dependent. One can speak of the critical load of X for an ecosystem, but not of the 

exceedance of it. For exceedances the time (or the deposition) for which they have been 

calculated has to be reported, since – especially in integrated assessment – it is exceedances due 

to (past or future) anthropogenic depositions that are of interest. 

Of course, the time-invariance of critical loads and levels has its limitations, certainly when 

considering a geological time frame. Even during shorter time periods, such as decades or 

centuries, one can anticipate changes in the magnitude of critical loads due to global (climate) 

change, which influences the processes from which critical loads are derived. An early example 

of a study of the (first-order) influence of temperature and precipitation changes on critical 

loads of acidity and nutrient N in Europe can be found in Posch (2002). 

The exceedance of a critical load is often misinterpreted as the amount of excess leaching, that is 

the amount leached above the critical/acceptable leaching. This is generally not the case as 

exemplified by the exceedance of the critical load of nutrient N. The excess leaching due to the 

deposition Ndep, Exle, is given as: 

(VII.4)  

Exle(Ndep) = Nle − Nle,acc 

Inserting the mass balance of N and the deposition-dependent denitrification one obtains for the 

excess leaching (eqs.V.2– V.5): 

(VII.5)  

Exle(Ndep) = (1 − fde)  (Ndep − CLnut(N)) = (1 − fde)  Exnut(Ndep) 

which shows that a deposition reduction of 1 eq/ha/yr reduces the leaching of N by only 1–fde 

eq/ha/yr. Only in the simplest case, in which all terms of the mass balances are independent of 

depositions, does the change in leaching equal the change in deposition. 

7.3 Conditional critical loads of N and S  

The non-uniqueness of the critical loads of S and N acidity makes both their implementation into 

integrated assessment models and their communication to decision makers more difficult. 

However, if one is interested in reductions of only one of the two pollutants, a unique critical 

load can be derived, and thus also a unique exceedance according to eq. VII.1 can be calculated. 

If emission reductions deal with nitrogen only, a unique critical load of N for a fixed sulphur 

deposition Sdep can be derived from the critical load function. This is the so-called conditional 

critical load of nitrogen, CL(N|Sdep), and it is computed as: 
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(VII.6) 

𝐿 (𝑁|𝑆𝑑𝑒𝑝) = {
𝐶𝐿𝑚𝑖𝑛(𝑁), 𝑆𝑑𝑒𝑝 ≥ 𝐶𝐿𝑚𝑎𝑥(𝑆) 

𝐶𝐿𝑚𝑎𝑥(𝑁) − 𝛼 ⋅ 𝑆𝑑𝑒𝑝, 𝑆𝑑𝑒𝑝 < 𝐶𝐿𝑚𝑎𝑥(𝑆)
 

with 

(VII.7) 

𝛼 =
𝐶𝐿𝑚𝑎𝑥(𝑁) − 𝐶𝐿𝑚𝑖𝑛(𝑁)

𝐶𝐿𝑚𝑎𝑥(𝑠)
 

In Figure 7.1a, the procedure for calculating CL(N|Sdep) is depicted graphically. 

Figure 7.1:  Examples of computing (a) conditional critical loads of N for different S deposition 
values S1 and S2, and (b) conditional critical loads of S for different N deposition 
values N1 and N2.  

Source: This figure is adopted from Chapter 7 of the previous version of the Mapping Manual 

In an analogous manner a conditional critical load of sulphur, CL(S|Ndep), for a fixed nitrogen 

deposition Ndep can be computed as: 

(VII.8) 

𝐶𝐿 (𝑆|𝑁𝑑𝑒𝑝) =

{
 
 

 
 0, 𝑁𝑑𝑒𝑝 ≥ 𝐶𝐿𝑚𝑎𝑥(𝑁) 

𝐶𝐿𝑚𝑎𝑥(𝑁) − 𝑁𝑑𝑒𝑝
𝛼

, 𝐶𝐿𝑚𝑖𝑛(𝑁) < 𝑁𝑑𝑒𝑝 < 𝐶𝐿𝑚𝑎𝑥(𝑁)

𝐶𝐿𝑚𝑎𝑥(𝑆), 𝑁𝑑𝑒𝑝 ≤ 𝐶𝐿𝑚𝑖𝑛(𝑁)

 

where α is given by eq. VII.7. The procedure for calculating CL(S|Ndep) is depicted graphically in 

Figure 7.1b. Setting Ndep = CLnut(N), the resulting conditional critical load has been termed 

minimum critical load of sulphur: CLmin(S) = CL(S|CLnut(N)). 

When using conditional critical loads, the following caveats should be kept in mind: 

a) A conditional critical load can be considered a true critical load only when the chosen 

deposition of the other pollutant is kept constant. 

If the conditional critical loads of both pollutants are considered simultaneously, care has to be 

exercised. It is not necessary to reduce the exceedances of both, but only one of them to 

reach non-exceedance for both pollutants. Recalculating the conditional critical load of the 

other pollutant generally results in non-exceedance. However, if Sdep > CLmax(S) or Ndep > 
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CLmax(N), depositions have to be reduced at least to their respective maximum critical load 

values, irrespective of the conditional critical loads. 

7.4 Two pollutants 

As shown in Chapter 5, there is no unique critical load of N and S in the case of acidity or in the 

case of a critical load function derived from multiple criteria related to N and S. Consequently, 

there is no unique exceedance, although non- exceedance is easily defined (as long as its amount 

is not important). This is illustrated in Figure 7.2: Let the point E denote the (current) deposition 

of N and S. By reducing Ndep substantially, one reaches the point Z1 and thus non-exceedance 

without reducing Sdep. On the other hand one can reach non-exceedance by only reducing Sdep (by 

a smaller amount) until reaching Z3; finally, with a reduction of both Ndep and Sdep, one can reach 

non-exceedance as well (e.g., point Z2). 

Figure 7.2:  The N-S critical load function defined by two points (four values): (CLNmin, CLSmax) 
and (CLNmax, CLSmin) (thick line). The grey-shaded area below the critical load 
function defines deposition pairs (Ndep, Sdep) for which there is non-exceedance. The 
points E and Z1-Z3 demonstrate that non-exceedance can be attained in different 
ways, i.e., there is no unique exceedance.  

Source: This figure is adopted from a previous version of Chapter 7 of the Mapping Manual  

Intuitively, the reduction required in N and S deposition to reach point Z2 (see Figure 7.2) (i.e., 

the shortest distance to the critical load function, seems a good measure for exceedance). Thus, 

we define the exceedance for a given pair of depositions (Ndep, Sdep) as the sum of the N and S 

deposition reductions required to reach the critical load function by the ‘shortest’ path. 

Figure 7.3 depicts the cases that can arise, if the deposition falls … 

a) … on or below the critical load function (Region 0). In this case the exceedance is defined as 

zero (non- exceedance); 

… Region 1 (e.g., point E1): An S deposition reduction does not help; an N deposition reduction is 

needed: the exceedance is defined as Ndep–CLmaxN; 

… Region 2 (e.g., point E2): the exceedance in this region is defined as the sum of N and S 

deposition reduction needed to reach the corner-point point Z2; 

… Region 3 (e.g., point E3): the exceedance is given by the sum of N and S deposition reduction, 

ExN+ExS, required to reach the point Z3, with the line E3–Z3 perpendicular to the CLF; 
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… Region 4 (e.g., point E4): the exceedance is defined as the sum of N and S deposition reduction 

needed to reach the corner-point Z4; 

… Region 5 (e.g., point E5): an N deposition reduction does not help; an S deposition reduction is 

needed: the exceedance is defined as Sdep–CLmaxS. 

Figure 7.3:  Illustration of the different cases for calculating the exceedance for a given critical 
load function.  

Source: This figure is adopted from a previous version of Chapter 7 of the Mapping Manual 

The exceedance function can be described by the following equation (the coordinates of the 

point Z3 are denoted by (N0, S0); see also Figure 7.2): 

(VII.9) 

(𝑁𝑑𝑒𝑝, 𝑆𝑑𝑒𝑝) =

{
 
 
 

 
 
 

0, (𝑁𝑑𝑒𝑝, 𝑆𝑑𝑒𝑝) ∈ 𝑅𝑒𝑔𝑖𝑜𝑛 0 

𝑁𝑑𝑒𝑝 − 𝐶𝐿𝑁𝑚𝑎𝑥, (𝑁𝑑𝑒𝑝, 𝑆𝑑𝑒𝑝) ∈ 𝑅𝑒𝑔𝑖𝑜𝑛 1 

𝑁𝑑𝑒𝑝 − 𝐶𝐿𝑁𝑚𝑎𝑥 + 𝑆𝑑𝑒𝑝 − 𝐶𝐿𝑆𝑚𝑖𝑛, (𝑁𝑑𝑒𝑝, 𝑆𝑑𝑒𝑝) ∈ 𝑅𝑒𝑔𝑖𝑜𝑛 2 

𝑁𝑑𝑒𝑝 −𝑁0 + 𝑆𝑑𝑒𝑝 − 𝑆0, (𝑁𝑑𝑒𝑝, 𝑆𝑑𝑒𝑝) ∈ 𝑅𝑒𝑔𝑖𝑜𝑛 3

𝑁𝑑𝑒𝑝 − 𝐶𝐿𝑁𝑚𝑖𝑛 + 𝑆𝑑𝑒𝑝 − 𝐶𝐿𝑆𝑚𝑎𝑥, (𝑁𝑑𝑒𝑝, 𝑆𝑑𝑒𝑝) ∈ 𝑅𝑒𝑔𝑖𝑜𝑛 4

𝑆𝑑𝑒𝑝 − 𝐶𝐿𝑆𝑚𝑎𝑥, (𝑁𝑑𝑒𝑝, 𝑆𝑑𝑒𝑝) ∈ 𝑅𝑒𝑔𝑖𝑜𝑛 5

 

The function thus defined fulfils the criteria of a meaningful exceedance function: it is zero, if 

there is non-exceedance, positive when there is exceedance, and increases in value when the 

point (Ndep, Sdep) moves away from the critical load function. 

The computation of the exceedance function requires the estimation of the coordinates of the 

point (N0, S0) on the critical load function. If (x1, y1) and (x2, y2) are two arbitrary points of a 

straight line g and (xe, ye) another point (not on that line), then the coordinates (x0, y0) = (N0, S0) 

of the point obtained by intersecting the line passing through (xe, ye) and perpendicular to g 

(called the ‘foot’ or ‘foot of the perpendicular’) are given by: 

(VII.10a) 

x0 = (d1s + d2v)/d2 and y0 = (d2s − d1v)/d2 

with  
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(VII.10b) 

d1 = x2 − x1, d2 = y2 − y1, d2 = d12+ d22 

(VII.10c) 

{
𝑠 = 𝑥𝑒𝑑1 + 𝑦𝑒𝑑2

𝑣 = 𝑥1𝑑2 − 𝑦1𝑑1 = 𝑥1𝑦2 − 𝑦1𝑥2
 

The final difficulty in computing the Ex(Ndep, Sdep) is to determine into which of the regions 

(Region 0 through Region 5 in Figure 7.3) a given pair of deposition (Ndep, Sdep) falls. Without 

going into the details of the geometrical considerations, a FORTRAN subroutine is listed below, 

which returns the number of the region as well as ExN and ExS. The correspondences of the 4 

quantities – CLNmin, CLSmax, CLNmax, and CLSmin – with the classical critical load function for acidity, 

defined by CLmaxS, CLminN and CLmaxN, intersected with the nutrient N critical load CLnutN (or 

CLempN) are: 

CLNmin = CLminN 

CLNmax = CLmaxS 

and, if CLnutN < CLmaxN: 

{

𝐶𝐿𝑁𝑚𝑎𝑥 = 𝐶𝐿𝑛𝑢𝑡𝑁

𝐶𝐿𝑆𝑚𝑖𝑛 = 𝐶𝐿𝑚𝑎𝑥𝑆 × 
𝐶𝐿𝑚𝑎𝑥𝑁 − 𝐶𝐿𝑛𝑢𝑡𝑁

𝐶𝐿𝑚𝑎𝑥𝑁 − 𝐶𝐿𝑚𝑖𝑛𝑁

 

otherwise 

{
𝐶𝐿𝑁𝑚𝑎𝑥 = 𝐶𝐿𝑛𝑢𝑡𝑁

𝐶𝐿𝑆𝑚𝑖𝑛 = 0
 

(see also Posch et al. 2014). 

subroutine exceedNS (CLNmin,CLSmax,CLNmax,CLSmin,depN,depS,ExN,ExS,ireg) 

! 

! Returns the exceedances ExN and ExS (Ex=ExN+ExS) for N and S depositions 

! depN and depS and the CLF defined by (CLNmin,CLSmax) and (CLNmax,CLSmin). 

! The "region" in which (depN,depS) lies, is returned in ireg. 

! 

implicit none 

! 

real, intent(in) : : CLNmin, CLSmax, CLNmax, CLSmin, depN, depS  

real, intent(out) : : ExN, ExS 

integer, intent(out) : : ireg 

! 
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real : : dN, dS, dd, s, v, xf, yf 

! 

ExN = -1; ExS = -1; ireg = -1 

if (CLNmin < 0 .or. CLSmax < 0 .or. CLNmax < 0 .or. CLSmin < 0) return  

ExN = depN; ExS = depS; ireg = 9 

! CLN = CLNmax 

if (CLSmax == 0 .and. CLNmax == 0) return 

! CLS = CLSmin 

dN = CLNmin-CLNmax dS = CLSmax-CLSmin 

if (depS <= CLSmax .and. depN <= CLNmax .and. & 

& (depN-CLNmax)*dS <= (depS-CLSmin)*dN) then ! non-exceedance:  

ireg = 0 

ExN = 0; ExS = 0 

else if (depS <= CLSmin) then  

ireg = 1 

ExN = depN-CLNmax; ExS = 0  

else if (depN <= CLNmin) then 

ireg = 5 

ExN = 0; ExS = depS-CLSmax 

else if (-(depN-CLNmax)*dN >=(depS-CLSmin)*dS) then  

ireg = 2 

ExN = depN-CLNmax; ExS = depS-CLSmin 

else if (-(depN-CLNmin)*dN <= (depS-CLSmax)*dS) then  

ireg = 4 

ExN = depN-CLNmin; ExS = depS-CLSmax  

else 

ireg = 3 

dd = dN*dN+dS*dS 

s = depN*dN+depS*dS 
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v = CLNmax*dS-CLSmin*dN xf = (dN*s+dS*v)/dd 

yf = (dS*s-dN*v)/dd 

ExN = depN-xf; ExS = depS-yf  

end if 

return 

end subroutine exceedNS 

7.5 The average accumulated exceedance (AAE) 

To summarise exceedances in a grid cell (e.g., for mapping) or country/region (for tabulation) 

one could resort to standard statistical quantities, such as mean, or any percentile of the 

distribution of individual exceedance values (see Chapter 8). Alternatively, the so-called Average 

Accumulated Exceedance (Posch et al. 2001) has been used, especially in integrated assessment, 

which is defined as follows. 

Let Exi be the exceedance for ecosystem i with area Ai, then we define the accumulated 

exceedance (AE) of n ecosystems on a region (grid cell) as: 

(VII.11) 

𝐴𝐸 =∑𝐴𝑖𝐸𝑖

𝑛

𝑖=1

 

For a given deposition, AE is total amount (in eq/yr) deposited in excess over the critical loads in 

the region in a given year. This function is thus strongly determined by the total ecosystem area 

in a grid cell. In order to minimise this dependence and to obtain a quantity which is directly 

comparable to depositions (in eq/ha/yr), we define the average accumulated exceedance (AAE) 

by dividing the AE function by the total ecosystem area: 

(VII.12) 

𝐴𝐸𝐸 = 𝐴𝐸 ∑𝐴𝑖

𝑛

𝑖=1

⁄  

Instead of the total ecosystem area, one could also think of dividing by another area (e.g. the area 

exceeded for a given (fixed) deposition scenario). However, recalculating the AAE with new 

areas when depositions change can lead to inconsistencies: the new AAE could be larger, despite 

declining deposition – as can be shown with simple examples. 

7.6 Surface waters  

Since exceedance calculations for the critical loads for surface waters require special 

considerations due to the peculiarities of (some of) the models, they are treated here separately. 

The three critical load models mentioned are described in chapter 5. 

7.6.1  The SSWC model 

In the SSWC model, sulphate is assumed to be a mobile anion (i.e., leaching equals deposition), 

whereas N is assumed to a large extent to be retained in the catchment by various processes. 
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Therefore, only the so-called present-day exceedance can be calculated from the leaching of N, 

Nle, which is determined from the sum of the measured concentrations of nitrate and ammonia 

in the runoff. This present exceedance of the critical load of acidity is defined as (Henriksen and 

Posch 2001): 

(VII.13)  

Ex(A) = Sdep + Nle − CL(A) 

where CL(A) is the critical load of acidity as computed with eq.V.50. No N deposition data are 

required for this exceedance calculation. However, Ex(A) quantifies only the exceedance at 

present rates of retention of N in the catchment. Nitrogen processes are modelled explicitly in 

the FAB model (see below), and thus it is the only surface water model that can be used for 

comparing the effects of different N deposition scenarios. In the above derivation we assumed 

that base cation deposition and net uptake did not change over time. 

If there is increased base cation deposition due to human activities or a change in the net uptake 

due to changes in management practices, this has to be taken into account in the exceedance 

calculations by subtracting that anthropogenic BC*dep–Bcu from Sdep+Nle. 

7.6.2  The empirical diatom model 

For the diatom model the exceedance of the critical load of acidity is given by: 

(VII.14)  

Ex(A) = Sdep + fN  Ndep − CL(A) 

where fN is the fraction of the N deposition contributing to acidification (see eq.V.66). 

7.6.3  The FAB model 

In the FAB model, a critical load function for surface waters is derived in the same way as in the 

SMB model for soils, and the same considerations hold as given in Section 7.4. 

Again, there is no unique exceedance for a given pair of depositions (Ndep, Sdep), but an 

exceedance can be defined in an analogous manner as above (see also Henriksen and Posch 

2001). 
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8 General mapping issues 
Last updated in 2015 by Max Posch and Anne Christine Le Gall, Chairwoman of the Task Force 

on Modelling and Mapping from initial text by M. Posch and J. Aherne (Mapping Manual 2004 

and various CCE reports) and from documentation on EMEP. 

Please refer to this document as: CLRTAP, 2015. General mapping issues, Chapter VIII of Manual 

on methodologies and criteria for modelling and mapping critical loads and levels and air 

pollution effects, risks and trends. UNECE Convention on Long-range Transboundary Air 

Pollution; accessed on [date of consultation] on Web at www.umweltbundesamt.de/en/cce-

manual. 

In this chapter procedures are described for summarising results of critical load and exceedance 

calculations and presenting them on a regional scale. The objective of the text below is to show 

the (mathematical and methodological) links between the calculation of critical loads and 

integrated assessment modelling. 

The material presented here is a summary of the material from CCE Status Reports (see Posch et 

al. 1995, 1997, 1999). It is complemented by recent EMEP documentation (EMEP 2013; Simpson 

et al. 2012). Page VIII - 5 

In Section 8.1, the grid systems used by EMEP are defined; in Section 8.2 methods for the 

calculation of percentiles (in one and two dimensions) are presented. In Section 8.3 the uses of 

critical loads in integrated assessment is discussed, including different gap closure methods 

used to evaluate the differences between a reference scenario (such as past or present situation) 

and scenarios proposed for future policies. 

8.1 Geographic grid systems  

To make critical loads usable and useful for the work under the LRTAP Convention, one has to be 

able to compare them to deposition estimates. Deposition of sulphur and nitrogen compounds 

have earlier been reported by EMEP on a 150  150 km2 grid covering (most of) Europe, then 

depositions have become available on a 50  50 km2 grid. Both are special cases of the so-called 

polar stereographic projection, which is described in the following. The latest grid used by EMEP 

has geographical coordinates (“latitude- longitude grid”, cf. section 8.1.2). 

8.1.1  The polar stereographic projection 

In the polar stereographic projection each point on the Earth's sphere is projected from the 

South Pole onto a plane perpendicular to the Earth's axis and intersecting the Earth at a fixed 

latitude 0 (see Figure A-1 in the CCE Status Report 2001, p. 182.). Consequently, the coordinates 

x and y are obtained from the geographical longitude  and latitude  (in radians) by the 

following equations: 

(VIII.1)  

𝑥 = 𝑥𝑝 +𝑀 ⋅ tan (
𝜋

4
−
𝜙

2
) ⋅ sin(𝜆 − 𝜆0) 

And 

(VIII.2) 

𝑦 = 𝑦𝑝 −𝑀 ⋅ tan (
𝜋

4
−
𝜙

2
) ⋅ cos(𝜆 − 𝜆0) 

http://www.icpmapping.org/
http://www.icpmapping.org/
http://www.icpmapping.org/
http://www.icpmapping.org/
file://///gruppende/cce/04_Projekte/03_Ausschreibung_Umwandlung_Manual/05_Barrierefreie_PDFs/www.umweltbundesamt.de/en/cce-manual
file://///gruppende/cce/04_Projekte/03_Ausschreibung_Umwandlung_Manual/05_Barrierefreie_PDFs/www.umweltbundesamt.de/en/cce-manual
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where (xp, yp) are the coordinates of the North Pole; 0 is a rotation angle (i.e., the longitude 

parallel to the y-axis); and M is the scaling of the x-y coordinates. In the above definition, the x-

values increase and the y- values decrease when moving towards the equator. For a given unit 

length (grid size) d in the x-y plane the scaling factor M is given by: 

(VIII.3) 

𝑀 =
𝑅

𝑑
⋅ (1 + sin𝜙0) 

where R (= 6370 km) is the radius of the Earth. The inverse transformation (i.e., longitude and 

latitude as function of x and y) is given by: 

(VIII.4) 

𝜆 = 𝜆0 + arctan(
𝑥 − 𝑥𝑝
𝑦𝑝 − 𝑦

) 

and  

(VIII.5) 

𝜙 =
𝜋

2
+ arctan(𝑟 𝑀⁄ ) 

with 

𝑟 = √(𝑥 − 𝑥𝑝)
2
+ (𝑦 − 𝑦𝑝)

2
 

The arctan in eq. VIII.5 gives the correct longitude for quadrant 4 (x>xp and y<yp) and quadrant 3 

(x<xp and y<yp);  (=180°) has to be added for quadrant 1 (x>xp and y>yp) and subtracted for 

quadrant 2 (x<xp and y>yp). Note that quadrant 4 is the one covering (most of) Europe. 

Every stereographic projection is a so- called conformal projection, as such, an angle on the 

sphere remains the same in the projection plane, and vice versa. However, the stereographic 

projection distorts areas (even locally), in other words, it is not an equal-area projection (see 

below). 

We define a grid cell (i,j) as a square in the x-y plane with side length d (see eq. 8.3) and centre 

point as an integral part of x and y, therefore: 

(VIII.6)  

i = nint(x) and j = nint(y) 

where 'nint' is the nearest integer (rounding function). Consequently, the four corners of the 

grid cell have coordinates (i±½, j±½). 

8.1.2  Grids used for critical loads mapping under lrtap convention 

8.1.2.1 The latitude-longitude grid 

The latitude-longitude grid is a plane projection of the EMEP domain based on the World 

Geodesic System (WGS84, revised in 2004). This grid system is widely used for GPS. This 

gridding combines information on the shape of the earth, the (nominal) sea level and altitude. In 

principle, the origin of this gridding system is the mass centre of the earth. However, the two 

dimension grid used for mapping critical loads at regional scale is done on a two dimensional 

grid, the origin of the grid is the intersect between the Greenwich meridian and the equator. 



TEXTE Manual on Methodologies and Criteria for Modelling and Mapping Critical Loads and Levels and Air Pollution 
Effects, Risks, and Trends 

324 

 

In 2012, at the 36th session of the EMEP Steering Body, the EMEP centres suggested to increase 

spatial resolution of reported emissions. This new grid is defined in a geographic coordinate 

system (WGS84) with grid cells at about 28 km x 28 km. The new domain covers the geographic 

area between 30°N-82°N latitude and 30°W-90°E longitude (Figure 8.1, Dore and Vidič, 2012). 

This evolution represents a balance between political needs (requests for detailed information 

at country level), scientific needs (links with biodiversity and climate changes), and technical 

feasibility (availability of meteorological and emission data at finer scale, computation time) as 

of 2014 and for the following years. 

Figure 8.1:  The EMEP domain over Europe. “Current”: Polar-stereographic domain (used since 
2008). ”New”: Latitude-longitude domain (proposed in 2012 (Dore and Vidič, 2012) 
leading to EB decision 2012/13).  

Source: This figure is adopted from a previous version of Chapter 8 of the Mapping Manual 

8.1.2.2 The 50×50 km2 grid (EMEP50 grid) 

The eulerian dispersion model of EMEP/MSC-W produces concentration and deposition fields 

on a 50  50 km2 grid with the parameters (see also www.emep.int): 

(VIII.7) 

d = 50 km, (xp, yp) = (8,110), 

0 = π/3 = 60° N, 0 = –32° (i.e. 32° W) 

yielding M=237.7314... 

This 50 x 50 km² gridding of the EMEP area has been used from 1999 to the beginning of 2013. 

The domain has been extended from the area covered by the initial 150 x 150 km² grid to that 

presented in Figure 8.2 in 2008. 

https://www.emep.int/
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Figure 8.2:  The EMEP150 grid (solid lines) and EMEP50 grid (dashed lines). The numbers at the 
bottom and to the right are EMEP150 grid indices; those at the top and to the left 
are EMEP50 grid indices (every third).  

Source: This figure is adopted from a previous version of Chapter 8 of the Mapping Manual 

8.1.2.3 The 150×150 km2 grid (EMEP150 grid) 

The coordinate system used by EMEP/MSC-W for the (old) lagrangian long-range transport 

model was defined by the following parameters (Saltbones and Dovland 1986): 

(VIII.8) 

d = 150 km, (xp, yp) = (3,37), 

0 = π/3 = 60°N, 0 = –32° (i.e. 32° W) 

which yields M=79.2438... . 

An EMEP150 grid cell (i, j) contains 33=9 EMEP50 grid cells (m,n) with all combinations of the 

indices m=3i–2, 3i–1, 3i and n=3j–2, 3j–1, 3j. The part of the two EMEP grid systems covering 

Europe is also shown in Figure 8.2. 

This gridding of the EMEP area had been used until 1997. 
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To convert a point (xlon, ylat), given in degrees of longitude and latitude, into EMEP coordinates 

(emepi, emepj), the following FORTRAN subroutine can be used: 

subroutine llemep (xlon,ylat,par,emepi,emepj) 

! 

! This subroutine computes for a point (xlon,ylat), where xlon is the 

! longitude (<0 west of Greenwich) and ylat is the latitude in degrees, 

! its EMEP coordinates (emepi,emepj) with parameters given in par(). 

! 

! par(1) ... size of grid cell (km) 

! (par(2),par(3)) = (xp,yp) ... EMEP coordinates of the North Pole 

! 

real(4) xlon, ylat, par(*), emepi, emepj 

! 

data Rearth /6370./ ! radius of spherical Earth (km)  

data xlon0 /-32./ ! = lambda_0 

data drm /1.8660254/ ! = 1+sin(pi/3) = 1+sqrt(3)/2  

data pi180 /0.017453293/ ! = pi/180 

data pi360 /0.008726646/ ! = pi/360 

! 

em = (Rearth/par(1))*drm  

tp = tan((90.-ylat)*pi360)  

rlamp = (xlon-xlon0)*pi180 

emepi = par(2)+em*tp*sin(rlamp)  

emepj = par(3)-em*tp*cos(rlamp) 

return 

end subroutine llemep 

EMEP50 coordinates are obtained by calling the above subroutine with par(1)=50, par(2)=8 and 

par(3)=110; and EMEP150 coordinates are obtained with par(1)=150, par(2)=3 and par(3)=37. 

Conversely, the EMEP coordinates of a point can be converted into its longitude and latitude 

with the following subroutine: 

subroutine emepll (emepi,emepj,par,xlon,ylat) 
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! 

! This subroutine computes for a point (emepi,emepj) in the EMEP 

! coordinate system, defined by the parameters in par(), its 

! longitude xlon and latitude ylat in degrees. 

! 

! par(1) ... size of grid cell (km) 

! (par(2),par(3)) = (xp,yp) ... EMEP coordinates of the North Pole 

! 

real(4) emepi, emepj, par(*), xlon, ylat 

! 

data Rearth /6370./ ! radius of spherical Earth (km) 

data xlon0 /-32./ ! = lambda_0  

data drm /1.8660254/ ! = 1+sin(pi/3) = 1+sqrt(3)/2  

data pi180 /57.2957795/ ! = 180/pi  

data pi360 /114.591559/ ! = 360/pi 

! 

emi = par(1)/(Rearth*drm) ! = 1/M 

ex = emepi-par(2)  

ey = par(3)-emepj  

if (ex == 0. .and. ey == 0.) then ! North Pole  

xlon = xlon0 ! or whatever  

else  

xlon = xlon0+pi180*atan2(ex,ey)  

endif  

r = sqrt(ex*ex+ey*ey)  

ylat = 90.-pi360*atan(r*emi)  

return  

end subroutine emepll 



TEXTE Manual on Methodologies and Criteria for Modelling and Mapping Critical Loads and Levels and Air Pollution 
Effects, Risks, and Trends 

328 

 

8.1.3  The area of an EMEP grid cell 

As mentioned above, the stereographic projection does not preserve areas. For example, a 50  

50 km2 EMEP grid cell is 2,500 km2 only in the projection plane, but never on the globe. The area 

A of an EMEP grid cell with lower-left corner (x1, y1) and upper- right corner (x2, y2) is given by: 

(VIII.9) 

𝐴(𝑥1, 𝑦1, 𝑥2, 𝑦2) = 2𝑅
2 ⋅ {

𝐼(𝑢2, 𝑣2) − 𝐼(𝑢1, 𝑣2)

−𝐼(𝑢2, 𝑣1) + 𝐼(𝑢1, 𝑣1)
} 

where u1= (x1 – xp)/M, etc.; and I(u, v) is the double integral (see Posch et al. 1997 for details): 

(VIII.10) 

𝐼(𝑢, 𝑣) = ∬
2𝑑𝑢𝑑𝑣

(1 + 𝑢2 + 𝑣2)2

=
𝑣

√1 + 𝑣2
⋅ arctan

𝑢

√1 + 𝑣2

+
𝑢

√1 + 𝑢2
⋅ arctan

𝑣

√1 + 𝑢2
 

These two equations allow the calculation of the area of the EMEP grid cell (i, j) by setting (x1, y1) 

= (i–½, j–½) and (x2, y2) = (i+½, j+½). 

The following FORTRAN functions compute the area of an EMEP grid cell for arbitrary grid 

indices (i, j), for the EMEP50 or the EMEP150 grid, depending on the parameters in par() (see 

above): 

real function aremep (par,i,j) 

! 

! Returns the area (in km2) of an ax-parallel cell with 

! centerpoint (i,j) in the EMEP grid defined by par(). 

! 

! par(1) ... size of grid cell (km) 

! (par(2),par(3)) = (xp,yp) ... EMEP coordinates of the North Pole 

! 

integer(4) i, j 

real(4) par(*) 

! 

external femep 

! 

data Rearth /6370./ ! radius of spherical Earth (km)  

data drm /1.8660254/ ! = 1+sin(pi/3) = 1+sqrt(3)/2 
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! 

x1 = real(i)-0.5  

y1 = real(j)-0.5 

emi = par(1)/(Rearth*drm) ! = 1/M  

u1 = (x1-par(2))*emi 

v1 = (y1-par(3))*emi  

u2 = u1+emi 

v2 = v1+emi 

ar0 = 2.*Rearth*Rearth 

aremep = ar0*(femep(u2,v2)-femep(u1,v2)-femep(u2,v1)+femep(u1,v1)) 

return 

end function aremep 

! 

real function femep (u,v) 

! 

! Function used in computing the area of an EMEP grid cell. 

! 

real(4) u, v 

! 

ui = 1./sqrt(1.+u*u)  

vi = 1./sqrt(1.+v*v) 

femep = v*vi*atan(u*vi)+u*ui*atan(v*ui) 

return 

end function femep 

The area distortion ratio α, i.e. the ratio between the area of a small rectangle in the EMEP grid 

and its corresponding area on the globe is obtained as (Posch et al. 1999): 

(VIII.11) 

𝛼 = (
1 + sin𝜙

1 + sin𝜙0
)
2
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which shows that the distortion ratio depends on the latitude  only, and (small) areas are 

undistorted (i.e., α =1, only at =0=60°). 

8.2 Comparing critical loads: cumulative distribution functions, percentiles, 
and protection isolines 

Cumulative distribution functions and percentiles allow a statistical description of critical loads 

and other parameters used by countries. 

Cumulative distribution functions are useful to assess and compare the range of critical loads 

values and of other parameters. Percentiles allow excluding extreme values and thus increase 

the robustness of the assessments. In this section, we first define and investigate different 

methods for calculating percentiles of a cumulative distribution function (cdf) given by a finite 

number of values. Then we generalise the concept of a percentile to the case in which the cdf is 

defined by a set of functions (critical load functions), resulting in the so-called percentile 

function (protection isoline). 

8.2.1  Cumulative distribution function 

Assume we have critical load values, xi, for n ecosystems. We sort these values in ascending 

order, resulting in a sequence x1 ≤ x2 ≤ … ≤ xn. Each value is accompanied by a weight (area) Ai 

(i=1,...,n), characterizing the size (importance) of the respective ecosystem. From these we 

compute normalized weights wi according to: 

(VIII.12) 

𝑤𝑖 = 𝐴𝑖 ∑𝐴𝑗

𝑛

𝑗=1

, 𝑖 = 1,… , 𝑛⁄  

resulting in: 

(VIII.13) 

∑𝑤𝑖

𝑛

𝑖=1

= 1 

The cumulative distribution function (cdf) of these n critical load values is then defined by: 

(VIII.14) 

𝐹(𝑥) = {

0, 𝑥 < 𝑥1
𝑊𝑘 , 𝑥𝑘 ≤ 𝑥 < 𝑥𝑘+1
1, 𝑥 ≥ 𝑥𝑛

 

with 

(VIII.15) 

𝑊𝑘 =∑𝑤𝑖

𝑛

𝑗=1

, 𝑖 = 1,… , 𝑛 

F(x) is the probability of a critical load being smaller than (or equal to) x (i.e., 1–F(x) is the 

fraction of ecosystems protected). With this definition F(x) has the mathematical properties of a 

cdf: F is a monotonously increasing right-continuous function with F(–∞)=0 and F(∞)=1. In 
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Figure 8.3, an example of a cdf is shown. Note that the function assumes only a finite number of 

values. 

Figure 8.3:  (a) Example of a cumulative distribution function for n=5 data points 
(x1<x2<x3<x4<x5, with weights w1=2/15, w2=4/15, w3=5/15, w4=1/15, w5=3/15). The 
filled (empty) circles indicate whether a point is part (not part) of the function. (b) 
The same cdf is drawn by connecting all points, the way a cdf is usually displayed.  

Source: This figure is adopted from a previous version of Chapter 8 of the Mapping Manual  

8.2.2  Quantiles and percentiles 

All ecosystems in a region (grid cell) are protected, if deposition stays below the smallest critical 

load values. However, to discard outliers and to account for uncertainties in the critical load 

calculations, but also to ensure that a sufficient percentage of ecosystems are protected, (low) 

percentiles of the cdf are compared to the deposition. 

The q-th quantile (0≤q≤1) of a cdf F, denoted by xq, is the value satisfying: 

(VIII.16)  

F(xq) = q 

which means that xq, viewed as a function of q, is the inverse of the cdf (i.e. xq=F–1(q)). 

Percentiles are obtained by scaling quantiles to 100, therefore the p-th percentile is the 

(p/100)-th quantile. Other terms used are median for the 50-th percentile, lower, and upper 

quartile for the 25-th and 75-th percentile, respectively. Note that the p-th percentile critical load 

protects 100–p percent of the ecosystems. 

Computing quantiles (i.e. the inverse of a cdf given by a finite number of points) poses a 

problem: due to the discrete nature of the cdf, a unique inverse simply does not exist. 

For many values of q no value xq exists at all so that eq. VIII.16 holds; and for the n values xi such 

a value exists (i.e., q=F(xi)), but the resulting quantile is not unique – every value between xi and 

xi+1 could be taken (see Figure 8.2). Therefore, the cdf is approximated (interpolated) by a 

function which allows solving eq. VIII.16 for every q. There is neither a unique approximation, 

nor is there a single accepted way for calculating percentiles: Posch et al. (1993) discuss six 

methods for calculating percentiles. Note that commonly definitions are given for data with 

identical weights (i.e. wi=1/n), but the generalization to arbitrary weights is mostly 

straightforward. It should be also noted that the differences between different approximation 

methods vanish when the number of points becomes very large (and all weights small). 
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In the following we have a closer look at two types of quantile functions: (a) those derived from 

linearly interpolating the cdf, and (b) those using the empirical cdf. After defining their 

equations for arbitrary weights we discuss their advantages and disadvantages. 

8.2.2.1 Linear interpolation of the cdf 

In this case, the quantile function is the inverse of the linearly interpolated cdf given by: 

(VIII.17) 

𝑥𝑞 = {

𝑥1, 𝑞 ≤ 𝑤1 = 𝑊1

𝑥𝑘 + (𝑥𝑘+1 − 𝑥𝑘) ⋅
𝑞 −𝑊𝑘

𝑤𝑘+1
, 𝑥𝑘 ≤ 𝑥 < 𝑥𝑘+1

  𝑘 = 1,… , 𝑛

 

where the Wk are defined in eq. VIII.15. An example is shown in Figure 8.4a. 

Figure 8.4:  Examples of the two quantile functions discussed in the text. Values and weights 
are the same as in Figure 8.4. The filled (empty) circles indicate whether a point is 
part (not part) of the function. The thin horizontal lines indicate the cumulative 
distribution function. Note that for almost all values of q (e.g., q=0.35) the resulting 
quantile is smaller in (a) than in (b).  

Source: This figure is adopted from a previous version of Chapter 8 of the Mapping Manual 

The advantage of this quantile function is that it is continuous, that is to say, a small change in q 

leads to only a small change in the resulting quantile xq . However, it has the following three 

disadvantages: 

a) In case of two (or more) identical data points, the definition of the quantile function is not 

unique: for identical critical load values the shape of the interpolation function depends on 

the order of the weights (see Figures 8.5 a,a'). This could be resolved by sorting the weights 

of identical data points according to size (smallest first, as in Figures 8.5a.b). This minimizes 

the difference to the empirical distribution function (see below) but requires fairly 

complicated (and time- consuming) routines for the actual computations. 
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Figure 8.5:  Examples of the two quantile functions discussed in the text. Values and weights 
are the same as in Figure 8.2, except that x3=x4 (compare Figure 8.5). Note, that for 
the linearly interpolated quantile function (a,a') its shape depends on the order of 
the weights for the identical values.  

Source: This figure is adopted from a previous version of Chapter 8 of the Mapping Manual 

b) As mentioned above, a critical load xq is selected to protect the (1–q)-th fraction of the 

ecosystems within a given region (grid cell). However, for the linear interpolated quantile 

function certain choices of q result in xq -values which are below the actual value needed to 

protect a fraction 1–q of the ecosystems (see example in Figure 8.4). This is protective for 

the ecosystems but may lead to higher costs for abatement. 

c) The computation of quantiles is not order-preserving when using linear interpolation. We 

say the order is preserved by a quantile function, if the following holds for two cdfs: 

(VIII.18) 

F1 (x)  F2 (x) for all x  xq(1)  xq(2) for all q 

In other words, the smaller cdf leads to smaller quantiles. In Figure 8.5a, an example is 

shown with two data sets for the same n ecosystems, x1,...,xn and y1,...,yn with common 

weights w1,...,wn and the property xi < yi for i=1,...,n (e.g., CLmin’s and CLmax’s). But for 

certain values of q it turns out that xq > yq when computed by linear interpolation 

(Fig. 8.6a). 
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Figure 8.6:  Example of two quantile functions for 3 values each (x1, x2, x3 and y1, y2, y3) and 
common weights w1, w2, w3 and the property xi<yi for i=1,2,3. However, in case (a) 
the median x0.5 is greater than the median y0.5.  

 

Source: This figure is adopted from a previous version of Chapter 8 of the Mapping Manual 

8.2.2.2 Empirical distribution function 

In this case the quantile function assumes only values defining the cdf: 

(VIII.19) 

𝑥𝑞 = {

𝑥1, 𝑞 ≤ 𝑤1 = 𝑊1
𝑥𝑘 , 𝑊𝑘−1 ≤ 𝑞 < 𝑊𝑘 , 𝑘 = 2,… , 𝑛 − 1
𝑥𝑛, 𝑞 ≥ 𝑊𝑛−1

 

An example of this quantile function is shown in Figure 8.5b. The disadvantage of this quantile 

function is that it is not continuous. A very small change in q may lead to a significant change in 

the quantile xq (jump from xi to xi”1). 

However, none of the disadvantages of the linear interpolation holds for this function, but: 

a) identical values do not lead to ambiguities (see Figures 8.5b, b'); 

b) the quantile xq protects (at least) a fraction q of the ecosystems (see Figure 8.4b); and 

c) the computation of quantiles is order- preserving (see eq. VIII.18 and Figure 8.6b). 

It is especially property (c) which makes the empirical distribution function the only viable 

choice for computing percentiles. The following FORTRAN subroutine computes the q-quantile 

of a given vector of data with a corresponding vector of weights. The data have to be sorted in 

ascending order, but the weights do not have to be normalised to one. 

subroutine qantilcw (q,num,vec,wei,xq) 

! 

! This subroutine computes the q-quantile xq of the num values in vec() 

! - sorted in ascending order - with corresponding weights wei() 

! from the empirical distribution function. 

! 

integer(4) num 
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real(4) q, vec(*), wei(*), xq 

! 

if (num == 0) stop 'Quantile of nothing?!' 

if (q < 0. .or. q > 1.) stop 'q outside [0,1]!' 

! 

wsum = wei(1)  

do k = 2,num 

wsum = wsum+wei(k) 

if (vec(k) < vec(k-1)) stop 'Data not sorted!'  

end do 

! 

qw = q*wsum  

sum = 0. 

do k = 1,num 

sum = sum+wei(k)  

if (qw < sum) then 

xq = vec(k) 

return 

end if  

end do 

xq = vec(num) ! if q=1 

return 

end subroutine qantilcw 

8.2.3  Percentile functions and protection isolines 

In this section, we generalize of the concept of cumulative distribution function (cdf) and 

quantile (percentile) to the case when the data (e.g., critical loads) are given as a function (rather 

than as single values), which is the case when considering two pollutants (e.g., sulphur and 

nitrogen in the case of acidification), leading to the so- called percentile function or (ecosystem) 

protection isoline. 

In the following we assume that a (critical load) function is defined by a set of pairs of values 

(nodes) (xj,yj), (j=1,...,m), and the function is given by connecting (x1,y1) with (x2,y2) etc., in this 

way generating a polygon in the x-y plane. We denote this polygon by: 
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(VIII.21) 

ʄ = (x1,y1),...,(xm, ym) 

For the values x and y we assume that: 

(VIII.22) 

0 = x1  x2  ...  xm and y1  y2  ...  ym = 0 

The nodes on the polygon are numbered from left to right, starting on the y-axis and ending on 

the x-axis. Eq. VIII.22 also ensures that the polygon is monotonically decreasing, when 

considered as a function of x or y19.  With the notation (x,y)<ʄ we mean that the point (x,y) lies 

below the polygon (i.e., critical loads are not exceeded). 

Considering the critical load for S and N acidity the critical load function for an ecosystem is 

defined by 3 values, namely CLmin(N), CLmax(N), and CLmax(S), and as a polygon with m=3 nodes it 

is written according to eq. VIII.21 as: 

(VIII.23) 

CLF = (0, CLmax(S)),(CLmin(N), CLmax(S)),(CLmax(S),0) 

where we assumed that the N-deposition is plotted along the x-axis and the S- deposition along 

the y-axis. 

Now we assume that we have n critical load functions ʄ1,...,ʄn with respective weights w1,...,wn 

(Σwi=1). In general, it will not be possible to sort these critical load functions. In other words, it 

is not possible to say that ʄi is larger or smaller than ʄj, because CLmax(S) for ʄi could be larger and 

CLmax(N) smaller than the corresponding values for ʄj (see Figure 8.7 for examples). Nevertheless, 

we can define a cumulative distribution function F in the following way: 

(VIII.24) 

𝐹(𝑥, 𝑦) = ∑ 𝑤𝑖
(𝑥,𝑦)<𝑓𝑖

 

meaning that for a given point (x,y) we sum all weights wi for which (x,y)< ʄi, (i.e., for which there 

is no exceedance). Obviously 0≤F(x,y)≤1, and F has also otherwise all properties of a (two-

dimensional) cdf. A percentile p is now easily defined as the intersection of such a function with 

a horizontal plane at height q=p/100. The result (projected onto the x-y plane) is a curve, more 

precisely a polygon which has the property defined in eq. VIII.22. Let ʄq be the quantile 

(percentile) function for a given q, then every point (x,y) (i.e., every pair of N and S deposition), 

with (x,y)< ʄq protects (at least) a fraction of 1–q of the ecosystems; and ʄq is also called a 

(ecosystem) protection isoline. Note that protection isolines for the same set of polygons (critical 

load functions) do not intersect (although they might partly coincide), and for r<s ʄr lies below ʄs. 

Since an exact computation of a percentile function is hardly feasible (especially in case of a 

large number of critical load functions), we have to use an approximate method (see Figure 8.7): 

we draw rays through the origin of the x-y plane (i.e., lines with a constant S:N deposition ratio) 

and compute the intersections of these rays with all critical load functions (small circles in 

Figure 8.7a). For each ray the intersection points are sorted according to their distance from the 

origin and the chosen quantiles of these distances are calculated according to eq. VIII.19. Finally, 

the resulting quantile values are connected to obtain the percentile functions (protection 

 

19 Alternatively, the numbering could start on the x-axis, etc. 
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isolines). Obviously, the more rays are used in this procedure the more accurate are the 

protection isolines. As Figure VIII.8b shows, a protection isoline need not be convex.  

Figure 8.7:  Computation of protection isolines: (a) set of critical load functions and intersection 
of these CL-functions with rays from the origin (small circles); (b) computing the 
percentiles (q=0.25, 0.50 and 0.75 in this case) along each ray (small diamonds) and 
connecting them to obtain the protection isolines (thick [red] lines).  

 

Source: This figure is adopted from a previous version of Chapter 8 of the Mapping Manual 

8.3 Critical load exceedances used in integrated assessment modelling 

8.3.1  Gap closure methods  

Except for the earliest protocols, integrated assessment modellers have used uniform percentage 

reductions of the excess deposition (so-called gap closures) to define emission reduction 

scenarios. In the following we summarize the different gap closure methods used and illustrate 

them for the case of a single pollutant. This section follows largely Posch et al. (2001). 

In the 1994 Sulphur Protocol, only sulphur was considered an acidifying pollutant (N deposition 

was fixed; it determined, together with N uptake and immobilization, the sulphur fraction). 

Furthermore, considering the uncertainties in the CL calculations, it was decided to use the 5-th 

percentile of the critical load cdf in a grid cell as the only value representing the ecosystem 

sensitivity of that cell. The exceedance was simply the difference between the (current) S 

deposition and that 5-th percentile critical load. This is illustrated in Figure 8.8a): Critical loads 

and deposition are plotted along the horizontal axis and the (relative) ecosystem area along the 

vertical axis. The thick solid and the thick broken lines are two examples of critical load cdfs 

(which have the same 5-th percentile critical load, indicated by ‘CL’). ‘D0’ indicates the (present) 

deposition, which is higher than the CLs for 85% of the ecosystem area. The difference between 

‘D0’ and ‘CL’ is the exceedance in that grid cell. It was decided to reduce the exceedance 

everywhere by a fixed percentage (i.e., to ‘close the gap’ between (present) deposition and (5-th 

percentile) critical load). In Figure 8.8a, a deposition gap closure of 60% is shown as an example. 

As can be seen, a fixed deposition gap closure can result in very different improvements in 

ecosystem protection percentages (55% vs. 22%), depending on the shape of the critical load 

cdf. 
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Figure 8.8:  Cumulative distribution function (thick solid line) of critical loads and different 
methods of gap closure: (a) deposition gap closure, (b) ecosystem gap closure, and 
(c) accumulated exceedance (AE) gap closure. The thick dashed line in (a) and (b) 
depict another cdf, illustrating how different ecosystem protection follows from 
the same deposition gap closure (a), or how different deposition reductions are 
required to achieve the same protection level (b).  

Source: This figure is adopted from a previous version of Chapter 8 of the Mapping Manual  
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When considering all critical loads within a grid cell (and not only the 5-th percentile), it was 

suggested to use an ecosystem area gap closure instead of the deposition gap closure. This is 

illustrated in Figure 8.8b: for a given deposition ‘D0’ the ecosystem area unprotected, as such, 

with deposition exceeding the critical loads can be read from the vertical axis. After agreeing to a 

certain (percent) reduction of the unprotected area (i.e., 60%), it is easy to compute for a given 

cdf the required deposition reduction (‘D1’ and ‘D2’ in Figure 8.8b). Another important reason to 

use the ecosystem area gap closure is that it can be easily generalized to two (or more) 

pollutants, which is not the case for a deposition-based exceedance. This generalization became 

necessary for the negotiations of the 1999 Gothenburg Protocol, as both N and S contribute to 

acidification. Critical load values have been replaced by critical load functions and percentiles 

replaced by ecosystem protection isolines (see above). However, the use of the area gap closure 

becomes problematic if only a few critical load values or functions are given for a grid cell. In 

such a case the cdf becomes highly discontinuous, and small changes in deposition may result in 

either no increase in the protected area at all or large jumps in the area protected. 

To remedy the problem with the area gap closure caused by discontinuous cdfs, the accumulated 

exceedance (AE) concept has been introduced (see above). In the case of one pollutant, the AE is 

given as the area under the cdf of the critical loads (the entire grey-shaded area in Figure 8.8c). 

Deposition reductions are now negotiated in terms of an AE (or AAE) gap closure, also illustrated 

in Figure 8.8c: a 60% AE gap closure is achieved by a deposition ‘D1’ which reduces the total 

grey area by 60%, resulting in the dark grey area; also the corresponding protection percentage 

(67%) can be easily derived. The greatest advantage of the AE and AAE is that it varies smoothly 

as deposition is varied, even for highly discontinuous cdfs, thus facilitating optimization 

calculations in integrated assessment. The advantages and disadvantages of the three gap 

closure methods described above are summarized in the following table. 

Table 8.1:  Advantages and disadvantages of the different gap closure methods used to define 
emission scenarios for policies in 1994, 1997 and 1999. 

 
Advantages Disadvantages 

Deposition gap closure  
(used for the 1994 Sulphur 
Protocol) 

• Easy to use even for 
discontinuous cdfs (e.g. grid 
cells with only one CL). 

• Takes only one CL value (e.g. 5th 
percentile) into account. 

• May result in no increase in protected 
area. 

• Difficult to define for two pollutants. 

Ecosystem area gap 
closure  
(used for the EU 1997 
Acidification Strategy) 

• In line with the goals of CL 
use (maximum ecosystem 
protection). 

• Easy to apply to any number 
of pollutants. 

• Difficult (or even impossible) to define 
a gap closure for discontinuous cdfs 
(e.g. grid cells with only one CL). 

Accumulated Exceedance 
(AE) gap closure  
(used for the 1999 
Gothenburg Protocol) 

• AE (and AAE) is a smooth and 
convex function of 
deposition even for 
discontinuous cdfs. 

• AE stretches the limits of the critical 
load definition. * 

• Exceedance definition not unique for 
two or more pollutants. 

* It assumes a linear damage function. However, this feature could also be an advantage. 
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8.3.2  Linear emission-exceedance relationships 

The change to higher resolutions of the EMEP grid and the introduction of new pollutants (in 

particular PM) has led to a significant increase of required calculations for optimization 

exercises of scenarios. In order to keep computing times at a workable level, the methodology to 

calculate critical loads exceedances has been simplified. The new approach has been inspired by 

the Life Cycle Impact Analysis (LCIA) community which uses the simplest approach possible, as 

such, a linear relationship between emission (changes) and impact (changes) on ecosystems. 

Models and factors are described and defined in Posch et al. (2005). 

In practice, linear relationships are defined between the emission and the average accumulated 

exceedances for each country. This linearization requires deposition fields computed exactly 

with a full atmospheric transport model for the reference scenario (for instance “current 

legislation” scenario). The coefficients of the linear relationship are “impact” or “damage” 

factors. They are site or country dependent. The impact factors are computed by changing the 

emission of one pollutant at the time in a given source region, compared to the reference 

scenario, leaving the emissions of the other pollutants and all other source regions unchanged 

(further details in Posch et al. 2005). 

The approach makes it feasible to assess several policy scenarios. Errors on the results remain 

small if the assessed scenario remains close to the reference scenario: tests have shown that 

when the emissions are reduced by up to 20%, the linear model produces good approximations. 

Besides, approximations become poor when exceedances become close to 0. 
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