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1. Introduction

R.J. Downing, J.-P. Hettelingh, and P.A.M. de Smet

1.1 Overview

This report summarizes the work of the RIVM
Coordination Center for Effects (CCE) and National
Focal Centers (NFCs) for Mapping over the past
two years. The report includes European maps of
critical loads of acidity and sulphur, produced for
the United Nations Economic Commission for Eur-
ope’s (UN ECE) Convention on Long-range Trans-
boundary Air Pollution (LRTAP). The primary task
of the critical loads mapping program during this
period was to compute and map critical loads of
sulphur in Europe.

Since the first European maps of critical loads were
published in 1991 (Hettelingh et al.), a number of
revisions and improvements have been made with
respect to data and methodologies. Efforts were
also undertaken to enhance the scientific founda-
tions and policy relevance of the critical load pro-
gram, and to foster consensus among producers
and users of this information.

Three mapping workshops organized by the CCE
during 1992-1993 (Bilthoven, January 1992; Kato-
wice, September, 1992; and Madrid, March, 1993),
as well as a workshop on critical loads of nitrogen
(Lokeberg, April 1992) provided forums to review
work conducted to date, and to discuss methods
and other issues concerning future work.

The report describes the calculation methods used,
and resulting critical loads maps, based upon the
outcomes of these workshops. It provides the
reader with a comprehensive overview of the cur-
rent status of the work related to critical loads in
Europe.

1.2 The critical loads concept

A critical load has been defined as "the highest
deposition of a compound that will not cause
chemical changes leading to long-term harmful
effects on ecosystem structure and function” (Nils-
son, 1986). Thus, a critical load is an indicator for

sustainability of an ecosystem in that it provides a
value for maximum allowable load of a pollutant at
which risk of damage to an ecosystem is reduced.
By measuring or estimating certain physical and
chemical properties of an ecosystem, its sensitivity
to acidic deposition can be calculated, and a "criti-
cal load of acidity”, or the level of acidic deposition
which affects the sustainability of an ecosystem, can
be identified.

This information on ecosystem sensitivity can be
compared with pollutant deposition data, to deter-
mine which areas currently receive deposition
levels which exceed the area’s critical load. These
areas of "exceedance” indicate where present levels
of pollutant deposition increase the risk of damage
to ecosystems. Since 1991 critical load maps of
sulphur have been given priority. Maps showing
critical loads and exceedances of sulphur in Europe
show which areas need to receive less sulphur
deposition in order to protect ecosystems.

The critical load concept consists of using informa-
tion on critical loads and exceedances by groups
under LRTAP Convention to help develop strat-
egies for reducing emissions of sulphur. The criti-
cal load concept is illustrated in Figure 1.1.

The critical load concept is a methodology in which
critical load calculations are used as a criterion to
assess the effect of emission reduction strategies on
sensitive ecosystems, taking national emission
reduction costs into account. As can be seen from
Figure 1.1 (dotted line), the procedure is iterative.

First, an objective by which exceedances should be
reduced (the so-called "gap closure") is formulated.
This gap closure has been defined as a percentage
of current exceedances, i.e. the excess of deposition
over critical loads. The required emission reduc-
tion at minimum European costs are then com-
puted. Finally, the remaining exceedances in differ-
ent regions in Europe are expressed in terms of the
extent to which the national area of ecosystems is
protected. This procedure is repeated by changing
the objective.
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Figure 1.1. The critical load concept consisting of: (1) iterating required emission reductions to meet critical loads
and costs (short circle; dotted line), and (2) computing time horizons before ecosystem damage (continued
critical load exceedance) or recovery (whenever exceedance ceases to exist). The computation of time
horizons is represented by the solid line (long circle).
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This procedure led to the identification by groups
under UN ECE LRTAP (i.e. Task Force on Integ-
rated Assessment Modelling and the Working
Group on Strategies) of the 60% gap-closure being
an appropriate starting point of emission reduction
negotiations. The intent of the 60% gap-closure
strategy is to reduce the 1990 exceedances by 60%
(meaning that parts of Europe will continue to have
depositions which exceed critical loads. By defini-
tion, exceedances of critical loads may lead to
"harmful effects”, and the temporal aspect of these
exceedances (i.e. estimating when these harmful
effects will occur, or the "damage time lag"),
becomes important.

These damage time lags can be investigated by
using dynamic soil models, which simulate the
temporal development of soil chemistry due to
(excess) acid deposition. Conversely, it is also
possible to assess recovery time of an ecosystem
(the "recovery time lag") once emissions have suf-
ficiently been reduced. This procedure is also part
of the critical load concept (the solid line in Figure
1.1).

The dynamic part of the critical load concept has
been initiated (see Hettelingh and Posch, 1993) but
has not yet been part of the integrated assessment
of emission reduction strategies within the UN
ECE. It is expected, however, that the dynamic
part of the critical load concept will become
increasingly important as indications of target years
for establishing required emission reduction vary
over Europe. The computation and mapping of
critical loads and their application as part of the
critical load concept has proven to be successful in
evaluating emission reduction alternatives in
Europe.

1.3 Critical loads mapping activities

The RIVM'’s Coordination Center for Effects (CCE)
was established by the Netherlands Ministry of
Housing, Physical Planning and Environment, and
began its work in 1990. One of CCE’s primary
tasks is to assist in the development and produc-
tion of methods and maps of critical loads on a
European scale, in cooperation with the Task Force
on Mapping.

National maps of critical loads of acidity and sul-
phur have been produced by 15 European countries
through National Focal Centers for Mapping ap-
pointed by each country. Where countries have not
been able to calculate critical loads, the CCE has
used European background data bases to calculate
critical loads for these regions.

As outlined in its mandate, the CCE’s main tasks in
support of the critical loads mapping exercise are
to:

¢ Provide guidance and documentation on the
methods and data used in developing maps of
critical loads of acidity, sulphur, and nitrogen,
and critical levels for relevant pollutants;

¢ Collect and assess national and European data
used in producing maps of critical loads of acid-
ity, sulphur, and nitrogen, and critical levels for
relevant pollutants. The Center will circulate
draft maps for review and comments by Nation-
al Focal Centers and it will update maps as
appropriate;

e Produce reports and maps on critical loads and
critical levels, documenting the mapping exer-
cise, with the assistance of National Focal Cen-
ters and in cooperation with the Task Force on
Mapping;

e Provide, upon request, the UN ECE Working
Group on Effects, the Working Group on Strat-
egies, and the Task Force on Integrated Assess-
ment Modelling, with scientific advice regarding
the use and interpretation of maps of critical
Joads and levels, and target loads and levels;

¢ Maintain and update relevant data bases and
serve as a clearinghouse for data collection and
exchange regarding critical loads and levels
among parties to the Convention, in consultation
with the International Cooperative Programs and
EMEP;

e Conduct periodic training sessions and work-
shops to review activities and develop and refine
methods used in the critical load and critical
level mapping exercise.

Formal evaluation of the proposed methods and
preliminary critical loads maps was obtained in
meetings of the UN ECE Task Force on Mapping
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and the Working Group on Effects. Results of the
work were submitted to the Task Force on Integ-
rated Assessment Modelling to be used in scenario
analysis of emission reductions on behalf of the
Working Group on Strategies.

1.4 Structure of this report

Chapter 2 of this report contains the most recent
maps (May 1993) of the critical load of acidity as
well as the critical load of sulphur and critical sul-
phur deposition, which are derived from the critical
load of acidity. The chapter also contains maps of
the sulphur deposition in Europe in 1980 and 1990,
and the resulting exceedances (i.e. the excess of
present deposition levels above the critical load).

Chapter 3 describes the methods and equations
used to derive the maps of critical loads and
exceedances of acidity and sulphur with emphasis
on the advances in the calculation methods used
since the first European critical loads maps were
produced in 1991 (Hettelingh et al.).

Chapter 4 presents the methods to be used to com-
pute and map critical loads in the future. Rather
than computing critical loads separately for sulphur
and for nitrogen, the proposed method examines
those combinations of sulphur and nitrogen deposi-
tion which do not lead to exceedances of the critical
load of acidity and nutrient nitrogen. This method
avoids the usage of a sulphur fraction, which was
originally introduced to accommodate policy re-
quirements for specifying the share of sulphur in
the computation of the critical load of acidity.

Chapter 5 gives an overview of the data inputs
provided by National Focal Centers, and the meth-
ods of data handling performed by the CCE to
produce the current European maps of critical
loads.

Chapter 6 describes the results of an uncertainty
analysis which was performed on the critical loads
computation methodology to assess the reliability
of the computation results and the importance of
the various input variables.

Chapter 7 provides some conclusions and recom-
mendations resulting from the critical load map-
ping activities.

A list of the mathematical notation and acronyms
used in this report follows the references section.

Appendix I contains the reports of the National
Focal Centers for Mapping, detailing national map-
ping activities. A number of input variables from a
variety of sources have been used to calculate criti-
cal loads and exceedances. Maps of several of
these are contained in Appendix II.

Appendices 11T through V contain additional infor-
mation to be used in calculating critical loads accor-
ding to the mapping guidelines in Chapter 4.

Appendix VI contains the workshop reports from
three CCE Mapping Workshops held in Bilthoven,
Netherlands (January 1992); Katowice, Poland (Se-
ptember 1992); and Madrid, Spain (March 1993).

Appendix VII provides information on the contents
and sources of the European background data bases
used to calculate critical loads when no national
data were submitted.
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2. Maps of Critical Loads, Critical Sulphur Deposition, and Exceedances

J.-P. Hetielingh, R.]. Downing, and P.A.M. de Smet

This chapter contains European maps of critical
loads of acidity and sulphur, critical sulphur depos-
ition, and their exceedances. Details on the as-
sumptions, calculation methods, and data used are
contained in Chapters 3 through 5. Appendix I
contains reports from national Focal Centers for
Mapping and various national maps.

The current maps of critical loads of acidity and
sulphur have been updated wherever possible to
ensure consistency with the map of critical sulphur
deposition used by the UN ECE LRTAP Conven-
tion. However, the European map of critical loads
of sulphur and acidity have not consistently been
subject to inputs from National Focal Centers
(NFC’s), due to the priority given to the computa-
tion and mapping of the critical sulphur deposition.
Not all NFC’s have submitted updated national
computations of the critical load of acidity and
sulphur, but instead submitted updated data dir-
ectly as sulphur deposition computations.

The following points should be noted concerning
the maps in this chapter.

Ecosystems mapped: Countries submitting national
data calculated critical loads for either forest soils,
surface waters, or a combination of the two. For
countries not submitting national data, critical loads
for forest soils were computed, using European
data bases which are further described in Appendix
VIL

Grid size: The Co-operative Program for the Monit-
oring and Evaluation of the Long-Range Transmis-
sion Air Pollutants in Europe (EMEP), which oper-
ates under the aegis of the UN ECE LRTAP Con-
vention, oversees a monitoring network over an
European grid with a cell resolution of 150 x 150
km®. Modeling work conducted by EMEP to com-
pute emissions and depositions of air pollutants in
each grid cell, and by other institutions assessing
proposed emission reduction schemes, is used in
negotiations on emission reduction by parties of the
Convention. To be consistent with this European
EMEDP grid, the critical loads have been mapped on
the same resolution. This allows direct comparison

between maps of critical loads and maps of loads of
pollutant deposition.

Percentiles: The maps show the 5-percentile critical
load, i.e. the deposition level needed to protect
most sensitive 95 percent of ecosystem area in each
grid cell. Sections 4.4 and 5.3 give further details
on the statistical treatment of critical loads data.

Units: All critical load maps have been calculated
in acid equivalents per hectare per year (eq ha™
yr'). Maps of critical loads of sulphur, critical
sulphur deposition, and their exceedances in Chap-
ter 2, are also expressed in terms of milligrams of
sulphur per square meter per year (mg S m? yr).

Chapter 3 describes in further detail the reasons for
the differences between these maps and those pub-
lished in the CCE 1991 Technical Report (Het-
telingh et al.)
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2.1 Critical load of acidity

Figure 2.1 shows the critical load of acidity (5 per-
centile). The basic equation used to calculate this
map is:

CL(A) = BC:(' - Alkl(vri{)

where:

CL(A) = critical load of (actual) acidity
BC,, = base cation weathering

Alky,,;,, = critical alkalinity leaching

The map shows that the areas which are most sen-
sitive to acidic deposition are mainly in northern
Europe. Large portions of Scandinavia and the
north of Great Britain and Germany have critical
loads of less than 200 acid equivalent per hectare
per year. Approximately 14 percent of the land
area surveyed falls into this most sensitive cate-

gory.

A large band of slightly less sensitive soils extends
through Germany, Austria, and northern Italy, as

well as parts of France, Spain, Romania. In general,
southern Europe is less sensitive than northern
areas. This trend can be clearly seen in the former
Soviet Union.

In comparison to the map of critical loads of acidity
contained in the 1991 CCE Technical Report (Het-
telingh et al.), large parts of Finland, Poland, and
the former Soviet Union have a higher critical loads
than before, due largely to updated national data
and calculations conducted by NFC’s.

In addition, parts of France and the Iberian penin-
sula appear more sensitive (i.e. with a lower critical
load). These differences are due to a number of
methodological changes which are described in
Chapter 3.

A list of National Focal Centers which contributed
national data included in this map can be found in
Chapter 5 (Table 5.1).
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Figure 2.1. Critical loads of acidity (5 percentile).
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2.2 Critical load of sulphur

Figure 2.2 was calculated using the critical load of
acidity, and apportioning the acidic input to an
ecosystem between sulphur and nitrogen, using the
so-called sulphur fraction, described in Section 4.2.2:

CL(S) = S,- CL(A)

where:
CL(S) = critical load of sulphur
S, = sulphur fraction

The map shows that the ecosystems most sensitive
to sulphur deposition include large parts of Scan-
dinavia and Germany, northern England, and

Alpine areas: parts of Switzerland, Austria and
northern Italy. Roughly 18 percent of the European
land area mapped falls into the most sensitive cat-
egory, with a critical load of less than 200 acid
equivalents per hectare per year (approximately 320
milligrams of sulphur per square meter per year).

Compared to the critical load of sulphur in the 1991
CCE Technical Report, increased ecosystem sensi-
tivity (lower critical loads) are seen in an extended
area in Portugal, Spain, France, Germany, ltaly and
the former Yugoslavia. These differences are due
to a number of methodological changes which are
described in Chapter 3.
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Figure 2.2. Critical loads of sulphur (5 percentile).
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2.3 Critical sulphur deposition

Figure 2.3 shows the 5 percentile critical sulphur
deposition for Europe. This map is calculated by
including the effects of base cation uptake and base
cation deposition to the critical load of sulphur.
These variables were formerly included in the com-
putation of the exceedance (Hettelingh et al., 1991).
The reason for including these variables with the
critical load is (see also Chapter 3) that the map of
critical sulphur depositions is compatible with the
deposition maps produced and published by
EMEP. Base cation deposition has an acid neutral-
izing effect, whereas uptake (by vegetation) reduces
the amount of base cations available to neutralize
acidic inputs. The sulphur fraction is used on these
variables for reasons of consistency; as the critical
load of acidity was assumed to be differentiated
among sulphur and nitrogen so should variables
which affect acidity. Thus:
CD(S) = CL(S) + ;- (BC,,, — BC,)
where:

CD(S) = critical sulphur deposition
BC,,, = base cation deposition

BC, = base cation uptake

Some countries submitted national data for these
modifying base cation factors. For other countries,
European data bases were used. In most cases, the
net effect of including these factors is an acid
neutralizing influence; thus, the critical sulphur
deposition values are generally higher than the
critical load of sulphur for a given grid cell.

Similar to the map of critical loads of sulphur
(Figure 2.2), the areas most sensitive to sulphur
deposition include large parts of Scandinavia and
northern Germany, and parts of Ireland and central
England. The most sensilive category (with a
critical load of less than 200 acid equivalents per
hectare per year) comprises approximately 14 per-
cent of the European land area.

This map was reviewed at the CCE workshop held
in Madrid in March 1993, and has been used by the
Task Force on Integrated Assessment Modelling
and distributed in the Working Group on Strategies
as endorsed by the Task Force on Mapping,.
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Figure 2.3. Critical sulphur deposition (5 percentile).
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2.4 Present sulphur deposition (1990)

Sulphur deposition in 1990 (Figure 2.4) has been
computed using national emissions of 1990. This
deposition map serves as a basis to calculate ex-
ceedances of the critical load of sulphur, and to
assess the results of emission reduction strategies
(i.e. the "60 percent gap closure” scenario).

Transport and deposition is computed by the
RAINS model, as used in TFIAM scenario analyses,
using an average of the EMEP source-receptor
relationships of 1985 and 1987-1990.
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Figure 2.4. Sulphur deposition in 1990.
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2.5 Exceedance of the critical sulphur deposition
in 1990

Figure 2.5 compares the difference ("exceedance”)
between the present (1990) deposition of sulphur
(from Figure 2.4) to the critical sulphur deposition
(shown in Figure 2.3). Areas with a positive ex-
ceedance are currently receiving levels of sulphur
deposition which could damage the most sensitive
ecosystems in that area.

Ex(S5) = PL(S) — CD(5)

where:
Ex(S) = exceedance of the critical sulphur deposi-
tion

PL(S) = present load of sulphur

Compared to the map of the exceedance of critical
loads of sulphur in the 1991 CCE Technical Report,
the area of highest exceedance is reduced. The
pattern of exceedances over Europe is quite similar,
with the highest exceedances occurring in the
"Black Triangle" region of Central Europe.

Differences are especially due to the fact that fil-
tering factors are no longer used, new national
data, and a number of other methodological chan-
ges which are described in Chapter 3.
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eq ha-1 yr-1 mg S m-2 yr-1

<p [ <0

0- 200 [_] 0- 320
200- 500 [_] 320- 800
500-1000 [__] 800-1600
1000 - 2000 [ 1600 - 3200
> 2000 [ > 3200

Figure 2.5. Exceedance of critical sulphur deposition in 1990 (5 percentile).
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2.6 Sulphur deposition in 1980

Sulphur deposition in 1980 (Figure 2.6) is computed
using national emissions estimates, as reported to
the United Nations (Amann et al., 1993). This dep-
osition map serves as a basis to assess the results of
proposed emission reduction strategies (e.g. the "60
percent gap closure” scenario).

Transport and deposition is computed by the
RAINS model, as used in TFIAM scenario analyses,
using an average of the EMED source-receptor
relationships of 1985 and 1987-1990.
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eq ha1 yr1 mg S m-2 yr-1
0- 200 ] 0- 320
200- 500 [ ] 320- 800
500-1000 ] 800 - 1600
1000 - 2000 [ 1600 - 3200
>2000 (N > 3200

Figure 2.6. Sulphur deposition in 1980,
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2.7 Exceedance of the critical sulphur deposition
in 1980

Figure 2.7 compares the difference ("exceedance”)
between the sulphur deposition in 1980 (from Fig-
ure 2.6) to the critical load of sulphur (shown in
Figure 2.3). Areas with a positive exceedance re-
ceived levels of sulphur deposition which could
damage the most sensitive ecosystems in that area.
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eq ha1yr? mg S m-2 yr-1

<0 [ <0

0- 200 _] 0- 32
200- 500 [ ] 320- 800
500- 1000 ] 800 - 1600
1000 - 2000 [ 1600 - 3200
>2000 > 3200

Figure 2.7. Exceedance of critical sulphur deposition in 1980 (5 percentile).
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3. Computation of Critical Loads of Acidity and Sulphur and Critical
Sulphur Deposition in 1992 and 1993

].-P. Hettelingh, R.]. Downing, and P.A.M. de Smet

3.1 Overview

In 1992 and 1993 priority was given to computing
critical loads of sulphur, to provide information for
the negotiation of a second sulphur protocol under
the LRTAP Convention, in particular the activities
of the UN ECE Task Force on Integrated Assess-
ment Modelling (TFIAM). The requests from the
TFIAM for critical load data led to a number of
adaptations to computations of critical loads and
the submission of data. In addition, improvements
were made with respect to methods and data qual-
ity at a number of NFC'’s (e.g. sampling, number of
data points). A summary of the adaptations and
changes in comparison to the critical loads maps
published in 1991 is as follows:

1. Instead of the EMEP grid cell area, the ecosystem
area within a grid cell was used as a basis for the
computation of cumulative distribution functions of
critical loads (see Section 3.2).

2. Factors which buffer acidity (e.g. dust) and
those which increase acidification (i.e. base cation
uptake) were included in the computation of critical
loads, rather than in the computation of critical
load exceedances. The ecosystem sensitivity com-
puted in this way is termed the "critical sulphur
deposition” (see Section 3.3).

3. The inclusion of forest filtering factors, which
were designed to address the effects of throughfall
and orography in the computation of exceedances,
were abandoned by consensus of National Focal
Centers, due to a lack of comparable data across
Europe (see Section 3.3).

4. Some countries with regions which have a rela-
tively high precipitation surplus adapted the com-
putation of critical loads in high-elevation areas
(see Section 3.4).

5. For a few grids, the calculated 5-percentile criti-
cal loads (i.e. protecting 95% of the ecosystems)
were negative due to a small number of non-repre-
sentative ecosystems with very particular condi-

tions (e.g. natural acidification). For these grid
cells, the level of background deposition was used
as minimum critical load (see Section 3.5).

6. Nearly all countries which submitted national
input data or critical loads calculations, have

revised these data since 1991 on the basis of new
monitoring results and improved methodologies.

This chapter summarizes the consequences of these
adaptations. A detailed description of general
critical loads methodologies can be found elsewhere
(Hettelingh et al., 1991; Hettelingh and de Vries,
1992; UN ECE, 1993b) whereas the current status of
the method is included in Chapter 4.

3.2 Ecosystem rescaling

In order to directly compare the extent of ecosys-
tem sensitivity in a region with present deposition
levels, the EMEP grid resolution (150 x 150 km) is
the basis of comparison between sulphur deposition
and critical loads of sulphur. Previously, cumu-
lative distributions were calculated for the area of
each EMEP grid cell, and the 5-percentile critical
load was chosen as a threshold for the protection of
95% of ecosystems in each EMEP grid cell.

However, the result of using the surface area of an
EMEDP cell is that a 5-percentile critical load would
protect 95% of the EMEP grid cell, regardless of the
actual ecosystem surface area in the cell. The ad-
vantage of this method was that the areal basis for
computing percentiles was equal for all grid cells in
Europe; however, the disadvantage was that the
protection level for the actual ecosystems in a grid
cell could be too low. This is particularly true for
grid cells which contain relatively small areas of
particularly sensitive ecosystems.

Therefore the revised maps are based on the total
ecosystem area in each grid cell to compute critical
load percentiles. The advantage of this approach is
that the actual protection level is increased, as the
ecosystem-based 5-percentile critical load is general-

Calculation and Mapping of Critical Loads in Europe

21

CCE Status Report 1993




ly lower than the EMEP grid-cell-based 5-percentile
critical load. The disadvantage is that the areal
basis for the percentile computation varies over
grid cells. Results of the scenario analysis per-
formed in the TFIAM provide both the ecosystem
and EMEP area rescaling methodology. A detailed
description of methods used to compute percentiles
is found in Sections 4.4.1 and 5.3.

3.3 Inclusion of background variables and
exclusion of filtering factors

Background variables such as base cation deposi-
tion and uptake, nitrogen uptake, and nitrogen
immobilization were previously included only
when computing exceedances. Critical load com-
putations thus were based only on variables descri-
bing soil chemistry and other ecosystem charac-
teristics. In earlier computation methods, so-called
filtering factors for coniferous and deciduous for-
ests were incorporated, to reflect that forest
throughfall measurements had been measured to be
larger than computed deposition.

The exceedance of the critical load of acidity, Ex(A),
and of sulphur, Ex(S), were therefore originally
(Hettelingh ef al., 1991) defined as:

Ex(A) = f'epep - Sup + f " emer - Ny + BC,
- BC,, - N, - Ny, — CL(A) 3.1)

dep
and:
EX(S) = f*upep+ Sup + S+ (BC, = BC,,)) = CL(S)  (3.2)

where:

[ emep = sulphur filtering factor
fimer = nitrogen filtering factor
S4e = sulphur deposition

N, = nitrogen deposition
BC, = base cation uptake

BC,,, = base cation deposition

N, = nitrogen uptake

dep
N, = critical nitrogen leaching

At the September 1992 workshop in Katowice
(Poland), there was lengthy discussion about the
potential misunderstandings among the various
groups (scientists, modellers, and policymakers)
using the current critical loads maps in the

UN ECE framework. Much of the difficulty arises
from an earlier decision by the mapping commun-
ity to keep critical loads "clean”; i.e. to address only
ecosystem properties, and to exclude any modify-
ing factors such as base cation deposition and base
cation uptake. These factors were only included
when computing the exceedances of critical loads.

This approach had a number of disadvantages,
such as: (1) modifying factors are sometimes avail-
able on a much higher than EMEP resolution, lead-
ing to a loss of information when used on an EMEP
scale, and (2) the resulting critical load maps could
not be directly compared with the deposition maps
which are regularly published by EMEI’s Meteoro-
logical Synthesizing Center-West (MSC-W).

It was therefore decided to include these modifying
factors in calculating maps of a new “critical sulphur
deposition”, which would then be directly compar-
able to EMEP deposition data. Similarly, critical
acid deposition and critical nitrogen deposition
maps can be obtained by also including nitrogen
uptake, nitrogen immobilization and nitrogen fix-
ation. (See Chapter 4.)

It was agreed among national Focal Centers to dis-
continue the use of filtering factors in view of the
lacking possibilities to provide scientifically
grounded values for various kinds of filtering
(throughfall, orographic) which can be distin-
guished. As the current national data for these
factors varies widely over Europe, inclusion of
available data would have led to a divergence bet-
ween countries of the basis for computing critical
load exceedances.

In order to allow the direct comparison between
ecosystem sensitivity (critical loads) and present
deposition levels in the scenario analysis of the
TFIAM, a decision was taken at the CCE Mapping
Workshop held in Katowice, Poland in September
1992, to compute the critical sulphur deposition (a
critical acid deposition has not been required).
From equation 3.2 and excluding filtering the criti-
cal sulphur deposition becomes:

CD(S) = CL(S) + §;- (BC,,, — BC,) (3.3)
The exceedance is then simply given by:

Ex(S) = S, — CD(S) (3.4)

dep
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3.4 High-precipitation areas

The original equation for computing critical loads
of acidity which was predominantly used in Europe
is based on a molar base cation : aluminum (BC: Al)
ratio of 1 (Hettelingh et al., 1991, p. 36):

CL(A) = ANC, +0.09-Q + 1.5(ANC, + BC,,,— BC,) (3.5)

where:

ANC,, = acid neutralizing capacity produced by
weathering

Q = water flux from the bottom of the rooting zone
(m* ha” yr')

Evidence became available that the result of equa-
tion 3.5 is a critical load which is too high for
regions with high precipitation, primarily due to
simplifications made to the original steady-state
mass balance equation consisting of: (1) applying
K = 300 m° eq?, and (2) assuming that all base
cations produced by weathering are available in the
base cation : aluminum ratio. This problem was
thoroughly investigated at a meeting organized by
the Austrian National Focal Center for Mapping
(Workshop on problems of mapping critical loads
and levels in sub-Alpine and Alpine regions,
Vienna, March 1992), which resulted in an adapta-
tion of the computation methodology. Starting
from the original mass balance equation, the
revised equation for the critical load of acidity is
derived as follows (Sverdrup, 1992):

CL(A) = ANC, - ANC,,,., (3.6)

ANC = -H Al

1(crif) T i limit

3.7)

Tinit

A = 15-(08-ANC,+BC, BC -BC,. ) (8

Al? '/
Hy,=|—o1 -Q 3.9)
finii
, [ Q ’ Kgilvlv J
where:
H',,, = critical hydrogen leaching
A", . = critical aluminum leaching

BC,,niy = minimum leaching of base cations which
cannot be taken up

In equation 3.8 it is assumed that 20 percent of the
weathered material is Na and therefore not active

in the BC: Al ratio. With an average concentration
of 15 peq I'', BC,,,;,, becomes:
BC

= Q- 0.015 (3.10

le(min)
Substitution of equations 3.10, 3.9 and 3.8 into e-
quation 3.7 yields the modified critical load
equation which was used for areas with high pre-
cipitation (using K, = 200 eq® m"):

1/3
0.8- ANC, + BC, -BC,-0015Q

CL(A) = ANC_+|15-
« 200

.Q¥ +1.5-(0.8ANC, - BC, - BC,-0015:Q] (3.11)

Finally the critical load of sulphur is computed
from equation 3.11 by using the sulphur fraction.

3.5 Treatment of very sensitive non-representative
ecosystems

Critical loads and critical depositions have been
computed on the basis of geochemical data of forest
soils and surface waters. The critical ratio between
base cations and aluminum have been found to be
around 1 for forest soils (Sverdrup and Wartvinge,
1993), whereas for surface waters a critical ANC of
20 peq 1" has been used. The application of the
critical ANC criterion to compute critical loads of
4515 lakes in Scandinavia led to negative values for
150 lakes, of which 128 lie in Norway (Henriksen et
al., 1993). Although the number of negative critical
loads only represents 3% of the total number of
sampled lakes, a problem emerged for the applica-
tion of scenario analysis of sulphur reduction alter-
natives. The reason is that the 5-percentile critical
load in some grid cells (listed in Table 3.1) iden-
tified this minority of ecosystems. To avoid that
these ecosystems become binding in the scenario
analysis, an alternative to the 5-percentile critical
load became necessary.

The issue was raised among European scientists at
the March 1993 CCE workshop in Madrid. The
common characteristic of the grid cells in Table 3.1
is that the computed 5-percentile critical sulphur
deposition is lower than the natural background
deposition, and therefore these ecosystems cannot
be protected by the reduction of anthropogenic
emissions. However, not all ecosystems in these
grid cells are so sensitive. Exclusion of these grid
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cells from the scenario analysis leads to giving up
all ecosystems int these grid cells, including those
for which a reduction of anthropogenic emissions
would increase the number of protected ecosys-
tems.

Instead of excluding entire grid cells from the opti-
mization exercise, it was proposed that only natur-
ally acidified ecosystems in these grid cells are
excluded. This is done by taking the background
deposition instead of the 5-percentile critical sul-
phur deposition.

The background deposition values fall within the
range of critical loads which were computed in the
eleven grid cells. Table 3.1 lists those grid cells for

which substitutions have been made by the TFIAM.

Table 3.1. Grid cells for which critical sulphur deposi-
tion calculations have been revised.

Grid Cell Country
14/27 Norway
14/30 Norway
15/24 Norway
15/25 Norway ASweden
15/26 Norway/Sweden
15/30 Norway/Sweden
16/24 Norway/Sweden
16/25 Norway/Sweden
20/16 Germany /Netherlands*
20/17 Germany
21/23 Sweden

* For this cell the Dutch values of the critical load
has been used for the entire cell.
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4. Guidelines for the Computation and Mapping of Critical Loads and
Exceedances of Sulphur and Nitrogen in Europe

M. Posch', ].-P. Hettelingh, H. U. Sverdrup?,
K. Bull®, and W. de Vries*

4.1 Background

The calculation and mapping of critical loads of
acidity, sulphur and nitrogen form a basis for ass-
essing the effects of changes in the emissions and
deposition of these compounds. So far, these ass-
essments have focused on the relationship between
emission reductions of sulphur (and nitrogen) and
the effects of the resulting deposition levels on
terrestrial and aquatic ecosystems.

Critical loads of acidity have recently been mapped
by the RIVM Coordination Center for Effects (CCE)
in collaboration with National Focal Centers
(NFC’s) and other collaborating institutions
throughout Europe. This work is designed to sup-
port the negotiations within the United Nations
Economic Commission for Europe (UN ECE) on
developing further protocols for reducing emissions
of sulphur and nitrogen compounds.

Critical loads of acidity formed the basis for deriv-
ing a (separate) critical load of sulphur. A distinc-
tion between sulphur and nitrogen was needed to
accommodate the UN ECE Convention on Long-
Range Transboundary Air Pollution (LRTADP),
which has addressed sulphur separately in the
protocol currently under negotiation.

Future protocols may address both reductions of
sulphur and nitrogen emissions simultaneously, to
reduce acid deposition. Unlike sulphur, however,
nitrogen deposition contributes to major environ-
mental problems other than acidification. Thus an
assessment of the effects of nitrogen compounds on
ecosystems must consider both acidification and
eutrophication effects. This paper considers pri-
marily acidification and eutrophication of terrestrial
ecosystems.

Ll S

The starting point of the method proposed in this
paper is that the ecosystem is indifferent with
respect to whether its protection (i.e. achieving
critical loads) results from sulphur or from nitrogen
deposition reductions. The result is that trade-offs
between emissions reductions of these two pollu-
tants can be considered without exceeding the criti-
cal load of acidity and eutrophication. These differ-
ent combinations of required deposition reductions
to meet the critical load for a receptor can be
expressed as a function, the so-called "exceedance
indifference curve”.

The EMEP model (Iversen et al., 1991) is used to
calculate deposition patterns over Europe. The
model estimates total deposition of sulphur and
nitrogen species on 150 x 150 km? grid cells
covering Europe. Thus critical loads have to be
aggregated to a single value for each EMEP grid
cell. These European critical loads are based on
nationally calculated critical loads which are
usually computed for a much smaller grid scale (i.e.
with higher resolution). Therefore, the task of the
CCE to map critical loads for Europe requires pro-
cedures to derive a single critical load value for
each EMEP grid cell from nationally calculated
critical loads. Different emission reduction strat-
egies in terms of their ecosystems impact are then
evaluated by comparing deposition patterns, cal-
culated with the EMEP model, with these European
critical loads.

Methodologies to calculate critical loads have been
described in Sverdrup et al. (1990) and de Vries
(1991). The guidelines for the mapping of critical
loads of acidity in Europe are described in an
updated Mapping Vademecum (Hettelingh and de
Vries, 1992) and the first results of the mapping
exercise can be found in Hettelingh et al. (1991).
The Mapping Vademecum describes a number of
practicalities with respect to statistical procedures
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and calculation methodologies to be followed by
national participants to achieve a consistent Euro-
pean map of critical loads of acidity.

The aim of this paper is to describe the treatment of
total (sulphur plus nitrogen) exceedance. The cal-
culation methodology of the critical load of nitro-
gen is consistent with the concepts described in the
proceedings of the Lokeberg workshop (Grennfelt
and Thornelof, 1992). While the results of the
Lokeberg workshop do not affect the methodology
to calculate critical loads of acidity (Hettelingh et
al., 1992), an adjustment of the calculated exceed-
ances of critical loads of sulphur could emerge
from the methodology described in this paper.

Section 4.2 summarizes the calculation methods for
the critical load of acidity, as well as the current
methods of calculating critical loads of sulphur and
nitrogen. The section continues with the proposed
method for calculating a critical load of nutrient
nitrogen, with some emphasis on the mathematical
treatment.

Section 4.3 focuses on the present and proposed
methods to calculate exceedances of critical loads of
acidity, sulphur, and nitrogen, and provides an
illustrative example of applying these methods to
calculate critical loads and exceedances of both
sulphur and nitrogen simultaneously.

Section 4.4 describes the statistical methodology
needed to produce critical load values in EMEP
grid cells. In addition to the mapping of critical
load values in grid cells, the new methodology also
necessitates the grid cell mapping of ecosystem
related functions. These functions describe the com-
bination of sulphur and nitrogen values for which
no exceedance of critical loads (acidity and
eutrophication) occurs.

Section 4.5 discusses the consequences of the pro-
posed methodology for current and future assess-
ments of emission reduction scenarios conducted
by the Task Force on Integrated Assessment Mod-
elling (TFIAM) and other UN ECE bodies dealing
with the development of future emission reduction
protocols. Suggested values for various input vari-
ables used in calculating critical loads can be found
in Appendix IIL

Appendix IV includes a description of an empirical
approach for deriving nitrogen critical loads for

situations where a mathematical approach is
infeasible; e.g. due to lack of data, and includes
suggested values to be used. Appendix V summar-
izes the proposed method for calculating critical
loads of sulphur and nitrogen for aquatic ecosys-
tems.

4.2 Calculation of critical loads

This section summarizes the methods used to calcu-
late critical loads of acidity, sulphur and nitrogen
and their respective exceedance, both the methodol-
ogy currently in use and proposed revisions result-
ing from a number of recent workshops. The con-
cepts will be presented for forest soils only; the
corresponding method pertaining to lakes is pres-
ented in Appendix V.

Note that all quantities provided in this chapter are
expressed in eq ha” yr' (acid equivalents per hec-
tare per year), unless otherwise noted.

4.2.1 Critical load of acidity

The critical load of actual acidity, CL(A), is-calcu-
lated according to:

CL(A) = ANC, — ANC,,, @1

where:

ANC,, = acid neutralizing capacity produced by
weathering (Note that weathering was denoted by
BC, in former publications.)

ANC,,., = ANC consumed by the maximum accep-
table alkalinity leaching at critical load

4.2.2 Critical loads of acidifying sulphur and
nitrogen: current method

For the purpose of the sulphur protocol currently
under negotiation, a critical load of sulphur, CL(S),
has been defined from the critical load of acidity by
allocating a part of the allowable acidity deposition
to the sulphur deposition:

CL(S) = §;- CL(A) 4.2)

where S, is the "sulphur fraction”, defined as:
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S
dep N lf NdL’p > N“ + Ni
Sr = Sm’p * Ni_{wp B Nu ) i (43)
1 otherwise
where:
S, = present sulphur deposition
N,,, = present nitrogen deposition

N, = net uptake of nitrogen in the tree biomass
N, = net immobilization of nitrogen in the root zone

A critical load of nitrogen, CL(N), is derived by ass-
uming that nitrogen deposition will lead to acidifi-
cation when it is not taken up or immobilized:

CL(N) = N, + N, + (1 - §,)- CL(A) (4.4)

Note that denitrification is not considered in this
formulation.

4.2.3 Critical load of nutrient nitrogen: proposed
method

In addition to the acidifying aspect of nitrogen, the
effects of nitrogen deposition on the nutrient status
(eutrophication) of an ecosystem should be consid-
ered when determining critical loads and exceed-
ances. The principle used is the steady-state mass
balance for nitrogen. Considering sources and
sinks of nitrogen, the mass balance used in the
calculations is given by:

N, = N, +N +N,+N, @.5)

dep
where:

N, = nitrogen leaching

N,. = denitrification

and biological fixation of N, is subsumed in the N|
term.

In this formulation of the critical load, the nitrogen
uptake, immobilization and leaching terms are the
values at critical load:

CLHH/(N) = Nu(f/'[f) + Nl(('!‘!f) + N/(m‘iH + Ndv (46)
where:

CL, (N) = critical load of nutrient nitrogen

N,y = critical nitrogen leaching

In order to calculate a critical load, the individual
terms in equation 4.5 have to be estimated. Estima-
tion methods for each of these terms are outlined
below.

4.2.3.1 Nitrogen uptake

The estimation of nitrogen uptake is based on the
minimum of critical and present uptake. Critical
nitrogen uptake is based on the nutrient limitation
concept, which implies that N, is dependent on
base cation weathering and deposition. The long-
term nitrogen uptake is defined as that uptake
which can be balanced by a long-term supply of
base cations. The critical uptake is calculated from
mass balances for the nutrient ions Mg, K, Ca and
P separately. The production of different ions due
to weathering can be calculated with a weathering
model such as PROFILE, from total analysis of the
soil, or estimated from soil type, parent material,
temperature, texture and soil wetness. Taking
deposition and weathering as the sources of these
nutrients, and uptake and leaching as the sinks, the
mass balance for the ion X becomes:

Xn(frif) = Xdup + qu - Q ’ [X]frit (47)
where:
X,y = critical uptake of element X

(X =Ca, Mg, K, P

X, = atmospheric deposition of element X

X, = production of element X from weathering

Q = water flux from the bottom of the rooting zone
(m’ ha' yr )

[X],, = limiting concentration for uptake of nutrient
X (eq m?)

The limiting concentration is the level at which
trees can no longer extract a nutrient from the solu-
tion. In the calculations, the limiting concentration
for Ca and Mg has been set to 0.005 eq m”, and to
zero for K and P (implying [BC],,;, = 0.01 eq m™).

From the critical base cation uptake, the correspon-
ding critical nitrogen uptake can be calculated from
the ratio between each cation and nitrogen in the
biomass:

. Ca”(U”’) , Mg“((rit) ) KI((U'“) , PII(U'”) (48)

xCu:N xM(Q:N xK:N xl’:N

wierity
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where:
N, ..., = critical nitrogen uptake
X, = ratio of nutrient X to nitrogen during uptake

(eq eq)

Nutrient ratios for the critical load calculations are
given in Table 4.1. If weathering of separate ions is
not available, then the total base cation weathering
and a base cation : nitrogen ratio (last column in
Table 4.1) can be used.

Table 4.1. Approximate nutrient ratios (eq eq’') for the
critical load calculations for preventing
long-term nutrient imbalances for three
major tree species.

Tree species XcaNn  XmgN  Xkw XN XBON
Norway spruce ~ 0.60 020 020 020 090
Scots pine 050 015 012 020 0.70

European beech 040 020 020 020 070

Note that these ratios are different from optimal
nutrient ratios.

Since tree growth may be limited not only by nutri-
ent, but also by other stress factors (e.g. water
availability), it is recommended to calculate nitro-
gen uptake as the minimum of the critical nitrogen
uptake (cf. equation 4.8) and the present uptake.
The nitrogen uptake used is thus the lower of eith-
er: (a) the limiting nutrient approach (at present,
tree growth is too fast and nutrients in the soil are
depleted by artificial or time-limited supply of
nutrients, mobilized from exchange sites by acid
deposition), or (b) the nutrient uptake approach
(nutrients are not limiting tree growth but other
stress factors, such as water availability, are).

4.2,3.2 Nitrogen immobilization

Nitrogen immobilization at critical load, N, , can
be approximated by the long-term, natural immo-
bilization of 2 to 5 kg N ha” yr' (142 to 357 eq ha
yr"), which is assumed to be net immobilization, in-
cluding fixation. Under present environmental
conditions with acidified soils, acid rain and high
growth due to elevated nitrogen deposition, immo-
bilization may be substantially higher.

4.2.3.3 Critical nitrogen leaching

At steady state with a balanced nutrient supply, the
nitrogen leaching should amount to the natural
leaching from nitrogen-limited stands. In these
calculations, N, ,, can have different values.

Relatively small concentrations of nitrogen in the
soil solution may be able to induce nutrient imbal-
ances in coniferous forest stands. When nitrogen
appears in significant amounts in the soil solution,
plant species composition of the forest or ground
vegetation may change. Lichen plant communities
lose ground to lingon (Vaccinium vitis idaea) and
heather (Caluna spp.) plant communities. These in
turn lose ground to blueberry (Vaccinium myrtillus)
type of ground vegetation, blueberry lose to grass,
grass lose to herbs. Nitrogen-tolerant tree species
may gain advantage over less tolerant species. The
maximum permitted leaching is approximated by
the water flux at the bottom of the root zone (i.e.
runoff rate) and the critical nitrogen soil solution
concentration:

Ny = Q- [N 4.9
where:

[N],, = critical nitrogen soil solution concentration
(eq m”)

Values for [N], for some vegetation changes are
given in Table 4.2.

4.2.3.4 Denitrification

Two methods to estimate denitrificatior. are pro-
posed in the following sections. The first uses a
kinetic equation, while the second uses a constant
denitrification fraction. In both methods,
denitrification is dependent upon nitrogen deposi-
tion, and thus changes as deposition changes.

Dynamic denitrification fraction

In this method, denitrification, N,., is calculated
with a kinetic equation based on a Michaelis-
Menten reaction mechanism (see Sverdrup and
Ineson, 1993):
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Table 4.2. Suggested limiting concentrations of N for inducing vegetation changes.

Change [N],;; in mg N 1" [N],,;; in eq m?
Coniferous trees — Nutrient imbalance <0.2 <0.0143
Deciduous trees — Nutrient imbalance <02-04 <0.0143 - 0.0276
Lichens — Cranberry <02-04 <0.0143 - 0.0276
Lingon — Blueberry <04-06 <0.0276 - 0.0429
Blueberry — Grass <1-2 <0.0714 - 0.1429
Grass — Herbs <3-5 <0.2143 - 0.3571

Constant denitrification fraction

k-(N, -N -N)
i L for N,,>N, +N,
= K+N,, -N, -N) An alternative function for denitrification is given
] (4.10) in de Vries et al. (1992):
0 otherwise

Where: fm ) (eru,r - Nu - Nl) lf Ndup > Nu ! Ni
k = denitrification rate coefficient N, = (4.15)
K = saturation coefficient (2900 eq ha™ yr™) 0 otherwise '

The rate coefficient k is a function of temperature,

. where f,, is the denitrification fraction. Note that in
soil wetness and pH:

both methods proposed, denitrification is assumed
to be zero (and N, + N, = N,,) when N, < N, + N,.

dep aep

k=k, - fT). g(w) - h(pH) 4.11)
where:

k, = kinetic rate constant (1710 eq ha™ yr™)

T = temperature (°C)

w = relative soil moisture saturation (©/0,)

pH = soil solution pH

In a European application (de Vries et ai., 1992), f,
has been related to soil type on the basis of data
given by Steenvoorden (1984) and Breeuwsma et al.
(1991), and proposed values can be found in Ap-
pendix III. Denitrification seems to be nearly negli-
gible in deeply drained sandy forest soils

The modifying functions f, ¢ and # are given by: (Klemedtsson and Svensson, 1988).

1 1
(D) =10 B B 7] (4.12)

4.2.3.5 Derivation of critical loads of nutrient
nitrogen
oty - 596w i 8
096 + w '
Using equations 4.5 for the steady-state mass bal-
h(pH) = 0.408- pH’ - 2.7808: pH + 5.15 (4.14) ance for nitrogen, and the calculation methods for
each of the input variables from Sections 4.2.3.1
Temperature and soil wetness can have a substan- through 4.2.3.4, a critical load of nutrient nitrogen
tial influence on the denitrification rate. When can now be derived, according to each of the two
including the pH dependence of the denitrification methods to estimate denitrification described above.
rate, more elaborate and iterative models have to be
used. Different acidity deposition levels will lead Dynamic denitrification fraction
to different soil pH, causing the critical load to
change with soil acidity. Therefore it is suggested Using the kinetic denitrification fraction in equation
to use pH = 5.0, leading to h(pH) = 1. 4.10, a critical load of nutrient nitrogen, CL, (N),

can be calculated by inserting equation 4.10 into
equation 4.6:
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CL

nut

(N) =

L T o
ulcrit) i(crit)

k ) (CLnuf (N) B Nu(frit) :
+
K+ (L _,(N)-N,

it

N‘(- ‘n)
e +N 4.16)

) Hcrit)

wleriny Y iterit)
Note that in this formulation of CL, (N), the N, is
the nitrogen uptake at critical load, i.e. N, and
the same holds true for N; and N,. Rewriting
equation 4.16 yields the following quadratic equa-
tion for CL, ,(N):

nit

(CLmlI(N) - Nu((‘rif) - Ni(m[) )2
+ 2a (CLnul(N) - sz(m‘l) - Ni(m‘[)) -b=0
where:

) and b = KN

Hcrit)

a =l(K—k—N
2

Hcrit)

And the solution of this equation gives the follow-
ing expression for the critical load of nutrient nitro-
gen:

CL (N) =N + N —a +ya*+b (4.17)

it w(crit) ierity

Constant denitrification fraction

From equation 4.5, and replacing the N, term with
the formulation from equation 4.15 and rearranging
the terms, one obtains the following equation for
the critical load of nutrient nitrogen:

CL (N) = N oy
t) 1 _ fd(’

.
et ilcrit)

(4.18)

4.3 Calculation of exceedances of critical loads

When calculating exceedances, both the acidifying
aspects of sulphur and nitrogen and the nutrient
(eutrophying) aspect of nitrogen have to be taken
into account. The acidifying aspect is considered
by the critical load of acidity.

4.3.1 Exceedances of the critical load of acidity

The exceedance of the critical load of acidity, Ex(A),
is obtained by subtracting the critical load from the
deposited acidity and the acidity produced by soil
processes:

Ex(A) = A, - CL(A)

soil
where:

A,,, = total acidity deposition

A, = total acidity produced by soil processes

Positive exceedance implies that there is too much
acidity deposited.

The atmospheric acidity input to the ecosystem is
defined as:

Adm = Sdup + Nr‘l('p - Bcdw (420)
where:
BC,,, = total non-marine base cation deposition

And the acidity produced by soil processes is given
by:
Asoil = BCH - Nu - Ni - Ndr (421)
where:

BC, = net uptake of base cations in the tree biomass

4.3.2 Exceedances of critical loads of acidifying
sulphur and nitrogen: current method

Exceedances of the critical loads of acidifying sul-
phur, Ex(S), and nitrogen, Ex(N), are defined as:

Ex(S) = S, + S+ (BC, - BCM) - CL(S) (4.22)
and:
Ex(N) = N, + (1 - Sf)- (BC, - BCM) — CL(N) (4.23)

Again, note that denitrification is neglected in the
current method.

Base cation deposition and uptake have been inclu-
ded in the calculation of the exceedances, and this
has led to some misinterpretation related to wheth-
er they had to be taken into account when com-
paring critical loads with modelled sulphur deposi-
tion. Therefore, these variables are currently added
to the critical loads to allow a direct comparison
with modelled deposition patterns due to various
emission reduction strategies. To distinguish these
new critical values from the critical loads defined
previously, they have been termed the critical
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deposition of sulphur and critical deposition of nitrogen,
respectively, and are defined as:

CD(S) = S;- (CL(A) + BC,,, - BC,) (4.24)
and:
CD(N) = Ny + Nigy + (1 = S;)- (CL(A)

+ BC,,, — BC,) (4.25)

dep

< BC,, BC

dep 14

Note that when BC
set equal to 0.

— BC, should be

dep

The exceedances are then simply given by:

Ex(S) = S,, - CD(S) (4.26)
and:
Ex(N) =N, - CD(N) 4.27)

dep

4.3.2.1 Summary of current method

To consider exceedances of sulphur and nitrogen
together, it is useful to introduce the notions of
minimum and maximum critical loads of sulphur
and nitrogen.

Substituting equations 4.20 and 4.21 (neglecting de-
nitrification) into equation 4.19, we obtain the ex-
ceedance, Ex(A), in terms of sulphur and nitrogen
deposition:

Ex(A) = S,, + N, - BC

- N:((‘)‘i#) - CL(A)

+ BCH - Nu(m't)

dep

(4.28)

The maximum critical load of one pollutant (either
sulphur or nitrogen) can be derived by solving
equation 4.27 for Ex(A) = 0 and setting the deposi-
tion of the other pollutant to zero. Thus, the maxi-
mum allowable sulphur deposition not causing exc-
eedance of the critical load is:

CL,..(S) = CL(A) + BC

max - BCI (429)

dep 4

Note that CL,,(S) is equal to the critical load of
potential acidity defined in Hettelingh et al. (1991).

The minimum critical load of nitrogen is equal to
uptake and immobilization:

CL (N) = Nu(rrif) + Ni(fri!) (430)

nin

The maximum critical load of nitrogen, CL,, (N),
not causing acidity exceedance can be calculated by

setting 5, = 0, and solving equation 4.28 for

Ex(A) = 0O:

CLmn.\'(N) = Nu(crit) + Ni(frr'f) + CL(A) + Bcdm - BCU
=CL,;(N)+CL, (S) (4.31)

max

Figure 4.1 depicts the relationship between actual

deposition, critical deposition and exceedance for a
hypothetical forest soil. The critical deposition of

sulphur and nitrogen, and consequently the critical
loads, for given values of S,,, and N, are obtained
by the intersection of the line of constant sulphur

fraction (defined by equation 4.3) passing through
(Ny, + S4) and the zero-exceedance line (thick line
in Figure 4.1). Taking a calculated value of CD(S)
and S; (= 0.7), CD(N) can be read from the figure.

dep

Sy
ep
600 & é\'
9 7
& ()
500+ o
o4
400F
Clmax(S)

cD(s)
200

/’Q"a

5f=0.1 -

100

, N
¥~ 500 B00 9P
N)+CL rax(S)

Clminl

Example showing the relationship between
sulphur and nitrogen deposition, critical
deposition and exceedance for a hypothetical
forest soil. The gray area indicates those
combinations of sulphur and nitrogen dep-
osition values which cause no exceedance.

Figure 4.1.

4.3.3 Exceedances of sulphur and nitrogen deposi-
tion: proposed method

The disadvantage of the current formulation of
critical loads (and critical deposition values) is that
they do not depend on ecosystem properties alone,
but also on the (current) deposition values, and
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therefore should be recalculated whenever the dep-
osition pattern changes. In addition, only the acidi-
fying aspect of nitrogen has been considered.

Based on recent workshops, methods for calculating
exceedances are suggested in the following sections
which address these shortcomings.

While the expressions for CL,,.(S) and CL, (N) (see
equations 4.29 and 4.30) remain the same in the
proposed method, CL,,,(N) changes due to the
inclusion of denitrification, using either of the

methods described previously in Section 4.2.3.4.

4.3.3.1 CL,, (N) using the dynamic denitrification
fraction

Beginning from the exceedance of acidity defined in
equation 4.19, and inserting equations 420 and 4.21,
and the denitrification term defined in equation
410, yields the following:

E‘X(A) = (Sdpp + Ndup - Bcdyp) + BCH B Nll(crif) B i(crity
ke"(N, -N _ -N_ )
B dep wcrity ilcrit) B CL(A) (432)
K+N

dep T Vyern Y ierin
In the same way as CL,,,(N) in section 4.2.3.5, the
maximum critical load of acidifying nitrogen which

will not lead to exceedance, is derived:

CLHM.\'(N) = Nu(crn‘) + Ni(crif) B E * E ’ " E (433)
where:
E - % (K h k B CLUI[L\'(S)) and E = K ’ CLI"ﬂX(S)

and CL

max

(S) is given by equation 4.29.

4.3.3.2 CL, (N) using the constant denitrification
fraction

From equations 4.17 through 4.20, and substituting
the N, term from equation 4.15, we obtain:

From this we obtain the maximum critical load of
acidifying nitrogen which does not cause an ex-
ceedance:

()]

HIY

CL (N) + —T—f-
" Jde

max

=N

o+
u{crit)

(4.35)

ilcrif)

The relationship between deposition and critical
loads, derived by the above formulations, are illus-
trated in Case 1 of Figure 4.2. The thick lines in the
figure indicate all possible pairs of critical loads of
sulphur and nitrogen, and the slope of the tilted
line is given by 1 — f,.

Sy Case 1
5007 =
=
1=
12
|
400} 12
12
S
8
a
300} 1
1
1
Clmax(S) :
200 !
1
]
1
10 !
I
1
]
2 L dep
10 200 300 400 | 500 600
Clmin(N) Clmax(N
s Case 2
dep
500 15
(=
=
i2
I
400} 2
3
10
18
300} I
i
]
Clmax(S) |
200 !
1
1
i
100 :
Clinin(S) 2
. . __JiN
400 500 800 9°P
ClipninN) Climax(N)

Figure 4.2. Relationship between sulphur and nitrogen
deposition and exceedance of acidity and
Ex(A) =(S,, +N, -BC, )+ (BCH =N, ™ N nutrient nitrogen for a hypothetical ecosys-
-~ f. '(Ndvp "N, N |- CL(A)  (434) tem. The gray area marks those deposition
values causing no exceedarnce.
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4.3.4 Illustration of proposed method including
the critical load of nutrient nitrogen

Using the dynamic denitrification fraction, the ex-
ceedance of the critical load of nutrient nitrogen is
defined as:

Exrmt(N) = Nm’p B

werity Y iterit)

k ) (Ndvp B N )

. K+ Ndﬂ],

t{crit) - ilcrit)

(4.36)

T ety
) Nu (crity

ifcrit)
and using the constant denitrification fraction, one
obtains:

ExzzuI(N) = Ndn'p -N

- fzh’ ! (Ndcp -

- Nm rit)
Nn(m‘//) -

w{crit)

Ni(fr'/t)) - Nl(rrzl) (437)

Considering nutrient nitrogen and acidity together,
two possibilities arise (see Figure 4.2):

Case 1: CL,(N)=CL
CL,,..(S):

max

(N) or, equivalently, N, =

max

In this case CL,,(N) is of no consequence and can
be ignored, and Ex(A) = 0 (defined by equations
4.32/4.34), is the only constraint on nitrogen (and
sulphur) deposition. This is shown in the upper
diagram in Figure 4.2 where it can be seen how
CL,,(N) is larger than the maximum nitrogen depo-
sition permitted within the critical load of acidity.
The exceedance function remains similar to that
shown in Figure 4.1.

Case 2: CL
CLWH,\’(S):

a(N) < CL, (N) or, equivalently, N, <

In this case CL, ,(N) limits the maximum allowable
nitrogen deposition. As shown in the lower dia-
gram in Figure 4.2, the line for N, = CL,(N) is
cutting off the line describing zero exceedance of

acidity.

dep

If Ny, < CL,,(S), then CL,, (N) is given by
CL,,(N) (calculated by equation 4.17/4.18), and a
minimal critical load of sulphur can be obtained by
solving the equations Ex, ,(N) = 0 and Ex(A) = 0

simultaneously:

Hax

it

CL,.(S) = CL(A) + BC

HHr

dep BCII - Nl(mi)
= CL,(S) = Ny

MHIX

(4.38)

All cases can be summarized in the following single
exceedance function for sulphur and nitrogen dep-
osition:

Sm*p B CLHW\ (S) fDI‘ Nzh'p s CLJ/H/I(N)

EA(A) fO}‘ Sd"/’ > CL””.”(S) (4 39)
Ex(S, Ny = and N, >CL,, (N)

Exzmi(N) fOV Sm'}r = Cme(S)

where Ex(A) and Ex, ,(N) are given by equations
4.32/4.34 and 4.36/4.37, respectively.

The above considerations show that, in general, it is
not possible to define a unique critical load of sul-
phur and nitrogen which depends on ecosystem
properties alone. Different combinations of sulphur
and nitrogen depositions are possible to achieve
zero exceedance. The thick line thus defines zero
exceedance for all combinations of sulphur and
nitrogen deposition; it has therefore been termed
the "exceedance indifference curve” of the ecosys-
tem.

4.4 Statistical procedures for mapping

The aim of this section is to describe how a single
critical load value and a single exceedance function
is obtained in an EMEP grid cell which contains a
variety of ecosystems. The principle is to construct
a cumulative distribution of critical loads and of
exceedance functions, respectively. This section is
based on earlier descriptions of the application of
cumulative distributions for the mapping of critical
loads (Hettelingh et al., 1991; Posch et ¢l., 1993b).

4.4.1 Mapping critical load values in an EMEP
grid cell

A cumulative distribution function (CDF), used to
describe the cumulative occurrence of an ascending
sequence of critical loads x; < ... <x, in an EMEP
grid cell, is detined as:

0 forx<xl

Fx) = | Y w,
k-1

1 for x > x,

for x < x < x, (4.40)

1
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where:

F(x) = the probability of a critical load being
smaller than x

w, = the weight assigned to critical load x;
Gg=1,.,n

The weight w; represents the "importance” of the
ecosystem with critical load x;. This importance
may reflect the area of an ecosystem or its intrinsic
value. Since many EMEP grid cells cover two (or
more) European countries, the critical load values
provided by these countries have to be merged to
obtain a single CDF for that grid cell. This requires
the rescaling of the weights which is done in the
following way: Let W,,..., W, be the weights of the
n critical load values of country 1, and W, ,, ...,

W .. those of country 2. If no weights are pro-
vided, we set W, =1/nfori=1, .., nand W, =
1/m for i=1, .., m. Further, let A, be the ecosystem
area of country k (k=1,2) in this grid cell (A, + A, =
A). 1f the ecosystem area is not known, A, is
assigned the total land area of country k in that
grid cell. The weights for the combined set of crit-
ical loads of countries 1 and 2 are then rescaled as:

AW :
- fori=1,..,n whereS =Y W,

- (4.41)
A S,

w =
!

and:

W m
S”” fori=1,..,m whereS,=Y"
> i=1

144

i

(4.42)

A‘?
w oo=__
A

With this procedure the weights w,, i=1, ..., n+m,
add up to 1 (100%). Finally the combined set of the
n+m critical load values is sorted in ascending
order to construct the combined CDF for that grid.
Note that the above procedure also covers the case
where ecosystems overlap, e.g. country 1 contains
forest soils with area F, other terrestrial ecosystems
with area T and groundwater with area G such that
F+T+G is larger than the grid cell area. In this case
A, is set equal to F+ T+ G. The generalization of
this rescaling scheme to three or more countries is
obvious and is just a matter of proper notation.

All ecosystems in a grid cell are protected by taking
the minimum critical load value in this cell. For
political reasons, but also to discard outliers, it has
been agreed to use a (low) quantile of the CDF F(x).
The gth quantile (0 < g < 1) is denoted by x, and is
the critical load satisfying F(x,) = 4. Taking the gth
quantile critical load protects a (1-g)th percentage

of the ecosystems. Percentiles are obtained by
scaling quantiles to 100, i.e. the pth percentile cor-
responds to the (p/100)th quantile.

4.4.2 Mapping exceedance functions in an EMEP
grid cell

The proposed methodology described in Sections
4.2 and 4.3 leads to an exceedance indifference
curve for each ecosystem in an EMEP grid cell.
The question arises how to construct a single ex-
ceedance indifference curve representative for that
grid cell. While percentiles have been used in the
case of individual critical load (exceedance) values,
the problem is more intricate for the proposed
methodology, since the exceedance indifference
curves do not necessarily allow a simple ordering,
i.e. it is not always obvious which of two ecosys-
tems is more sensitive than the other. For example,
one ecosystem might by very sensitive to sulphur
(low CL,,(S)), but — due to high denitrification —
not very sensitive with respect to nitrogen (high
CL,..(N)), whereas the opposite might be true for
another ecosystem.

Ideally, a single exceedance indifference curve for a
grid cell, Exp , derived from a set of individual
exceedance indifference curves, should have the
following properties: (a) it is monotonically decrea-
sing, i.e. the higher the deposition value the smaller
the function, and (b) if Ex, (S,,, Ny, ) <0 for a
given sulphur and nitrogen deposition, the same is
true for (100 — p) percent of the original exceedance
indifference curves, i.e. (100 — p) percent of the
ecosystems are protected. In other words, this
"percentile exceedance indifference curve” serves
the same purpose as does the percentile for a set of
critical load values.

However, as can be shown by examples, an exceed-
ance indifference curve fulfilling criterion (b) is not
necessarily monotonous, i.e. it violates criterion (a).
In addition, an algorithm for computing Ex, accord-
ing to criterion (b) in a finite number of steps is
difficult to formulate, and therefore one has to
resort to approximations. Furthermore, National
Focal Centers will submit only data on CL,,,(5),
CL,.(8), CL,. (N) and CL,,. (N) for describing the
individual exceedance indifference curves in a grid
cell (even in case a non-linear formulation for [e.g.]
denitrification had been chosen).

max
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Therefore the following simple approach will be
used by the CCE for computing the p-th percentile
exceedance indifference curve for a grid cell. Let,
CL,,. (S)(i=1, .., 1) be the set of n maximum

critical load values for sulphur in an EMEP grid

2o
e.g.

cell. Then simply the p-th percentile of that values
is computed by standard procedures; and the same
is done for CL,,(S), CL,,, (N)and CL,, (N). The

i 0% Clie, o (8), Claggy,
(N) and CL,,, ,(N), characterize the p-th percentile
exceedance indifference curve Ex,. When calcula-
ting this function, weights are taken into account in
the same manner as described in Section 4.4.1.

min Hax

four resulting values, CL

i, p

Figure 4.3 shows a 5-percentile exceedance indif-
ference curve on the EMEP grid computed from the
European data base at the CCE. Note that Figure
4.3 is only an example to illustrate the method, and
no conclusions should be drawn from the actual
values.

Case 1 in Figure 4.3 illustrates a 5-percentile ex-
ceedance indifference curve in each EMEP grid cell
in Europe when only acidification is considered.
CL,,.(N) (the intercept of the exceedance indiffer-

iy

TN N2 DM BANMNHN RV MNIFRITIN
AL L B o ol A0 £ —

500 1000
Ndap {ag/halyr)

ence curve with the N, axis) reflects the maximum
amount of nitrogen deposition which, assuming
sulphur deposition is zero, will not increase risk of
damage due to acidification. Similarly, CL,, (5)
(the intercept of the exceedance indifference curve
with the S, axis) applies to sulphur deposition
only. Where CL,, (N) and CL,,(S) are higher, eco-

systems are less sensitive to acidity, and the 5-per-

X miux

centile exceedance indifference curve connecting
these two values comprises a larger area. There-
fore, the area below the exceedance indifference
curve (i.e. the area of non-exceedance) in the illus-
tration is smaller in northern Europe compared to
southern and eastern Europe.

Case 2 (Figure 4.3) differs from case 1 in that criti-
cal load of nutrient nitrogen (see equation 4.36) is
considered. It is illustrated that the critical load of
nutrient nitrogen is lower than CL, (N) in nearly
all EMEP grid cells. The result for the 5-percentile
exceedance indifference curve is that the area of
non-exceedance is vertically cut off. This figure is
shown as an illustration only; it is expected that the

incorporation of national calculations could change
these results.

4] 500 1000
Ndeg (ag'halyr)

Figure 4.3. An illustrative example of a 5-percentile exceedance indifference curve for EMEP grids, using the
European data base. The figure on the left (Case 1) depicts the combined exceedance indifference curves
for sulphur and nitrogen. The right-hand figure (Case 2) includes consideration of CL,,(N), as described
in Section 4.3.4.
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4.5 Consequences of using the proposed nitrogen
method for soils on integrated assessment
modelling and future abatement policy

There are important consequences resulting from
the use of the proposed method to calculate critical
loads of nitrogen for soils. These are discussed
here, together with their implications for other
groups within the UN ECE.

Until now, using the sulphur fraction method, the
critical load of sulphur (derived from the critical
load of acidity and current net deposition levels of
sulphur and nitrogen) and, more recently, the criti-
cal sulphur deposition (which incorporates base
cation deposition), have been derived for use in
integrated assessment modelling. Single values of
these parameters (e.g. that protecting 95% of sensi-
tive ecosystems) were determined for each EMEP
grid square from the European critical loads map
data. These values, or values related to them (e.g.
2 x critical load), were then used by the integrated
assessment models as deposition values for the
optimization procedure. The sulphur fraction
approach has been the only method accepted with-
in the UN ECE for considering the acidifying
effects of sulphur and for deriving optimized strat-
egies for controlling sulphur emissions.

The proposed method for acidity and nitrogen
seeks to further develop and extend the sulphur
fraction approach. For this, it not only takes into
account the acidifying effects of both sulphur and
nitrogen simultaneously, but also considers nitro-
gen processes in soils which are dependent on the
deposition of nitrogen and sulphur. The method
can also take into account eutrophication effects
within the same calculations.

While details of the proposed methodology for
nitrogen are considered in previous sections, it is
easiest [o consider the consequences of using the
method by reference to simple examples. These
can demonstrate the usefulness of considering sul-
phur and nitrogen together and highlight circum-
stances where emission reductions of sulphur and
nitrogen may or may not benefit sensitive ecosys-
tems. The examples are considered in relation to a
simple sulphur/nitrogen exceedance indifference
curve, similar to that depicted in Figure 4.2 (case 2),
defined for all values of sulphur and nitrogen dep-
osition (Figure 4.4). No exceedance occurs within

the shaded ("protected") area which lies below the
exceedance indifference curve.
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Figure 4.4. Relationship befween the exceedance func-
tion and various sulphur (S1, S2) and nit-
rogen (N2) depositions.

The critical load of sulphur ranges between a maxi-
mum value, CL, (S}, which is the critical load of
acidity including base cation deposition less base
cation uptake, and a minimum value CL,, (5) (as
defined in Section 4.3.4). The critical load of nitro-
gen ranges between a minimum value CL,, (N)
which is based on the capacity of the ecosystem to
remove nitrogen (uptake, immobilization, denitrifi-
cation) and, by including nitrogen leaching, a maxi-
mum value CL_,.(N) which is equal to CL,,(N) as
defined in Section 4.2.3.

Example 1: A sulphur deposition, S, , is defined
which is greater than CL,,.(S), i.e. the critical load
is not achieved (Figure 4.4). To minimize exceed-
ance by reducing nitrogen alone, it is necessary to
reduce nitrogen deposition to CL,,,(N). Even with
this nitrogen reduction, the total critical load
(which is for acidity in this example) will still be
exceeded. Only when S, is reduced to become
equal to CL,, (5) is an exceedance of zero achieved.
When the sulphur reduction to CL,(S) is not
achieved, it is important to note that no further
benefits result from any reduction of nitrogen
below CL,,. (N); benefits can only be achieved by
further reducing sulphur deposition.

iy
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Therefore the following simple approach will be
used by the CCE for computing the p-th percentile
exceedance indifference curve for a grid cell. Let,
CL,,. (S)(i=1, .., 1) be the set of n maximum

critical load values for sulphur in an EMEP grid

2o
e.g.

cell. Then simply the p-th percentile of that values
is computed by standard procedures; and the same
is done for CL,,(S), CL,,, (N)and CL,, (N). The

i 0% Clie, o (8), Claggy,
(N) and CL,,, ,(N), characterize the p-th percentile
exceedance indifference curve Ex,. When calcula-
ting this function, weights are taken into account in
the same manner as described in Section 4.4.1.

min Hax

four resulting values, CL

i, p

Figure 4.3 shows a 5-percentile exceedance indif-
ference curve on the EMEP grid computed from the
European data base at the CCE. Note that Figure
4.3 is only an example to illustrate the method, and
no conclusions should be drawn from the actual
values.

Case 1 in Figure 4.3 illustrates a 5-percentile ex-
ceedance indifference curve in each EMEP grid cell
in Europe when only acidification is considered.
CL,,.(N) (the intercept of the exceedance indiffer-

iy
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ence curve with the N, axis) reflects the maximum
amount of nitrogen deposition which, assuming
sulphur deposition is zero, will not increase risk of
damage due to acidification. Similarly, CL,, (5)
(the intercept of the exceedance indifference curve
with the S, axis) applies to sulphur deposition
only. Where CL,, (N) and CL,,(S) are higher, eco-

systems are less sensitive to acidity, and the 5-per-

X miux

centile exceedance indifference curve connecting
these two values comprises a larger area. There-
fore, the area below the exceedance indifference
curve (i.e. the area of non-exceedance) in the illus-
tration is smaller in northern Europe compared to
southern and eastern Europe.

Case 2 (Figure 4.3) differs from case 1 in that criti-
cal load of nutrient nitrogen (see equation 4.36) is
considered. It is illustrated that the critical load of
nutrient nitrogen is lower than CL, (N) in nearly
all EMEP grid cells. The result for the 5-percentile
exceedance indifference curve is that the area of
non-exceedance is vertically cut off. This figure is
shown as an illustration only; it is expected that the

incorporation of national calculations could change
these results.

4] 500 1000
Ndeg (ag'halyr)

Figure 4.3. An illustrative example of a 5-percentile exceedance indifference curve for EMEP grids, using the
European data base. The figure on the left (Case 1) depicts the combined exceedance indifference curves
for sulphur and nitrogen. The right-hand figure (Case 2) includes consideration of CL,,(N), as described
in Section 4.3.4.
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4.5 Consequences of using the proposed nitrogen
method for soils on integrated assessment
modelling and future abatement policy

There are important consequences resulting from
the use of the proposed method to calculate critical
loads of nitrogen for soils. These are discussed
here, together with their implications for other
groups within the UN ECE.

Until now, using the sulphur fraction method, the
critical load of sulphur (derived from the critical
load of acidity and current net deposition levels of
sulphur and nitrogen) and, more recently, the criti-
cal sulphur deposition (which incorporates base
cation deposition), have been derived for use in
integrated assessment modelling. Single values of
these parameters (e.g. that protecting 95% of sensi-
tive ecosystems) were determined for each EMEP
grid square from the European critical loads map
data. These values, or values related to them (e.g.
2 x critical load), were then used by the integrated
assessment models as deposition values for the
optimization procedure. The sulphur fraction
approach has been the only method accepted with-
in the UN ECE for considering the acidifying
effects of sulphur and for deriving optimized strat-
egies for controlling sulphur emissions.

The proposed method for acidity and nitrogen
seeks to further develop and extend the sulphur
fraction approach. For this, it not only takes into
account the acidifying effects of both sulphur and
nitrogen simultaneously, but also considers nitro-
gen processes in soils which are dependent on the
deposition of nitrogen and sulphur. The method
can also take into account eutrophication effects
within the same calculations.

While details of the proposed methodology for
nitrogen are considered in previous sections, it is
easiest [o consider the consequences of using the
method by reference to simple examples. These
can demonstrate the usefulness of considering sul-
phur and nitrogen together and highlight circum-
stances where emission reductions of sulphur and
nitrogen may or may not benefit sensitive ecosys-
tems. The examples are considered in relation to a
simple sulphur/nitrogen exceedance indifference
curve, similar to that depicted in Figure 4.2 (case 2),
defined for all values of sulphur and nitrogen dep-
osition (Figure 4.4). No exceedance occurs within

the shaded ("protected") area which lies below the
exceedance indifference curve.
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Figure 4.4. Relationship befween the exceedance func-
tion and various sulphur (S1, S2) and nit-
rogen (N2) depositions.

The critical load of sulphur ranges between a maxi-
mum value, CL, (S}, which is the critical load of
acidity including base cation deposition less base
cation uptake, and a minimum value CL,, (5) (as
defined in Section 4.3.4). The critical load of nitro-
gen ranges between a minimum value CL,, (N)
which is based on the capacity of the ecosystem to
remove nitrogen (uptake, immobilization, denitrifi-
cation) and, by including nitrogen leaching, a maxi-
mum value CL_,.(N) which is equal to CL,,(N) as
defined in Section 4.2.3.

Example 1: A sulphur deposition, S, , is defined
which is greater than CL,,.(S), i.e. the critical load
is not achieved (Figure 4.4). To minimize exceed-
ance by reducing nitrogen alone, it is necessary to
reduce nitrogen deposition to CL,,,(N). Even with
this nitrogen reduction, the total critical load
(which is for acidity in this example) will still be
exceeded. Only when S, is reduced to become
equal to CL,, (5) is an exceedance of zero achieved.
When the sulphur reduction to CL,(S) is not
achieved, it is important to note that no further
benefits result from any reduction of nitrogen
below CL,,. (N); benefits can only be achieved by
further reducing sulphur deposition.

iy
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Example 2: Compared to Example 1, a lower sul-
phur deposition, S2, is defined. This sulphur depo-
sition is less than CL,, (S). Nitrogen now only
needs to be reduced to N2 to prevent exceedance of
total critical load. Furthermore, any further reduc-
tions of sulphur deposition will lead to relaxation
of the requirements for nitrogen reductions. Lower
sulphur depositions will permit higher nitrogen
deposition without exceeding the critical load.

Note that when sulphur is reduced below CL,,;(5),
no further increases in nitrogen deposition above
CL,,.(N) is possible without exceeding the critical
load. In turn, if nitrogen is reduced below
CL,,(N), then there is no additional benefit in
reducing sulphur below CL,, (S).

Eutrophication may still occur if sulphur deposition
is lower than CL , (S) and the critical load of acidity
is not exceeded; damage will always result from
nitrogen levels greater than CL,, (N). Indeed, it is
clear that no benefits will result from reducing sul-
phur below CL,,(S) since, in this region, only nitro-
gen makes a contribution to the total critical load.
Similarly, there are no additional benefits from
reducing nitrogen below CL,, (N), since below this
value the ecosystem can take up and immobilize all
nitrogen.

In practice, because of the interdependence of eco-
system processes upon nitrogen and sulphur depos-
ition, the shape of the exceedance indifference
curve is likely to be more complex. The critical
load for eutrophication will also vary by ecosystem
independently of the acidity critical load Gf the
acidity critical load is lower then eutrophication can
be ignored). A statistical treatment for summa-
rizing exceedance indifference curves which relate
to particular areas such as EMEP grids is therefore
required (see Section 4.4). However, the conseg-
uences will be the same as the ones described
above.

It is clear from the above discussion that future
consideration of nitrogen emission/deposition red-
uctions would benefit from taking account of ex-
ceedance indifference curves which combine the
effects of both nitrogen and sulphur deposition. In
this way it is possible to identify the combined
effects and exploit the potential for considering
alternative combinations of sulphur and nitrogen in
abatement strategies.

It is therefore recommended that the Task Force on
Integrated Assessment Modelling consider the
above consequences at an early stage in its deliber-
ations on nitrogen abatement. The proposed
method for nitrogen strongly supports the sugges-
tion that sulphur and nitrogen deposition should be
modelled together and indicates that this is best
done using exceedance indifference curves defined
for each EMEP square. In this way an optimized
approach for considering both sulphur and nitrogen
together may be possible.

The policy implications resulting from the work
suggested above would be a combined sulphur and
nitrogen protocol. While this has been suggested in
the past, it is only now that scientific knowledge
has advanced sufficiently to consider the feasibility
of such a policy.

Note that the sulphur fraction method which was
used until now, does not lead to critical loads of
sulphur which are incompatible with the range of
critical loads derived for the proposed method for
nitrogen. This can be seen by comparing the criti-
cal sulphur deposition (critical load including back-
ground variables) derived with the sulphur fraction
method with the proposed range of critical loads
(see Figure 4.1). Note from equations 4.24 and 4.29
that:

CD(S) = S;- CL

(5) < CL,,.(S) (4.43)

nmax
since S, < 1.

Therefore, scenario assessments to date (which have
used critical loads of sulphur) have produced
results which are included in the range of scenario
outcomes which are to be generated using the ex-
ceedance indifference curve approach.

Finally, it should be noted that in addition to the
critical load of nutrient nitrogen, other nitrogen-
limiting aspects can also be included within the
concept of the exceedance indifference curve. For
example, another nitrogen limitation can be in-
curred by NO, concentrations which are restricting
the formation of tropospheric ozone.

Such limiting NO, concentrations can be reflected
in nitrogen deposition results, which can be
graphed into the exceedance indifference curve as
well. Thus, the use of this curve to assess required
reductions of nitrogen-based deposition (NH; or

Calculation and Mapping of Critical Loads in Europe

CCE Status Report 1993




NO, ) and concentrations, would allow for the in-
vestigation of both direct (concentration-based) and
indirect (deposition-based) risks of ecosystem dam-
age. The investigation of synergisms between criti-
cal loads, levels, and effects provides a better
understanding of required pollution thresholds to
be estimated with respect to ecosystem protection.
A more synergetic approach of effects in the near
future would avoid scientific issues similar to those
introduced by the estimate of a separate critical
load of sulphur, which was subject to debate from
an ecological point of view.
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5. Data Processing and Mapping Procedures

P.A.M. de Smet and E. Heuvelmans'

5.1 Introduction

Producing European maps of critical loads (or criti-
cal deposition) consists primarily of applying a
simple model and integrating the results into one
map of critical loads for Europe. However, a num-
ber of incompatibilities must be addressed, such as:
(1) different geographic resolutions of national
input data and computation results, (2) source of
data for countries which did not submit data, (3)
the treatment of different ecosystems to obtain a
mixed map of ecosystem critical loads, (4) ensuring
comparability of EMEP deposition calculations to
allow for scenario analysis, and (5) the treatment of
national border areas. The objective of the data
treatment is to obtain one single map with a critical
load value in each EMEP grid cell.

This chapter provides a systematic description of
the different procedures necessary to produce a
single integrated map of critical loads on the EMEP
grid cell resolution. This resolution is required to
allow for comparison of EMEP-computed pollutant
deposition and critical loads in scenario analysis for
the support of the current UN ECE protocol negoti-
ations.

The process of mapping critical loads (as well as
critical deposition) on a European scale is described
in Figure 5.1. The rows (1 to 5) of Figure 5.1 depict
the steps required to process data submitted by
National Focal Centers (NFC’s) into a result to be
integrated in the European map of critical loads.
The columns (labelled A through E) in the figure
reflect the different cases of geographical resolution
at which data was made available to the CCE.

The result of combining steps 1 to 5 with cases A to
E is a matrix with results of the data operations
consisting of 18 different combinations (Figure 5.1).
Section 5.2 describes the treatment of each com-
bination in more detail.

1. Geodan B.V., Amsterdam, the Netherlands.

All combinations of data processing steps and
resolution cases converge into one cumulative dis-
tribution function (CDF) of critical loads in each
EMEP grid cell (Box 5.A-E in Figure 5.1). A CDF
provides information about the critical load value
which will protect a predetermined percentage of
ecosystems in each grid cell. A detailed description
of CDFs is provided in Section 5.3.

The 5 data processing steps depicted in the rows of
Figure 5.1 are summarized below:

Step 1. Data preparation consists of:

e importing national data bases into the CCE geo-
graphical information system (GIS) at the original
national resolution

o data interpretation (including NFC comments)

¢ checking data quality

¢ computing critical loads, critical deposition, and
other quantities as required

 contacting NFC’s for any clarifications necessary.

Step 2. Resolution conversion includes the trans-
formation of national data on ecosystem surface
areas into surface areas expressed as a percentage
of EMEP grid cells.

Step 3. Substitution of European background
data with NFC data: the result of this step is a data
base of EMEP grid cells, each of which are prov-
ided with a set of critical loads and related ecosys-
tem surface areas.

Step 4. Computation of CDF and percentiles: a
data base is created that contains critical load per-
centiles (ranging from 1 to 100) for each of approx-
imately 650 EMEP grid cells.

Step 5. Substitution of percentiles by NFC per-
centiles: Substitution of results obtained in Step 4
is necessary when a country submits only percentile
critical load values for each EMEP cell.
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A B C D E
Case European  NFC-  NFC- NFC- NFC-
background point subgrid LOLAgrid EMEP grid Resulting data base
Step data data data data data
A B C D E Raw input data base
1  Data preparation
\4 v
"Customized"
1.A 1B 1.C 1.D 1.E input data base
2 Conversion to EMEP
grid resolution
v v
EMEP grid resclution
2A 2B 2.C 2D 2E related data base
Substitution of
3 European background “«
data with NFC data v
EMEP grid resclution
3.A-D combined data base
4 Computation of CDF
and percentiles
v Intermediate
4.A-D percentile data base
: of Europe
Substitution of
) percentiles by <
NFC percentiles
v
Final percentile
5.AE data base of
Europe
Figure 5.1. The process of integrating national data into the European map of critical loads.

Each row describes a step of data conversion which is required to finally obtain an EMEP map
of critical loads (after step 5). The data bases resulting from each step are also listed. Each of
the 5 columns describes a geographical resolution at which NFC data were submitted.

The five cases depicted in the columns of Figure 5.1
are the following:

Case A. European background data: European
data bases were used for countries which did not
submit background data or critical load calcula-
tions. The sources for, and structure of, this data
base is described in Appendix VIL

Case B. Point data, sometimes including data on
the area to which the critical load value should be
applied.

Case C. National grid cell data which includes
varying combinations of critical load values and
related surface areas. Both the grid cell resolution
and the data provided for each cell vary, e.g.:

* one critical load value per national grid cell,
without surface area data;

* multiple critical load values and their related
area as a percentage of the national grid cell area;
¢ multiple critical load values and their related
area as a fraction of the national grid cell area, or
* multiple critical loads and their related area in
km? (or ha) for each national grid cell.
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Case D. Data provided for 1.0° longitude x 0.5°
latitude ("LOLA") grid cells with varying combina-
tions or grid resolutions, as in Case C.

Case E. EMEP grid cell data. A few NFC’s pro-
vide a single (or very few) critical load percentile
values for each EMEP cell.

Table 5.1 lists the sources and resolution of input
variables and critical load calculations for each
country.

5.2 Data cases and their processing

This section describes each combination of data
processing steps 1 to 5, and grid resolution (cases A
to E). The data processing starts with the European
background data bases (Case A) followed by the
national inputs (Cases B, C, D and E).

5.2.1 Case A: European background data

1.A Data preparation

The European background data base consists of a
resolution of 1.0° x 0.5° longitude/latitude (LOLA)
grid cells.

The data are first imported into the GIS and critical
load software of the CCE. Critical loads and other
quantities are then calculated, according to the
Mapping Vademecum and the guidelines contained
in Chapter 4 of this report.

2.A Resolution conversion

The LOLA grid cells contain critical load values
and related surface area percentages for all ecosys-
tems in the cell. A cross-section of the LOLA grid
cells with the national areas and with EMEP grid
cells (i.e. LOLA-nation-EMEP cross-section) is then
created. The critical load value for each ecosystem
and its surface area in the cross-section is stored
separately in the data base. Substitution of national
contributions takes place on the basis of this cross-
section.

All the ecosystem areas in the cross-section are
recalculated as percentage of the EMEP cell area.
The conversion function applied is:

A
Ep _ o pp 5.1)

EMEP A LOLA
EMED

where:

EP,,.» = ecosystem surface area of a LOLA cell as a
percentage of the EMEP cell area (%)

A, o1 = area of LOLA-nation-EMEP cross-section
(km?)

Apuip = area of EMEP cell (km?)

EP,, . = ecosystem surface area of a LOLA cell as a
percentage of the LOLA cell area (%)

3.A Substitution of European background by NFC data
Since Case A pertains to instances where no
national data have been submitted, this step is
unnecessary for Case A.

4.A Computation of CDF and percentiles

This step finalizes the data treatment required for
each of the cases A through D, leading to a data
base of cumulative distributions for each EMEP
grid cell. Section 5.3 describes the computation of
CDFs in more detail.

5.A Substitution of percentiles by NFC percentiles
Since Case A pertains to instances where no
national data have been submitted, this step is
unnecessary for Case A.

5.2.2 Case B: National point data

1.B Data preparation

The spatial distribution of data points throughout
the nation is generally irregular. Some countries
deliver several critical load values for each point, as
more than one receptor type is monitored at that
point (e.g. watershed sites). Each value is stored
separately in the data base.

The national point data is then imported into the
CCE software and GIS environment. The coord-
inates of point data from NFC’s sometimes lead to
a few points being assigned in neighboring coun-
tries or in the sea. The CCE reassigns these points
to the nearest national territory which is repre-
sented by the NFC which submitted the data.

2.B Resolution conversion

National point data may or may not include infor-
mation of the surface area for which each data
point is applicable. Thus, two different methods
are used:
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Table 5.1. Sources and resolution of input variables and critical load calculations for each country.

The letter codes in the table refer to the cases A through E depicted in Figure 5.1, and listed below. The
table summarizes the data used for the critical loads data produced for the new sulphur protocel.

Country N, N; Q BC,, BC, BC,' Sf? CL(A)® CL(S)® CD(S)?
Albania A A A A A A A* A* A% A¥
Austria C A C C C C C* C Cx Cx
Belgium A A A A A A A* A¥ A* A*
Bulgaria* D A A A D* A D* D* D* D*
Czech Republic® A A A A A A A* D D* D*
Denmark C A C C C C C* C Cx C*
Finland B B B B B B B B B B
France* D A D A D A D* D* D* D*
Germany C C C C C C c* C C C
Greece A A A A A A A* A* A¥* A*
Hungary A A A A A A A* A* A* A*
Ireland A A A A A A C E E* E*
Italy A A A A A A A* A* A* A¥
Luxembourg A A A A A A A* A* A* A*
Netherlands C A C C C C Cx* C C c*
Norway D A A A D A D* B* B* B*
Poland C A C C C C C C C c*
Portugal A A A A A A A* A* A* A*
Romania A A A A A A A* A* A* A*
Russian

Federation® D A A D D D E E E E*
Slovakia® A A A A A A A* D D* D*
Spain A A A A A A A* A* A* A*
Sweden B B A B B B B* B B* B*
Switzerland C C A A C C C C C C
United Kingdom E A A A E A E E E* E*
Yugoslavia’ A A A A A A A* A* A* A¥
Key:

A = No national data submitted; European background data used.
B = National point data submitted.

C = National data submitted on sub-grid resolution.

D = National data submitted on LOLA grid resolution.

E = National data submitted on EMEP grid resolution.

* = Values calculated by the CCE.

Notes:

1. Several countries derived their base cation deposition data from the EMEP program. Some countries
submitted data on total BC,, while other submitted data for only wet deposition of base cations. A total
base cation deposition value is derived from the data on wet base cation deposition from the EMEP pro-
gram. (See also Figure A2.3 in Appendix IL)

2. The 50 percentile of national N, data is used to derive S; when no national S; data was submitted. When
no national N, and S, data were submitted, the value for S, has been calculated from the European back-
ground data base.

3. For countries which did not submit calculated critical loads or critical depositions, these values were

derived by the CCE from the national data wherever possible.

Submitted some modifications to European background data base.

Territory of the former Czech and Slovak Federal Republic.

Territory of the European part of the former USSR.

Territory of the former Yugoslavia.

N Ve
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(a) For point data without corresponding infor-
mation on related surface areas:

As this information is required for computing
CDFs, it is assumed that all points are equally dis-
tributed throughout the nation and represent an
equal area portion of the EMEP cell. An area is
assigned to each point for each ecosystem ex-
pressed as a percentage of the EMEP cell. The
ecosystem area is computed as a percentage of the
cross-section between an EMEP cell (j) and a
country (O):

A 1

EMNA,C,j |

nc//

EP =

EMEP

-100 %

(5.2)
EMEP

where:

Aguna c,; = area of nation C in EMEP cell j (km?)

nc; = number of data points in nation C and EMEP
cell

(b) Points with data on surface area:

Some countries which submit ecosystem data as
points, also include an area weight factor for each
EMEP grid cell. The factor expresses the ecosystem
area represented by the point, as a ratio of the total
area of all the points in the national territory of the
involved EMEP cell.

To compute the ecosystem area as percentage of the
EMEP cell for each point, the following conversion
is performed:

First, the absolute surface area for each ecosystem
point is computed:

ZUC,/,i

"n
)
E uc,,‘/;
i1

(5.3)

C i AEMNA,C, i

where:

we, ; ; = area weight factor for ecosystem point i of

nation C in EMEP cell j
W, ,; = total ecosystem surface area at point 7 in
nation C and EMEP cell j (km?).

Subsequently, W, , ; has to be converted to percen-
tages related to the EMEP cell area:

W.
S 100 %

EMEP

EP

(5.4)

EMEP T

where:

Apyep = area of EMEP cell j (km?)

EPep = ecosystem surface area as a percentage of
the total area of EMEP cell j (%)

3.B Substitution of European background data by NFC
data

For countries which did not submit national data,
the European background data are replaced with
the NFC point data that are prepared according
Steps 1.B and 2.B.

4.B Computation of CDF and percentiles

This step finalizes the data treatment required for
each of the cases A through D, leading to a data
base of cumulative distributions for each EMEP
grid cell. Section 5.3 describes the computation of
CDFs in more detail.

5.B Substitution of percentiles by NFC percentiles
Since Case B pertains to instances where national
point data have been submitted, this step is un-
necessary for Case B.

5.2.3 Case C: National data on a subgrid
resolution

1.C Data preparation
The size of the national grid cells has to be known.

National Focal Centers submit data with varying
combinations of critical load values and the ecosys-
tem areas. The data consist of coordinates for the
national grid cells, the grid cell size, and critical
load data itself, in one of the following formats:

(@) One critical load value for each national grid
cell, without surface area data;

(b) Multiple critical load values and their related
area as a percentage of the national grid cell area;
(c) Multiple critical load values and their related
area as a fraction of the total national grid cell area;
(d) Multiple critical load values and their related
surface area in km” (or ha) for each national grid
cell.

The CCE links the coordinates of the national grid
cell (i.e. lower left corner) point) uniquely to one
EMEP grid cell (or one EMEP-nation cross-section).

2.C Resolution conversion

Each combination (a) to (d) requires a specific con-
version routine to establish ecosystem percentages
related to the EMEP cell area (or EMEP-nation
cross-section area):
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(a) One critical load value in each national grid
cell, without surface area data:

When no ecosystem surface area data is available, it
is assumed that the critical load value is represen-
tative for the entire national grid cell. The conver-
sion of the national grid cell area into a percentage
related to the involved EMEP cell area is as follows:

A(Ull

EPI:‘MI;‘P = -100 % (5.5)
EMEP

where:

A, = total area of the national grid cell (km?).

(b) Multiple critical load values and their related
area as a percentage of the total national grid cell
area:

When critical loads and their ecosystem area is
available as a percentage of the national grid cell,
the conversion to an area expressed as a percentage
of the EMEP cell area is as follows:

EP = EPU'H ) Au’[[ (5 6)
EMEP - i .
AL‘MEI’
where:
EP,, = ecosystem surface area as a percentage of

the national grid cell area (%)

() Multiple critical load values and their related
area as a fraction of the total national grid cell area:
When critical loads and their ecosystem surface
area is available as a fraction of the national grid
cell, the conversion to a surface area expressed as a
percentage of the EMEP cell area is as follows:

First, the fraction is modified to a percentage of the
national grid cell area:

EP_, = EF., - 100 % (5.7)
where:
EF,, = ecosystem surface area as a fraction of the

national grid cell area

Subsequently, the conversion proceeds according to
equation 5.6.

(d) Multiple critical load values and their related
surface area in km? (or ha) for each national grid
cell:

When data on critical loads and their related eco-
system area is available in km® (or ha) for each
national grid cell, the conversion to a surface area

expressed as a percentage of the EMEP cell area is
as follows:

First, the absolute area size is modified to a percen-
tage of the subgrid cell area:

celt

EP A 100 %
= —" 4 (5.8)
Ar‘v”
where:
A,., = ecosystem surface area in the national grid

o

cell (km?).

Subsequently, the conversion proceeds according to
equation 5.6.

3.C Substitution of European background data by NFC
data

For the nations of concern the European back-
ground data are replaced with the NFC grid data
that are prepared according Steps 1.C and 2.C.

4.C Computation of CDF and percentiles

This step finalizes the data treatment required for
each of the cases A through D, leading to a data
base of cumulative distributions for each EMEP
grid cell. Section 5.3 describes the computation of
CDFs in more detail.

5.C Substitution of percentiles by NFC percentiles
Since Case C pertains to instances where national
subgrid data have been submitted, this step is un-
necessary for Case C.

5.2.4 Case D: National data on a longitude-
latitude resolution

1.D Data preparation

Importing the data base into the GIS and critical
load software of the CCE; the data base consists of
a resolution of 1.0° x 0.5° longitude/latitude
(LOLA) grid cells.

Some NFC’s provided the CCE with a modified
version of the European background data base as
far as considered the national territory.

Critical loads and other quantities are then calcu-
lated, according to the Mapping Vademecum and
the guidelines contained in Chapter 4 of this report.
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2.D Resolution conversion

Generally, the LOLA grid cells contain critical load
values and related surface area percentages for all
the ecosystems in the cell. When only one critical
load value, without ecosystem surface area data, is
provided for each LOLA cell, the value is assumed
to be representative for the entire national territory
within the LOLA cell.

For conversion of the ecosystem surface area to the
EMEP cell area refer to Step 2.A.

3.D Substitution of European background data by NFC
data

For the nations of concern the European back-
ground data are replaced with the national LOLA
data that are prepared according Steps 1.D and 2.D.

4.D Computation of CDF and percentiles

This step finalizes the data treatment required for
each of the cases A through D, leading to a data
base of cumulative distributions for each EMEP
grid cell. Section 5.3 describes the computation of
CDFs in more detail.

5.D Substitution of percentiles by NFC percentiles
Since Case D pertains to instances where national
data have been submitted on the LOLA grid, this
step is unnecessary for Case D.

5.2.5 Case E: National data on the EMEP grid
resolution

For Case E, the NFC data can be divided into two
categories:

(a) NFC data consisting of critical load classes and
the area (as percentage of the EMEP grid cell)
applied to each class;

(b) NFC data consisting of one (or very few) per-
centile critical load values for each EMEP grid cell.

The national data of category (a) and especially
category (b) do not fit very well in the concept of
computing critical load values for a full range of
percentiles (1-100%), since a full CDF can not be
computed.

1.E Data preparation
Category (a): critical load classes submitted with
the area for each EMEP cell applied to each class

The area percentages must be cumulated in order
to fit into the final percentile data base that results
from Step 5.E.

Category (b): One percentile critical load value for
each EMEP cell:

Only one (or a few) percentile(s) are submitted.
Each value can directly be used for maps which
display the critical loads at the percentiles which
have been submitted.

2.E Resolution conversion
No conversion is needed for category (a) or (b).

3.E Substitution of European background data by NFC
data

Step 3.E, contrary to steps 3.B, 3.C and 3.D, will
never be performed. Instead, substitution of
national critical load percentiles for categories (a)
and (b) is performed in Step 5.E after Steps 1 to 4
for Cases A to D are conducted.

4.E Computation of CDF and percentiles

Since Case E pertains to instances where only
percentile data have been submitted, this step is
unnecessary for Case E.

5.E Substitution of percentiles by NFC percentiles
Substitution of national percentile critical loads for
categories (a) and (b) is performed only after Steps
1 to 4 for Cases A to D:

Category (a): critical load classes submitted with
the area for each EMEP cell applied to each class:

The national percentile critical loads, derived in
Step 1.E from the critical load classes, are sub-
stituted into the data base with the computed per-
centiles for the entire European area (data base 4.A-
D).

Category (b): One critical load percentile for each
EMEP cell:

The CCE can only substitute the submitted critical
load percentile values (one per EMEP cell) into the
final data base, as other percentiles are not avail-
able. From the point of view of data treatment this
substitution is not consistent with the substitutions
performed on the other four data cases. Problems
arise if two nations share the same EMEP cell and
the first nation submits a large number of ecosys-
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tem critical load values for that cell but the second
country submits only one critical load percentile
value for the same cell. The critical load percentile
values derived from the CDF based on the large
number of data of the first country overrules the
reliability of that single percentile critical load value
submitted by the second country.

5.3 Cumulative distribution functions

To describe the relationship between critical loads
and ecosystem surface area, cumulative distribution
function (CDF) of critical loads of an EMEP grid cell
is introduced.

5.3.1 Percentile critical loads

The CDF provides information about the critical
load value at which a predetermined percentage of
ecosystems will be protected in each EMEP cell.
The predetermined percentage is known as the
percentile critical load.

Percentiles for both EMEP cells and EMEP-nation
cross-sections can be derived at the CCE. The per-
centiles for EMEP cells are used for the integrated
European critical load maps. The percentiles for
the EMEP-nation cross-sections are used to compile
critical loads maps of each country separately,
based on national data inputs.

Percentile critical loads are computed in two ways:
(1) as a percentage of the total EMEP cell area (or
EMEP-nation cross-section area), and (2) as a per-
centage of the total ecosystem area within an EMEP
cell (or EMEP-nation cross-section). Section 3.2
describes the advantages and disadvantages of each
of these two approaches. The following section
describes the computation of the CDFs and percen-
tiles in more detail.

5.3.2 Computation of CDFs related to the total
EMEP cell area

As discussed in the previous sections of this chap-
ter, all available national data are converted to the
EMEP grid resolution. When an EMEP cell con-
taining national borders includes one or more

nations that contributed national data, only the sub-
mitted national data is used to compute cumulative
distributions for that EMEP cell.

Figure 5.2 shows an example of a set of critical Joad
data for an EMEP cell and its derived CDF. The
critical loads of acidity are represented on the hori-
zontal axis, and the cumulative percentages are
represented on the vertical axis.

The hypothetical data used to calculate this CDF
are shown in Table 5.2, which lists critical load val-
ues (column 1), the ecosystem surface areas as a
percentage of the surface area of the EMEP grid cell
(column 2), and the cumulative percentage of eco-
system surface areas (column 3).

Table 5.2. Hypothetical example of criticai load data for
one EMEP grid cell, illustrated in Fig. 5.2.

critical load

value ecosystem cumulative

(eq ha™ yr?) percentage percentage
452 13 13
748 8 21
1175 6 27
1493 6 33
1782 5 38
1855 14 52
2450 21 73

Figure 5.2 and Table 5.2 show that the ecosystems
in this EMEP grid cell have critical loads ranging
from 452 to 2450 eq ha™ yr', and cover a total of
73% of the EMEP grid cell surface area. The most
sensitive ecosystem covers 13% of the EMEP grid
area, and the least sensitive ecosystem covers 21%.

The lowest critical load in this EMEP cell (452 ha
yr'') is assigned to all percentiles lower than the
percentage of the area covered by the most sen-
sitive ecosystem (Figure 5.2, section A).

The highest critical load in this EMEP cell (2450 ha
yr') is assigned to all percentiles higher than the
percentage of the area covered by the least most
sensitive ecosystem (Figure 5.2, section C).

Critical loads which exceed the minimal critical
load but are smaller than the maximum critical load
can be computed at any percentile by means of
linear interpolation (figure 5.2, section B).
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Figure 5.2. Example of a cumulative distribution function for critical loads related to the total EMEP ceil area.

5.3.3 Computation of CDFs related to the total
EMEP-nation cross-section area

The procedure described in section 5.3.2 is also
applied for the cross-section of an EMEP cell with
the area of a nation. This procedure results in
separate data bases of critical load percentiles for
the EMEP-nation cross-sections for each nation.
These results have been used for NFC verification
of CCE data treatment.

5.3.4 Computation of CDFs related to the total
ecosystem area in each EMEP grid cell

The CDF and the percentile critical loads related to
the total ecosystem area in an EMEP cell are com-

puted by rescaling the percentile of the highest
critical load to 100% and rescaling all the other
cumulative percentages accordingly:

P
_ i, EMET . 100 % (59)

max, EMEP

i, ven

where:

P, .., = cumulative ecosystem percentage related to
the total ecosystem surface area of the EMEP cell at
ecosystem i.

P; yp = cumulative ecosystem percentage related
to the total EMEP cell area at ecosystemn i

P,.. emep = cumulative ecosystem percentage related
to the total EMEP cell area at the maximum nation-

al critical load value

The cumulative distribution function from Figure
5.2, after rescaling, is shown in Figure 5.3.

Calculation and Mapping of Critical Loads in Europe

CCE Status Report 1993




Rescaling means that 100% of the ecosystem surface
area is chosen as the basis for the computation of
percentiles. Thus, the 73% is rescaled to 100%.

The minimum critical load of 452 now applies to
18% of the total ecosystem area in the grid cell.

The horizontal axis represents critical loads of acid-
ity. Cumulative percentages before and after res-
caling are represented on the left-hand and right-
hand side of the vertical axis respectively. Note
that rescaled percentages have been rounded in
Figure 5.3.

Cumulative percentage

5.3.5 Computation of CDFs related to the total
ecosystem area per EMEP-nation cross-
section

The rescaling of the cumulative percentages of the
total EMEP-nation cross-section area into cumulat-
ive percentages of the total ecosystem area for each
EMEP-nation cross-section is computed in a similar
manner to the procedures described in Section 5.3.4.

P
= MV 100 % (5.10)

max, EMNA

i, eco

where:

P, pyna = cumulative ecosystem percentage related
to the total EMEP-nation cross-section cell at eco-
system i

P,.. emna = cumulative ecosystem percentage related
to the total EMEP-nation cross-section cell at the
maximum national critical load value

"original” CDF

related to all ecosystem | related to total
areas per EMEP cell (%) | EMEP cell area (%)
Q---0 o—©O
rescale
4—_
100% — 100% —
73% —
69% — \
52% | 500, —
45% —| \
37% —| \ 38% —
\ 33% —
29% — \ 27% —
21% —
18% —
TS 39
0% | 0%

0

| | | l

500 1000 1500 2000 2500
Critical loads for actual acidity
(eg/ha.yr)

Figure 5.3. Example of a cumulative distribution function of critical loads of acidity related to the total EMEP cell
area (solid line) and related to the total ecosystem areas in the cell (dotted line).
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5.4 Conclusions and final remarks

This chapter described how a wide variety of NFC
data types were processed at CCE to obtain a map
of European critical loads on an EMEP resolution.
Although efforts have been made to harmonize
data submissions (Vademecum, CCE workshops) a
_great variety of data types had to be treated at
CCE. This situation was satisfactory in a time
period where CCE and NFC’s initiated collabor-
ation. However, in order to increase quality in-
surance and keep the current and future CCE data
base manageable, NFC data will have to meet re-
quirements which are the same for all participants.
Therefore, at the Madrid CCE workshop in March
1993 (see Appendix VI, specific guidelines for data
submission were agreed upon for the upcoming
critical loads mapping activities.
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6. Preliminary Uncertainty and Sensitivity Analysis of Computed Critical

Deposition of Acidity in Europe

].-P. Hettelingh and P. Janssen'

6.1 Introduction

This chapter describes the influence of the uncer-
tainty of input variables of the Steady-State Mass
Balance Model (§5MB) on the critical deposition of
acidity computed for Europe. In general, reliability
of predicted output variables such as critical depo-
sition of acidity can be affected by:

* errors in data: Data measurements have been at
the basis of critical load computations to an extent
which varies over European contributors; some
European nations did not contribute with measured
data (see Chapter 5).

¢ model structure: the model principle was simi-
lar over most of Europe, but an adaptation was
made to the model structure for high-precipitation
areas and for watersheds.

¢ the numerical treatment of data: the numerical
treatment involved aggregation of resolutions (see
Chapter 5) to obtain critical load estimates on an
EMEDP grid cell resolution.

Uncertainty in this chapter is understood in a
probabilistic sense, following Beck (1987). This
means that erroneous assumptions or distributions
of errors associated with observed or estimated
quantities are regarded as random events which
influence the variability of the computed critical
deposition of acidity. The implication is that fur-
ther differentiation of the SSMB approach to incor-
porate other processes, e.g. detailed ecological
behavior, is not considered as a viable means of
evaluating the current SSMB results. The reason is
that the formulation of a more detailed model, if
appropriate in the first place, would demand exper-
imental observations throughout Europe which are
currently not available nor technically feasible.
Therefore, uncertainty analysis on model structure
has not been performed.

Treating uncertainty in a probabilistic sense leads to
Monte Carlo analysis to be a suitable instrument to
investigate variability of computed critical dep-

1. Center for Mathematical Methods, RIVM.

osition of acidity. This instrument has become
common over the past two decades in environ-
mental modeling in general (see for an overview
Hettelingh, 1989, pp. 5-16 and 49-68) and on large
regional scales in particular (see also Hettelingh et
al., 1992b). Monte Carlo analysis is a technique to
repeatedly run a model using random numbers
which are sampled from the data ranges to which
each of the input variable values are restricted.

An exhaustive description of methods and techni-
ques including computer codes for sampling from
statistical distributions related to Monte Carlo can
be found in McGrath et al. (1973), McGrath and
Irving (1973a, 1973b), Gardner et al. (1983) and,
based on the latter, at RIVM (Janssen ef al., 1992).
The Monte Carlo method as developed further at
RIVM has been used to perform a preliminary
investigation of the critical loads uncertainty as
computed for Europe by means of the Steady-State
Mass Balance model.

6.2 Applying Monte Carlo analysis using Latin
Hypercube sampling on three regions in
Europe

Monte Carlo analysis is performed on the equation
for the computation of the critical deposition of
acidity which, as described in Chapter 4, implies
the critical load of acidity including background
variables:
CD(A) = BC

- BCH + Nu + Ni(mt) + CL(A) (61)

dep
CL(A) is computed as described in Section 3.1.

Note that the sulphur fraction has not been in-
cluded in the analysis, in order to focus on ecosys-
tem variables only.

The analysis was performed for critical loads com-
puted in Europe as a whole, northern Furope (lati-
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tudes 55.5° to 70°) , middle Europe (latitudes 45" to
55 and southern Europe (latitude 35° to 44.5°).
Europe has been divided into three regions to
reflect the general geographical impression of criti-
cal loads being low in northern Europe and rather
high in southern Europe. The exact latitudes at
which Europe was divided were chosen arbitrarily.

The European data base for deciduous and conifer-
ous forest soils (European background data; see
Chapter 5) was used. Critical load computations
for fresh waters in northern Europe were not inclu-
ded in this study for reasons of simplification and
the fact that preliminary results are described else-
where (Johansson and Janssen, 1993). The reason
for not using national data in this preliminary anal-
ysis is that not all countries provided required
background data. Therefore, the preliminary analy-
sis described in this chapter does not provide
insight in the uncertainty which might possibly be
attributable to the differences by which national
data were obtained and submitted to CCE (see
Chapter 5).

Monte Carlo analysis using Latin Hypercube samp-
ling, which ensures that each of the input variables
is sampled efficiently and equally well over its
entire range (see Hettelingh, 1989, pp.63-64), was
applied with the software package UNCSAM (Jans-
sen ¢f al., 1992) using a variety of distribution func-
tions for the input variables in each of the three
regions and total Europe. The input variables
which are independent of the type of forest are
base cation weathering (ANC,), base cation deposi-
tion (BC,,, ), the gibbsite constant (K, ) and base
cation to aluminum ratio (BC: Al). Input variables
which were distinguished for deciduous and conif-
erous forests respectively are: runoff (Q,., Q... ),
base cation uptake (BC, ., BC .., ), and nitrogen
uptake (N, » Ny )- The shape of the distribu-
tion functions was rigorously tested against actual
distribution statistics for each of the variables. The
type of distribution function, the mean, standard
deviation, minimum and maximum value of the
data ranges for each of the input variables is given
in Tables 6.1 to 6.4 for southern, middle, northern
and total Europe respectively. Monte Carlo analy-
sis consisted of (1) taking 500 samples from these
data ranges by means of Latin Hypercube sam-
pling, (2) an uncertainty analysis describing the im-
portance of each of the input variables for the vari-
ability of the critical deposition of acidity, and (3) a
sensitivity analysis which gives an indication of the

percentage change of the critical deposition for
acidity when the input variables are changed by 1%
relative to their mean values. Correlation between
input variables were not considered in this analysis.

The importance of each of the input variables for
computed critical deposition for acidity is expressed
as the contribution of each input variable to the
coefficient of determination (R?. The coefficient of
determination is computed by applying linear
regression treating the critical deposition for acidity
as the dependent variable and the input variables
ANC,, to the BC: Al ratio as the independent vari-
ables (sample size = 500).

Table 6.1. Specification of distribution functions and
data ranges in southern Europe for the input
variables used in SSMB.

Standard

Name Type' Mean Dev. Min Max.
ANC,, nor 5302 4119 279 10000
Q... log 139 185 1 1962
Q.. log 197 217 18 2254
BC,, nor 859 619 116 2047
BC,.,, nor 261 142 0 564
BC,,, nor 588 233 0 928

e mor 278 151 0 600
N,.,  nor 518 206 0 817
Ko tri 59558 - 300 950
BC:Al log 1 1.2 0.1 10

1. nor = normal; log = log-normal; tri = triangular;
lun = log-uniform.

Table 6.2. Specification of distribution functions and
data ranges in middle Europe for the input
variables used in SSMB.

Standard

Name Type' Mean Dev. Min Max.

ANC,, lun 2632 3050 187 10000
Q.. log 117 181 19 1743
O, log 182 210 20 2006
BC,, log 668 384 38 1964
BC,., log 269 138 0 854
BC,., log 552 212 0 1006
Ny, log 287 147 0 909
N, log 486 187 0 886
K o tri 59558 - 300 950
BC:Al log 1 1.2 0.1 10

1. nor = normal; log = log-normal; tri = triangular;
lun = log-uniform.
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Table 6.3. Specification of distribution functions and
data ranges in northern Europe for the input
variables used in SSMB.

Standard

Name Type' Mean Dev. Min  Max.

ANC,, log 1699 2966 158 10000
Q.. log 201 271 12 2144
Q.. log 287 292 12 2418
BC,,, log 321 195 52 939
BC,., nor 220 112 6 508
BC, 4.  nhor 482 254 13 924
N, log 167 100 4 479
N nor 329 195 7 749
K tri 595.58 - 300 950
BC:Al  log 1 12 0.1 10

1. nor = normal; log = log-normal; tri = triangular;
lun = log-uniform

Table 6.4. Specification of distribution functions and
data ranges in total Europe for the input
variables used in SSMB.

Standard

Name Type' Mean Dev. Min Max.

ANC, lun 2950 3526 158 10000
Qoon log 156 227 11 2144
Qe log 229 254 12 2418
BC,,, log 555 434 52 2047
BC, i  DoOr 247 130 0 854
BC,.,., nor 529 238 0 1006
Neom nor 234 142 0 909
Noeer nor 425 211 0 886
Ko tri 595.58 --- 300 950
BC:Al  log 1 1.2 0.1 10

1. nor = normal; log = log-normal; tri = triangular;
lun = log-uniform

It should be noted that distribution types were
conjectured to match the mean, minimum and
maximum values which were extracted from the
European data base for each of the input variables
in the sub-regions. For most of the variables a
satisfactory result was obtained. For base cation
weathering it was more difficult to specify a dis-
tribution function reflecting the standard deviation
from the European data base appropriately. This
might lead to an underestimation of the importance
of ANC,, in the computation of the critical deposi-
tion for acidity.

6.3 Results

Table 6.5 shows which of the input variables
contributes most to the uncertainty, i.e. the variance
of the critical deposition for acidity.

The contribution of ANC,, to the uncertainty of the
critical deposition for acidity is most important in
each of the three regions. In southern and middle
Europe 93% or more of the uncertainty is explained
by variation of ANC,, for both coniferous and dec-
iduous forest soils. In northern Europe importance
of ANC,, is decreasing explaining 89% and 87% of
the uncertainty of critical deposition in coniferous
and deciduous forest soils respectively.

Next, the variability of Q and BC,,, contribute most
to the uncertainty of critical deposition for acidity.
This is generally true for all European forest soils
except in northern European deciduous forest soils
where nitrogen uptake (N, ) takes over the, minor,
role of BC,,. Northern Europe also distinguishes
itself from the other two regions by a more striking
importance of Q in comparison to BC,,, .

Finally, note that the variability of K, and BC: Al
is of insignificant importance in the critical load
assessment. The results with respect to ANC,, and
Q are consistent with an uncertainty analysis focus-
sing on a different regional breakdown (de Vries et
al., 1992).

The result of a sensitivity analysis is provided in
Table 6.6, which shows that the computed critical
deposition for acidity of coniferous forest soils will
change by 0.79%, 0.71% and 0.67% due to a 1%
change of ANC,, in southern, middle and northern
Europe respectively. The changes are slightly less
with respect to deciduous forest soils (0.78%, 0.68%,
and 0.60%, respectively).

In southern and middle Europe BC,,, is contribut-
ing more to critical deposition sensitivity than in
northern Europe where Q takes over. Note that Q
is more sensitive for computed critical deposition of
deciduous forest soils in comparison to coniferous
soils, the latter for which BC,,
Also note the relative importance of N, in middle,
northern and total Europe.

is more sensitive.
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Table 6.5. Uncertainty contributions of the input variables to the critical deposition for acidity computed for southern,

middle, northern and total Europe (in percent).'

southern middle northern total
coniferous deciduous coniferous deciduous coniferous deciduous coniferous deciduous
ANC,, 94 93 94 94 89 87 93 93
Q 3 4 2 3 8 9 3 4
BC,, 3 2 1 1 1 0 2 1
N, 0 0 0 0 0 1 0 0
BC, 0 0 0 0 0 0 0 0
K 0 0 0 0 0 0 0 0
BC:Al 0 0 0 0 0 0 0 0
R’ 1 99 .99 .98 98 .99 .99

1. percentages have been rounded.

Table 6.6. Absolute sensitivity contributions of a 1% change relative to the mean of the input variables to the critical
deposition for acidity computed for southern, middle, northern and total Europe (in percent).'

southern middle northern total
coniferous deciduous coniferous deciduous coniferous deciduous coniferous deciduous
ANC,, 0.79 0.78 0.71 0.68 0.67 0.60 0.71 0.68
Q 0.06 0.08 0.09 0.12 0.19 0.23 0.11 0.14
BC,, 0.14 0.12 0.18 0.14 011  0.05 0.15 0.11
N, 0.04 0.07 0.08 0.12 0.06 0.12 0.07 0.11
BC, - 0.04 - 0.06 - 0.06 - 0.08 -006 -0.05 - 0.06 - 0.07
K ~001  -0.02 ~ 002 - 004 ~ 006 - 0.06 - 003  -0.04
BC:Al 0.00 0.00 0.00 0.00 -0.01 -0.02 0.00 - 0.01

1. percentages have been rounded.

Finally, it has been observed that the results on
overall variability as proposed in Table 6.5 and 6.6
generally hold when an analysis is focused on the
5-percentile critical deposition for acidity.

It is estimated that data on ANC,, and Q may vary
by 50% and 25% respectively, compared to actual
rates (de Vries, pers. commun.; see also de Vries,
1992) for a few areas in Europe. Q may be under-
estimated in central Europe, whereas BC,, may be
overestimated in Southern Europe, but in general,
estimates of these variables are reasonably reliable.
However, taking the results of Table 6.6 into ac-
count, the effect of inaccurate estimates of ANC,, in
southern Europe may be that the currently com-
puted critical deposition for acidity in southern
Europe is about 39% too high. Underestimation of
Q might imply a current underestimation of the
critical acid deposition in parts of central Europe in
a range of 2% to 3%.

Also, data on base cation deposition needs to be
improved. It is currently not clear how well BC,,
model inputs are consistent with real data. A bet-
ter understanding of the convolution of natural and
anthropogenic sources of BC,,,, including the effect
of SO, abatement techniques, is required in order to
improve the assessment of the uncertainty of criti-
cal deposition of acidity.

6.4 Conclusions and final remarks

Uncertainty analysis described in this chapter was
limited to the critical deposition for acidity applied
to three broadly defined parts of Europe using data
from the European data base. The conclusion of
ANC,, Q and to some extent, BC,,, being most
important variables is not surprising and consistent
with other, independent, findings. The current
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knowledge of the quality of the data for the two
variables does not lead to pessimism about the
reliability of the critical deposition computation
results which were used for designing alternative
abatement strategies by the Task Force on Integ-
rated Assessment Modelling. Current knowledge
about the quality of the data for base cation deposi-
tion needs to be improved.

Further work with respect to uncertainty analysis
will have to include:

e computations of critical loads, critical deposi-
tion and exceedances: with the upcoming necess-
ity for a renewed nitrogen or acidification protocol
it is necessary to apply uncertainty analysis to the
results of the methodology applied in Chapter 4.

e national data: The application of European data
was appropriate because of its consistency through-
out Europe. However, it may be of interest to
perform uncertainty analysis on national computa-
tions using national data. This would provide
insight in the extent to which the reliability of
results provided to CCE would vary over countries.

* regions with specific characteristics: The divis-
ion of Europe into three distinct parts was obtained
in a rather arbitrary way using the general indic-
ation of increased sensitivity of northern eco-
systems in comparison to southern ecosystems as a
guideline. Extending the analysis to include
regions with very specific characteristics (e.g. very
high precipitation, very high weathering, many
watersheds) may allow for the identification of
areas in Europe for which homogenous character-
istics can be formulated (cf. Hettelingh et al., 1992b).
This could allow for targeted improvements of
either data or computation methodologies.

* regions where other methodologies for the
critical load computations were applied: In some
parts of Europe critical loads have been computed
with SSMB for watersheds. A few other countries
used the so-called "Level 0" method to assess criti-
cal loads. Data treatment at National Focal Centers
and data submission to the Coordination Center for
Effects also show variation over Europe (see Chap-
ter 5). These distinct approaches may lead to speci-
fic uncertainties.

* specific ecosystem characteristics: A recent
report by Sverdrup (1992) gives a thorough over-
view of BC : Al ratios for many species. Although

the current uncertainty analysis did not reveal
significant importance of the BC: Al ratio for the
computation of the critical deposition for acidity,
the inclusion of other than forest soils may become
important. This is especially true as the critical
loads/level methodology will include other pollut-
ants and other than indirect effects.

o improved exchange of data, measurements and
other research results obtained under the conven-
tion of LRTAP: Exchange of data and research
results have been intensified between research
participants of the Convention on Long-range
Transboundary Air Pollution (LRTAP). Future
activities will increase the exchange of compatible
data of ecosystem characteristics between ICP’s,
NFC’s and CCE. The computation and mapping of
critical loads may benefit from measurement pro-
grams conducted by ICP’s to assess reliability of
critical load computations. On the other hand,
reliability of assumptions made by the critical load
mapping community to accommodate for specific
policy requirements (e.g. the application of a sul-
phur fraction based on 1990 deposition) also re-
quires evaluation of other programs under the
LRTAP convention. Intensified collaboration of
EMEP and CCE will enhance applicability of com-
puted critical loads for the assessment of current,
future or, more recently, historical air quality. A
recent analysis by the EMEP program with respect
to the relationship between historical (1880) dep-
osition and critical loads (Mylona, 1993) needs
further attention. In this study, the use of a critical
load of sulphur using a sulphur fraction based on
1990 sulphur and nitrogen deposition, and a cur-
rent estimate of base cation deposition, to assess
historical exceedances, needs to be addressed care-
fully.
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7. Conclusions and Recommendations

J.-P. Hettelingh, R.J. Downing and P.A.M. de Smet

7.1 General conclusions

The European critical loads mapping activities
conducted for the LRTAP Convention of the UN
ECE have progressed notably in recent years. The
concept of designing pollution control measures
with the aim of protecting the most sensitive eco-
systems led to the creation of the Task Force on
Mapping and Coordination Center for Effects to
implement these concepts on a European scale.

The methods used to produce the sulphur critical
loads maps in this report are the result of an ex-
tended process of collaborative deliberation among
a large number of scientists across Europe. These
procedures were first assembled in the Mapping
Manual produced by the Task Force on Mapping in
1989, and further elaborated in a Mapping Vade-
mecum. Many recent developments have resulted
from numerous workshops organized to achieve
scientific consensus on the methods, data, and as-
sumptions used in the mapping activities. The
resulting maps of critical loads reflect the current
state of scientific knowledge concerning the sen-
sitivity of forest soils and surface waters in Europe.

The proposed methods outlined in Chapter 4 to
calculate critical loads and exceedances of nitrogen
and sulphur simultaneously allow both the iden-
tification of combined effects and the consideration
of alternative combinations of sulphur and nitrogen
deposition in abatement strategies which do not
lead to exceedances (the exceedance indifference
curve).

It is therefore recommended that the Task Force on
Integrated Assessment Modelling consider the
above consequences at an early stage in its deliber-
ations on nitrogen abatement. The proposed
method for nitrogen strongly supports the sugges-
tion that sulphur and nitrogen deposition should be
modelled together and indicates that this is best
done using exceedance indifference curves defined
for each EMEP square. In this way an optimized
approach for considering both sulphur and nitrogen
together may be possible. In addition, the effect of

other nitrogen-limiting aspects (e.g. ozone) can be
assessed using the exceedance indifference curve.

The critical loads work conducted to date has been
used as the basis for assessing European sulphur
emission reduction strategies within the UN ECE
Convention on Long-range Transboundary Air
Pollution. It is expected that this method will be
applied for future international agreements under
the Convention.

The policy implications resulting from the methods
described in this report would support the develop-
ment of an acidification protocol. While this has
been suggested in the past, it is only now that
scientific knowledge has advanced sufficiently to
consider the feasibility of such a policy.

7.2 Preliminary conclusions from the sensitivity
analysis

The initial sensitivity analysis described in Chapter
6 identified ANC,,, Q and to some extent, BC,,
being most important variables which influence the
calculation of critical loads in three broadly defined
areas of Europe. The conclusion of is not sur-
prising and consistent with other, independent,
findings. The current knowledge of the quality of
the data for the two variables does not lead to
pessimism about the reliability of the critical depo-
sition computation results which were used for the
formulation of alternative abatement strategies by
the Task Force on Integrated Assessment Model-
ling. Current knowledge about the quality of the
data for base cation deposition needs to be im-
proved.

Further work with respect to uncertainty analysis
will have to include:

¢ computation methods for critical loads, critical
depositions, and exceedances

e the use of national data in European critical load
calculations

e examination of regions with specific characteris-
tics (e.g. high-precipitation areas)
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e regions where other methodologies for the
critical load computations were applied:

* specific ecosystem characteristics, and

* improved exchange of data, measurements and
other research results obtained under the conven-
tion of LRTAP.

Discussions between the CCE and the various Inter-
national Cooperative Programs which conduct
monitoring and assessment programs for a variety
of ecosystems and receptors, have begun and will
continue. Efforts will be made to use the compre-
hensive data bases developed by the programs to
the maximum extent practicable.

7.3 Future activities

The guidelines contained in Chapter 4 of this report
will serve as the basis for beginning the process of
examining the effects of two pollutants, sulphur
and nitrogen, simultaneously. It is expected that
future critical loads maps will address:

¢ additional ecosystem types

e critical levels (air concentrations)

* synergisms between and among pollutants

* temporal aspects of exceedances (i.e. damage
time lags)

¢ continued quality control of methods and data

A CCE workshop to be held in early 1994 will
review progress on implementing the mapping
guidelines, and discuss future work. The first Eur-
opean critical loads maps for both sulphur and
nitrogen will be produced and circulated for review
in 1994.

In addition, a number of international workshops
have been held recently to address issues concer-
ning the calculation and mapping of critical levels
for ozone. Possibilities for inclusion of ozone in the
assessment of combined effects described in Chap-
ter 4 will be investigated in 1994.
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List of Mathematical Notation and Acronyms

A, = area of the national grid cell (km?*)

A,, = total acidity deposition

A,, = ecosystem surface area in the national grid cell (km?)
Apyep = area of EMEP cell (km?*)

Apyna, ¢, = area of nation C in EMEP cell j (km?)

A, 4 = area of LOLA-nation-EMEP cross-section (km?)
A, = total acidity produced by soil processes

ACyyny = critical leaching flux of acidity

AP, ., = critical aluminum leaching

Alk,, = alkalinity leaching

dep

ANC,,, = acid neutralizing capacity consumed by maximum acceptable alkalinity leaching at critical load

ANC,;,, = ANC threshold

ANC,, = ANC produced by weathering

[BC],” = original sea-salt corrected base cation concentration
(BC:Al),;, = critical base cation : aluminum ratio

BC, = base cation availability

BC,c0; = weathering influenced by reaction with carbonate minerals
BC,,, = total non-marine base cation deposition

BC, ., = weathering influenced by exchangeable base cations in soil
BC,, = growth uptake of base cations

BC, = limiting concentration for uptake of base cations

BC,, = base cation leaching

BC,,iny = minimum base cation leaching

BC, = net uptake of base cations in the tree biomass

BC,, = base cation weathering

BC, = weathering of other soil minerals

BC,, = wet base cation deposition

C, = hydrothermal coefficient

CD(N) = critical nitrogen deposition

CD(S) = critical sulphur deposition

CL(A) = critical load of acidity

CL(Ac,,) = critical load of actual acidity

CL(Ac,,) = critical load of potential acidity

CL(N) = critical load of nitrogen

CL(P) = critical load of phosphorus to avoid an alteration of trophic level
CL(S) = critical load of sulphur

CL,,..(N) = maximum critical load of nitrogen

max

CL,,.(S) = maximum critical load of sulphur

CL,,(N) = minimum critical load of nitrogen

CL,,.(S) = minimum critical load of sulphur

CL,,,(N) = critical load of nutrient nitrogen

C,, = coefficient of nitrogen uptake by vegetation

EF,, = ecosystem surface area as a fraction of the national grid cell area

EP,, = ecosystem surface area as a percentage of the national grid cell area (%)

EP,,,» = ecosystem surface area of a LOLA cell as a percentage of the EMEP cell area (%)
EP, ., = ecosystem surface area of a LOLA cell as a percentage of the LOLA cell area (%)
f = fraction of forested land in a catchment area

FW = water flux (m’ ha yr)

h = elevation (m)

H",,. = critical hydrogen leaching

k = denitrification rate coefficient

K = saturation coefficient (2900 eq ha™ yr")

k, = kinetic rate constant (1810 eq ha™ yr")

K, = gibbsite coefficient (m°eq?)

ne; = number of data points in nation C and EMEP cell j

dep

act
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[N],,;, = critical nitrogen soil solution concentration
N,, = denitrification

N, = nitrogen deposition

N.,, = export of organic nitrogen out of the catchment
N, = net immobilization of nitrogen in the root zone
N, = critical nitrogen immobilization

N,, = growth uptake of nitrogen

N, = nitrogen leaching

N, = critical nitrogen leaching

Nyune = critical nitrogen leaching to avoid surface water eutrophication

Nume = actual nitrogen mineralizing capacity of soils

N, = in-lake retention of nitrogen

N,, = total nitrogen deposition

N, = net uptake of nitrogen in the tree biomass

N,y = critical nitrogen uptake

P. = critical phosphorus concentration to subdivide trophic levels

pH = soil solution pH

P, .., = cumulative ecosystem percentage related to the ecosystem area of an EMEP cell at ecosystem i
P, runa = cumulative ecosystem percentage related to the total EMEP-nation cross-section cell at ecosystem i
P, mep = cumulative ecosystem percentage related to total EMEP cell area at ecosystem i

P, tuna = cumulative ecosystem percentage related to the total EMEP-nation cross-section cell at the
maximum national critical load value

P emep = cumulative ecosystem percentage related to the total EMEP cell area at the maximum national
critical load value

py = in-lake nitrogen retention

ps = in-lake sulphur retention

Q = water flux from the bottom of the rooting zone (m” ha™ yr")

r = lake : catchment area ratio

S4, = sulphur deposition

S,s = in-lake retention of sulphur

t = period of water exchange (yr)

T = temperature (°C)

w = relative soil moisture saturation (0/0,)

w, ; ; = area weight factor for ecosystem point i of nation C in EMEP cell §
W ; ; = total ecosystem surface area at point i in nation C and EMEP cell j (km?)
W, amen = Weathering rate of base cations on the whole path (not only rooting zone) percolated by the runoff

Xgen = ratio of cations to nitrogen in exported biomass
[X],, = limiting concentration for uptake of nutrient X

X, = atmospheric deposition of element X

X, onpy = critical uptake of element X (X = Ca, Mg, K, P)

X, = production of element X from weathering

Xy = ratio of nutrient X to nitrogen during uptake (eq eq™)
Y = nitrogen mineralizing capacity

z = average depth of water bodies (m)

Acronyms:

CCE = Coordination Center for Effects

CDF = cumulative distribution function

EMEP = Cooperative Program for Monitoring and Evaluation of the Long-range Transmission of Air
Pollutants in Europe

GIS = geographic information system

LOLA = longitude-latitude

LRTAP = (Convention on) Long-Range Transboundary Air Pollution
NFC = National Focal Center

SSMB = Steady-State Mass Balance model

TFIAM = Task Force on Integrated Assessment Modelling

TFM = Task Force on Mapping

UN ECE = United Nations Economic Commission for Europe
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APPENDIX I. National Focal Center Reports

AUSTRIA

National Focal Center/Contact:
Dipl. Ing. Wolfgang Spangl

Federal Environmental Agency
Spittelauer Lande 5

A-1090 Vienna

Collaborating Institutions/Contacts:
Dipl. Ing. Wolfgang Schopp
International Institute for Applied
Systems Analysis
Schlofiplatz 1
A-2361 Laxenburg

Dr. Markus Knoflacher

Austrian Research Center

Dept. of Environmental Planning
A-2444 Seibersdorf

Andreas Kovar

Institute for Analytical Chemistry
Technical University Vienna
Getreidemarkt 9/151

A-1060 Vienna

A. Critical Loads of Acidity

Receptor mapped:

Forest soils.

Calculation method:
Steady-state mass balance method.

Grid size:

2.75 x 2.75 km; approximately 11,000 receptor
points, nearly 8000 of which are (partially) covered
by forest.

Data sources:

Geographical: A number of regional parameters
are required to determine the critical load for a
given ecosystem. To date the following data bases
have been identified as being useful for the model
purpose:

e The inventory of soil types in Austria based
upon Fink (1978).

 Geological data extracted from the "Geological
Map of Austria” from the Austria Atlas.

* Soil types according to FAO classifications have
been derived by overlaying the above-mentioned
maps.

e Forest data have been taken from the "Austrian
Forest Inventory 1971-80" on a 2.75 x 2.75 km grid.
* Precipitation patterns have been estimated on
information provided by the Technical University
Vienna (Behr, 1989).

 Evapotranspiration has been estimated by apply-
ing empirical relationships between altitude and
evapotranspiration in the Alpine regions (Baum-
gartner ef al., 1983).

lon deposition: Due to its orography, major local
variations in acid deposition occur throughout
Austria. Therefore, data on acid deposition had to
be derived on a small scale for all of Austria. Rele-
vant information is available from the Institute for
Analytical Chemistry at the Technical University
Vienna (Kovar et al., 1991). However, in order to
derive the local deposition from the EMEP-
computed average grid deposition the following
approach has been developed:

Wet deposition: The measured sulphur and nitro-
gen concentrations in precipitation were spatially
interpolated and superimposed on a map of local
precipitation, This precipitation maps was based on
measurements and a digital surface model. Within
this project, the described method has been tested
and compared with the measured deposition at
some EMEP measuring sites.

Dry deposition: The measured concentrations of
air pollutants in rural areas have been spatially
interpolated. Using empirical exponential func-
tions, the altitude was taken into account in the
calculations. Based on this regional distribution,
dry deposition has been calculated with the aid of a
velocity factor.
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Occult deposition: Because of the lack of meas-
urements, deposition loads from fog and clouds in
forest are estimated by adding 50% of the wet dep-
osition values to total deposition (Kovar ¢t al.,
1991).

Evapotranspiration: Data from Baumgartner et al.
(1983) has been corrected for deciduous (+240 mm
yr') and coniferous (+120 mm yr™') forests; for
northward-oriented slopes (+67.5° from the north)
with an inclination larger than 30%, a 30% lower
evapotranspiration rate has been assumed. The
corrections were adapted with a constant value so
that the total water balance for Austria did not
change.

Runoff: For slopes with an inclination larger than
30%, a surface runoff of 20% of the precipitation
has been assumed. The runoff used in critical load

calculation is therefore reduced by that amount.
Runoff values are then checked to ensure that they
are always positive.

Soil characteristics: The procedure for deriving
soil characteristics applicable to the suggested
modelling approach was discussed at an inter-
national expert meeting held at IIASA in spring
1990. The results of this meeting not only influ-
enced the design of this study, but have directly
been incorporated into the Mapping Vademecum
(Hettelingh and de Vries, 1991).

Table Al.1 is based on the guidelines in the Map-
ping Vademecum. Data were checked and adapted
for Austria together with Assistant Prof. Solar from
the Universitat fiir Bodenkultur, Vienna. This table
enables the derivation of the model input data for
soil characteristics from the available soil map.

Table A1.1. Soil characteristics in Austria.

Soil Type Code Class

Lithosol a. Kalk Eutric Lithosols Ie 488 10

Lithosol a. Kalk Eutric Lithosols Ie 488 1 >1500m a.s.l.)
Lithosol sonst. Dystric Lithosols Id 493 2

Regosols Calcaric Regosols Rc 312 3

Rendsina (alpin) Orthic Rendzinas Eo 160 6

Rendsina (alpin) Orthic Rendzinas Eo 160 1 (>1500m a.s.l.)
Rendsina sonst. Rendzinas E 168 2
Parabraunerde Orthic Luvisols Lo 327 4

Schwarzerde Chernosem Ch 678 4

Braunerde a.K. Eutric Cambisols Be3 3 10

Braunerde sonst. Dystric Cambisols Bd1 320 1

Braunlehm, Rotlehm Eutric Cambisols Bel 319 4

Reliktboden a.K. Eutric Cambisols Be2 316 5

Reliktboden sonst. Dystric Cambisols Bd2 2 3

Podsol Orthic Podsol Po 570 1

Pseudogley + Rel. Pg. Gleyic Luvisols Lg 705 5

Semipodsol Leptic Podsols Pl 559 1
Paratschnernosem Luvic Phaeozems HI 39 3
Feuchtschwarzerde Haplic Phaeozems Hh 676 2

Hochmoore Dystric Histosols Od 959 0

Niedermoore Eutric Histosols Oe 955 0

Aubdden, grau Eutric Fluvisols Je 996 10

Aubdden, braun Dystric Fluvisols Jd 998 3

Gleye a. Kalk Eutric Gleysols Ge 972 10

Gleye sonst. Dystric Gleysols Gd 707 5
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Since comprehensive soil motoring is currently
being undertaken in Austria, a later stage of the
project will test, improve or partly replace this
preliminary table with more precise information.

The values for the various weathering classes in
this table are based on the report of the workshop
on "Critical Loads for Nitrogen and Sulphur” held
in Skokloster, Sweden (Nilsson, 1986). In order to
reflect the very thin organic soil layers in high
alpine regions — with in fact very little contact to
the calcareous bedrock material — a very slow
weathering rate was assumed for these soil types in
altitudes above 1500 m above sea level (Stohr ef al.,
1989; see Table A1.1).

Biomass uptake: Biomass uptake of base cations
and nitrogen can be estimated based on the canopy
type by multiplying the annual biomass increment
(from Nilsson and Sallnds, in press) with the proper
element contents (from de Vries, 1988; see Table
A1.2). These data are available for trees in areas
with moderate (or low) concentrations of elements
in soil. At very high or very low concentrations of
base cations or nitrogen in soil water, ad ditional
process become important, that may lead to system-
atic errors. In order to provide consistency for low
concentrations, the computed potential uptake has
been checked against the availability of nutrients in
the soil. The base cation input minimum value was
assumed as 50 (rather than 100) eq ha™ yr, which
seems more appropriate for Austrian conditions.

Table A1.2. Data on element contents in trees for Austria.

Forest Stem

increment  density Stem Content % Branch Content % Ratio
Species (m® ha'! yr") (kg m?®) N Ca Mg K N Ca Mg K Br/Stem
Scotch pine 5.0 490 0.11 0.09 0.02 0.05 040 024 005 020 0.15
Douglas fir 8.9 410 0.08 0.05 0.01 0.05 031 050 0.06 0.26 0.10
Norway spruce  10.0 450 0.10 012 002 0.06 057 034 007 037 0.15
Oak 7.0 740 0.19 020 005 013 037 050 005 0.19 0.38
Beech 7.0 860 0.13 0.09 0.03 0.09 044 027 0.03 0.16 0.23
Coniferous 10.0 500 010 0.08 002 0.05 035 035 005 025 0.15
Deciduous 7.0 700 0.15 010 0.04 0.10 045 050 0.05 020 0.20

B. Critical Loads of Eutrophication

Receptors mapped:
Forests and natural non-forest areas

Calculation method:
Steady-state mass balance and expert knowledge

Grid size:

2.75 x 2.75 km; approximately 11,000 receptor
points, nearly 8000 of which are (partially) covered
by forest.

General approach:

Due to the development of guidelines for the com-
putation and mapping of critical loads and exceed-
ances of sulphur and nitrogen, preliminary calcula-
tions of critical loads of eutrophication were made.
From literature on field investigations and experi-
mental results it is known that nitrogen reactions

are highly variable, depending on dynamical char-
acteristics of several environmental factors. Until
now it is not possible to estimate ranges and prob-
abilities of relevant data over large areas in Austria.
Therefore it was decided to employ robust formulas
for calculating critical loads of forest area. For
ecosystems other than forest areas, only fixed
values based on recommendations from the Loke-
berg workshop were used. Because the ranges of
the Lokeberg values are conditioned by uncertain-
ties, in most cases median values were used.

Definition of receptors:

The same grid structure as for acidification was
used to define and calculate eutrophication. It is
therefore simple to combine acidification data with
eutrophication data by geographical area. The pre-
dominating ecosystem in each 2.75 x 2.75 km grid
unit was defined. To reduce the risks of secondary
effects in alpine regions, lateral transport between
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ecosystems were considered. Due to this relation-
ship, the following ecosystems were classified
because of their influences on other ecosystems:

* bare rocks, because of possible influences on
alpine vegetation at lower elevation levels; and

* glaciers, because of possible influences on small
alpine lakes.

Critical loads for these two ecosystems were
defined similar to the critical loads of influenced
ecosystems (Table A1.3).

Table A1.3. Critical loads for land use types other than
forests.

Critical loads

Land Use Type (kg N ha' yr)

10
19

Alpine heathland
Lowland grassland on calcareous soils
Lowland grassland on non-calcareous soils
precipitation < 800 mm yr’ 10
precipitation > 800 mm yr' 25
Shallow lakes 7
Alpine bare rocks 10
Glaciers 7
Mesotrophic fens 20
Ombrotrophic bogs 5

Additional data sources:

To consider sensitive ecosystems and elevation
influences, the data base was extended by:

¢ the digital elevation model of Austria.

* data on forest ecological areas, published by
"Osterreichischer Forstverein".

¢ digital map of bogs of Austria developed by the
Federal Environmental Agency of Austria.

Calculation of critical loads for forests:
Calculations of critical loads for eutrophication
were oriented on tree growth values from periods
prior to 1950. Nitrogen uptake factors for decidu-
ous forests and coniferous forests outside alpine
areas were set as constant, depending on the domi-
nant tree species. Critical loads of alpine conifer-
ous forests were calculated by using an uptake
function depending on elevation. This function
was developed by using published growth factors
of spruce in alpine regions and by adapting this
function to uptake rates within an elevation range
between 600 and 2000 meters above sea level (Table
Al4d).

Table Al.4. Factors used for calculating critical loads
of eutrophication of forests. All terms
except denitrification fraction are in
kg N ha' yr'.

Factor Value

Denitrification fraction (see Section 4.2.3.4) 04
Critical nitrogen leaching:

coniferous forest 4

deciduous forest 5
Nitrogen immobilization 3
Nitrogen uptake: (N,)

Beech 6

Oak 9

Spruce: region of Wald-, Miihlviertel 5

other areas outside alpine regions 7
*

alpine areas (600-2000 m above sea level):

* for alpine areas:
N,=6-[3.664 — 0.501- In (2 —500) |
where /1 = elevation (m)

Figures:

Al.1. Austria: Critical loads of actual acidity.
Al.2. Austria: Exceedance of critical loads of
actual acidity.

Austria: Sulphur fraction of critical loads of
acidity.

Austria: Precipitation surplus.

Al.3.

Al4.
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Figure AL.1. Austrin: Crilical loads of actual acidity.
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Figure A1.2. Austria: Exceedance of critical loads of actual acidify.
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Figure A1.3. Austria: Critical load of sulphur.
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Figure A1.4. Austria: Precipitation surplus.
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DENMARK

National Focal Center/Contact:
Jesper Bak, Hans Lokke

National Environmental Research Institute
Dept. of Terrestrial Ecology

25 Vejlsevej

DK-8600 Silkeborg

Receptors mapped:
Forest soils, permanent grassland

Calculation method:
Steady-state mass balance method

The PROFILE model has been used for calculating
the critical load values CL,,(5), CL,,.(S), CL,,(N)
and CL,, (N) for acidification of soils. The criteria
used is Ca: Al > 1 just below the root zone. This is
a modification from the Mapping Manual (UN
ECE, 1990), which states that the soil criteria has to

be maintained everywhere in the root zone.

max

EORITRY

Calculations have been made for the following
tvpes of ecosystems:

* Beech-dominated forest

e (ak-dominated forest

* Spruce-dominated forest

¢ Pine-dominated forest

e Permanent, unmanaged grasslands

For each km’, the following data have been col-
lected or calculated:

* ecosystem cover

¢ s0il mineral content for A/E and B horizons
e soil texture

s precipitation

e 50,, NO,, NH,, BC and BC" depositions

e removal of biomass by harvesting

The critical load values are calculated as 1, 5, 15
and 50 percentile values from ecosystem cover on a
5 x 5 km grid. As data are aggregated ona 1 x 1
km grid, the critical load values for an ecosystem
can be calculated on a 1 x 1 km grid. The calcula-
tions are only performed for ecosystems covering
more than 1% of the total ecosystem area ina 5 x 5
km grid cell, giving a total number of 20,000 calcu-
lations for the entire area.

To limit the number of calculations, the main vari-
ables have been divided into a limited number of
classes, e.g. 6 classes of precipitation and 13 classes
of mineral content. Only cells with a unique com-
bination of input parameters have to be calculated,
totalling 1500 model calculations.

Grid Size/Aggregation Methods:

Data have been collected from a number of existing
sources. Where digital maps have been available,
these maps have been used. Some data, such as
soil mineral content are only available as point
registrations. In these cases interpolation methods
have been applied. From digital vector maps and
point sources, raw data have been aggregated on a
100 x 100 m grid. From these grids, the basic data
for the critical load calculations are aggregated to a
1 x 1 km grid.

The critical load calculations are performed on 1 x 1
km data. For each 1 x 1 km grid cell the percent
cover of the mapped ecosystem types is calculated.
For ecosystem types giving more then 1 percent
ecosystem cover in a 5 x 5 km grid cell, critical load
values are calculated. Percentile values of critical
loads are calculated on a 5 x 5 km grid.

The sources and resolution of the data used in the
Danish critical load mapping are shown in Table

Al.5 below.

Table A1.5. Sources and resolution of input data.

Parameter Resolution Source
Soil mineralogy 60 points DLD, litera-
ture

Soil texture 1:500,000 DLD

Geological type 1:500,000 DLD

Forest limits 1:500,000 DLD

Forest production and 1:500,000 DLD, DSO
species composition 4000 registrations

Ecosystem cover 1 km grid NERI

Unmanaged forests  point data NFNA

Deposition 1.5 km grid NERI, EMEP

DLD: Danish Institute of Plant and Soil Science,
Dept. of Land Data

DSO: Danish Statistical Office

NERI: National Environmental Research Institute

NFNA: National Forest and Nature Agency
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Data sources:

Deposition: Sulphur deposition is calculated from
EMEP concentrations and deposition constants
derived from data for throughfall and air concen-
trations from 10 sites in Denmark.

Base cation deposition has been calculated from a
limited number of deposition data from Denmark
and southern Sweden. The concentration of non-
marine base cations in precipitation has been esti-
mated to be 20 pg I'. The total non-marine base
cation deposition has been calculated by multiply-
ing the wet deposition by the ratio of sodium from
throughfall to deposition for the different vegeta-
tion types. The marine deposition of Ca, Mg and K
has been calculated based on an empirical relation
between throughfall of sodium and the distance
from the Danish North Sea coast.

A new set of model calculations of NH, and NO,
has been performed for the critical load calculations
(Asman, 1993). The model calculations have been
validated on a set of measured depositions. The
modelled NH, wet and dry deposition, and NO,
dry deposition fits well with the measured data.
For the NO, wet deposition, the correlation is
poorer, and the average measured wet deposition
of NO, was used.

Vegetation: A total registration of the production
in Danish forests was performed in 1979-1982
(Skovregistreringen, 1986). These data have been
available on a digital basis. Although there has
been a development in the forested area, the prod-
uction figures from this registration still seems in
agreement with new figures from the Danish Stat-
istical Office. Removal of nitrogen and base cations
by harvest is calculated by multiplying the produc-
tion figures with the mean element content in stem
and branches.

For permanent, unmanaged grasslands, where
critical loads calculations are performed, a removal
rate of 30 kg N ha' by extensive use for grazing is
assumed. The figures for effective root depth and
uptake used in the calculations are listed below.

Table Al1.6. Values used in critical load calculations.

Root BC uptake N uptake
depth (cm) (keq km™) (keq km™)
Beech 70 54- PC 10.4- PC
Oak 90 6.8- PC 104 PC
Spruce 45 J PC 3.9-PC
Pine 45 1.8- PC 34 PC
Grass 25 5.1 3.0

PC:  Production class, m* ha' yr'

Soil mineral content: Maps are available of the
geology and texture classes of Danish topsoils.
However the mineral content in the soils have
though only been analysed on a limited number of
points. Data from 60 sites have been made avail-
able from published and unpublished sources.

A map with 11 different classes of topsoil geology
has been constructed. Within each of these classes,
point data for mineral content have been interpo-
lated for the A/E and B horizons to give a total
map coverage. Three different rules have been
used in the interpolation:

* Where measured data are available, the
measured value is used.

¢ Between measuring points, an inverse distance-
weighted interpolation between the closest measur-
ing points and a mean value for the geological class
is used.

* In areas where no measurements arc available
within a distance of 70 km, the mean value for the
geological class is applied.

The surface area of the soils are calculated from the
texture classes. The surface area of the clay fraction
has been estimated to range from 8 m* g with 5%
clay to 40 m* g' with 95% clay in the soil. This
estimate gives a lower sensitivity of clayey soils
than shown by former Danish computations.

Aggregation of data: Data have been aggregated
in a limited numbers of classes in order to limit the
number of calculations. The classes of data used
are shown in Table A1.7.
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Table A1.7. Aggregation classes used.

Class 1 2 3 - 5 6
Precipitation (mm yr") < 575 575-625 625-775 775-875 > 875
BC deposition (keq ha™ yr™) < 0.2 0.2-0.3 0.3-0.4 0.4-0.8 0.8-1.6 >1.6
BC from non-marine sources (%) < 30 30-60 60-80 > 80
Production class (m’ ha” yr'):
Beech <5 5-7 7-8 8-9 9-12 >12
Oak <5 5-6 6-7 >7
Spruce <5 5-10 10-12 12-14 14-18 > 18
Pine <4 4-5 5-6 6-9 >9
Soil mineral content 13 classes based on principal component analyses of the content of 9 minerals
Results:

The present calculations are made for acidification
of forest soils and permanent grasslands. The criti-
cal load value for nitrogen will be set by the
eutrophication criteria for most Danish terrestrial
ecosystems. As this value also will set CL,,(5), the
presented calculations are for CL,,.(S), Le. the criti-
cal load value for sulphur with a nitrogen deposi-

tion of 0 or sulphur fraction of 1.

The lowest critical load values are found in areas

with oak and pine forest at the North Sea coast of
Jutland. For these vegetations, critical load values
below 0.1 are found. These values are lower than
previous calculations which were based solely on

beech and spruce.

The clayey soils on Funen and Seeland are relative-
ly insensitive to acidification. Compared to earlier
Danish computations, the sensitivity of these soils
is lower. The influence on the critical load values
for the Danish EMEP grids will, however, be
limited.

Figures:

Al5. Denmark: CL,,,
manent grassland, 1 percentile.

Al.6. Denmark: CL,,(S) for forest soil and perma-
nent grassland, 5 percentile.

A1.7. Denmark: Ecosystem type setting CL,,.(S), 1
percentile.

(S) for forest soil and per-
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Figure A1.5. Denmark: CL,_(S) for forest soil and
permanent grassland, 1 percentile.
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Figure A1.7. Denmark: Ecosystem type setting
CL,,..(S), 1 percentile.
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Figure Al.6. Denmark: CL__ (S) for forest soil and
permanent grassland, 5 percentile.
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FINLAND

National Focal Center/Contact:
Dr. Juha Kamari, Head

Dr. Maximilian Posch,

Mr. Matti Johansson,

Dr. Martin Forsius

Water and Environment Research Institute
P.0O. Box 250

FIN-00101 Helsinki

Collaborating Institutions/Contacts:
Mr. Tuomas Laurila

Finnish Meteorological Institute
Sahaajankatu 22 E

FIN-00810 Helsinki

Mr. Timo Tarvainen
Geological Survey of Finland
P.O. Box 169

FIN-02150 Espoo

Receptors mapped:
Forest soils and surface waters

Calculation method:
For both receptors mapped, the possible pairs of
critical load of nitrogen and sulphur acidity are
derived from acidity balance considerations. For
the sum of nitrogen and sulphur deposition the
following acidity balance is assumed (Kamari et al.,
1992; Henriksen et al., 1993):
Nyy+ S =N, + (1 = 1) (N, + N,)

+ N, + rN,, + 15, + BC,

dep

(AT1.1)
where the base cation leaching, BC,,, is given by:

BC, (A1.2)

. = BC,,+ (1 -r) BC, - fBC, — Alk,
where:

f is the fraction of forested land in the catchment
area, r is the lake: catchment area ratio, N, and BC,
are the net growth uptake of nitrogen and base
cations, IV, is the immobilization of nitrogen in soils,
N, is the denitrification, N, is the export of or-
ganic nitrogen out of the catchment, N, and §,, are
the in-lake retention of nitrogen and sulphur, BC,

is the base cation weathering, and Alk, is the alka-

linity leaching. For lake catchments the term (1 —7)
limits the influence of N., N, and BC, to the terres-
trial area, and f limits the uptake to the forested
area only. For forest soils one has to set f=1, r=0
and N, =0.

Inserting the deposition-dependent expressions for
soil denitrification, and in-lake nitrogen and sul-
phur retention into equation Al.1, one obtains:
(A1.3)

AyNyy, +a55,,=b, N, +b,N, + N, + BC,

dep

where the dimensionless constants a,,, 4., b, , and b,
are all smaller than one and depend on ecosystem
properties only: denitrification fraction [, , net mass
transfer coefficients for sulphur and nitrogen, s,

and s, the lake’s residence time, and runoff Q.

For soils, BC,, at critical load is computed from
equation A1.2; for lakes the net base cation leaching
at critical load is computed from water quality data
(cf. Henriksen et al., 1992):
BC,, = Q ([BC], — [ANC],;,; ) (Al1.4)
where Q/BCJ, is the pre-acidification leaching of
base cations from the catchment area, and
QIANC],,,; is the critical alkalinity leaching. The
methods for the calculation of critical loads in Fin-
land are the same as in the mapping guidelines
contained in Chapter 4 of this report.

Input data:

For forest soils information is needed for BC,]..,,, BC
,BC,,N,, N,,, N, and Alk, .. i.e. Alk, at critical
load. BC,,, is interpolated from the data from the
years 1986-88 of a nationwide network of stations
measuring monthly bulk deposition (Jarvinen and
Vanni 1990). Results from measuring stations with
a significant anthropogenic contribution have been
excluded. The long-term average BC, was esti-
mated by the method of Olsson and Melkerud
(1991), using the effective temperature sum (ETS)
and the total element content (Ca + Mg) in the C
horizon as input data. Total analysis data for 1057
plots were obtained from the Geological Survey of
Finland. N, and BC, refer to the net uptake of
nutrients in the stem and bark biomass via harves-
ting, and are estimated from annual

w
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forest growth and the element contents in biomass.
Forest growth was calculated for each major tree
species based on ETS, whereas element contents
were taken from unpublished Swedish data (Rosén,
pers. comm.). N, was assumed proportional to the
net incoming nitrogen, and the denitrification frac-
tions were related to the soil type by linearly inter-
polating between a low value of 0.1 for podzolic
mineral soils and a value of 0.8 for peat soils,
depending on the soil type fractions (de Vries ef al.,
1992). For N, a value of 0.5 kg N ha' yr’ as a long-
term average was used for Finnish forest soils (Ro-
sén ¢f al., 1992). Alk, ., is calculated by adding the
critical aluminum leaching, obtained from the
molar Al: BC ratio of 1.0, and the hydrogen leach
ing, calculated from a gibbsite equilibrium. The
runoff values needed for converting concentrations
to fluxes were obtained from a digitized runoff

For lakes, additional information is needed for f, r,
N, S0 N, [BCl, and [ANC],,,,. The data for
lakes were largely obtained from a national statisti-
cally based lake survey of 970 lakes conducted in
1987. The spatial distribution of the lake data set
reflects the actual lake density in different regions.
Both lake and catchment areas, as well as the forest
fraction, were measured from topographic maps.
N.., was computed on the basis of organic nitrogen
concentrations which were estimated as the differ
ence between the total nitrogen and the sum of
inorganic nitrogen species. S,, and N, were com-
puted from kinetic equations (Kelly et al., 1987);
and the mass transfer coefficients s. and s,, were
taken from retention model calibrations in North
America (Baker and Brezonik 1988; Dillon and
Molot 1990). [BC], was estimated using the so-
called F-factor, which relates the change over time
in the leaching of base cations to long-term changes
in inputs of strong acid anions in a lake, estimated
as a function of the present base cation concentra-
tion. [SO7 |, was estimated from the relationship
between present sulphate and base cation concen-
trations from 251 lakes located in northern Fenno-
scandia receiving very low acidic deposition (IHen-
riksen ¢f al., 1993). An [ANC],,, value of 20 ueq 1"
was selected as the chemical criterion based on
results of a fish status survey conducted in Norway
(Lien et al., 1992).

Map displays:

The new fomulation of an exceedance function, i.e.
the possibility of having the same exceedance for
various combinations of sulphur and nitrogen dep-
osition, does not allow the specification of a unique
reduction strategy. It is possible, however, to spec-
ify an upper and lower bound for the required
sulphur + nitrogen deposition reduction to achieve
non-exceedance. Let Ex be the value of the exceed-
ance function for the present (1990) sulphur and
nitrogen deposition and (5,,,, N,;) a pair of sul-
phur and nitrogen deposition reductions leading to
zero exceedance, then the following equation holds:

reif

S (AL5)

“red

+”N Nh‘d = Ex

Since . < 1 and a, < 1 it follows that Ex is a lower
bound for the overall reduction S, + N, (but not
sufficient for achieving non-exceedance). This

reid

lower bound can be made sharper by observing
that a,, < a, : dividing both sides in equation A1.5
by a. we get:

a, Ex Bad
= =, (il

5 5

3
=z
1
| 2

i (Al.6)

= red red T Sl

This lower bound Red ;, (= Ex} is the minimum
reduction required to achieve non-exceedance. On
the other hand, dividing by a,, we obtain:

i Ex
5 o P
< _- & — 3 == A
Ninf o q bn.'.‘J' ; Nmf ! R{ dm.‘}.\

N N

(A1.7)

P |
rid

showing that Red,, is the maximum reduction
required to achieve non-exceedance. The actual
value of S, ;, + N,; will depend on the selected
emission reduction strategy, i.e. which pollutant is
reduced to what extent. In Figures A1.8 through
AT.11, the 95th percentiles of Red,,, and Red,, . are

displayed for lakes and forest soils in Finland.

HHTY

Figures:

Al8. Red,, : Minimum reduction required to
achieve non-exceedance for lakes (95th percentile).
Al19. Red,,.: Maximum reduction required to
achieve non-exceedance for lakes (95th percentile).
A1.10. Red
achieve non-exceedance for soils (95th percentile).
Al111. Red,, : Maximum reduction required to
achieve non-exceedance for soils (95th percentile).

Minimum reduction required to

it
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Figure A1.8. Red,,,: Minintum reduction Figure A1.9. Red,. : Maximum reduction
required to achieve non-exceedance for required to achieve non-exceedance for
lakes (95th percentile). lakes (95th percentile).

meq/m2fa

[] no data

<0

M 0-20
20-50

B >50

100 km 100 km
Figure A1.10. Red,, : Minimum reduction Figure A1.11. Red, . : Maximum reduction
required to achieve non-exceedance for required to achieve non-exceedance for
soils (95th percentile). soils (95th percentile).
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GERMANY

National Focal Center/Contact:
Dr. Heinz D. Gregor

Federal Environmental Agency
Bismarckplatz 1

14193 Berlin

Collaborating Institutions/Contacts:

Dr. Hans-Dieter Nagel

Mrs. Beate Werner

ONU Research Company for Ecology, Nature &
Environmental Protection

Magdalenenstr. 17-19

10365 Berlin

Dr. Gerhard Smiatek
Mrs. Renate Koble
Institute of Navigation
Keplerstr. 11

70174 Stuttgart 1

Receptor mapped:

Forest soils
A. Critical Loads of Acidity

Calculation method:

For calculating the critical loads of acidity for forest
soils the modified steady-state mass balance
approach was used, with regard to problems with
unrealistically high critical load values in high-
precipitation areas (UN ECE, 1993b).

According to the explanations given in Chapter 4 of
this report, the critical load of acidity was com-
puted as:

CL(A) = ANC,, — ANC

Iterit)

where:
BC, = base cation availability
K ,, = gibbsite coefficient (300 m" eq*)

The assumption was made that the term describing
the base cation availability in soil has to be greater
then zero (BC, > 0); otherwise the term was set to 1.

Furthermore the values of the critical load of sul-
phur and the critical sulphur deposition were calcu-
lated with the following equations:

CL(S) = 5, CL(A)

i

CD(S) = S, ( CL(A) + BC,, - BC,)

In the calculation of the critical sulphur deposition,
CD(S), some slightly negative values occurred due
to the influence of base cation uptake (BC ). The
assumption has been made that such negative val-
ues reflect a kind of natural acidification that had
to be excluded from consideration. Although this
is true for a few ecosystems in Germany, there is a
way to still regard them in the calculation by inclu-
ding the condition that the sum of CL(A) + BC,,, -
BC, should not be smaller than the value of CL(A)
alone. Thus an overestimation of the influence of
BC, is avoided. Furthermore it has to be noted that
BC, is a value which is highly influenced by for-
estry practices.

The critical loads of nutrient nitrogen were calcu-
lated for forest ecosystems using the nitrogen mass
balance approach as described in the mapping
manual (UN ECE, 1993b):

CL,,(N) =N, + N, + N, + N,
Grid size:

Calculations were made for about 26,000 polygon
areas developed by overlaying the basic vector
maps in the geographical information system
Arc/Info. Forest ecosystems exist in approximately
15,700 of these polygons.

where: Data sources:
ANC Ty BC, Q¥ y 15-BC Ad For the assessment of different input parameters for
et - K - L bk the mass balance equations for acidity and nitrogen
: critical loads, the following approaches were used:
and:
BC, = 0.8- ANC, + BC,,, — BC, — Q- 0.015 (A1.9)
Calculation and Mapping of Critical Loads in Europe 82 CCE Status Report 1993




Base cation release by weathering (ANC ): The
weathering classes were assigned to the categories
of the soil map as proposed in the Mapping Vade-
mecum. The weathering rate assigned to a certain
weathering class was computed using equation 4.17
from Hettelingh ef al., 1992.

Net uptake of base cations in biomass (BC):
This term was evaluated as a function of tempera-
ture as given in Sverdrup et al. (1990).

Nitrogen leaching (N,) was set to fixed values
according to the report of the Lokeberg workshop
(Grennfelt and Thornelof, 1992). For deciduous
forests, N, was set to 3.5 eq ha' yr'; for coniferous
forests to 4.5 eq ha' yr'.

Immodbilization of nitrogen in soils (N,) was
assigned to the C: N ratio of soil types. For soils
with a C:N ratio < 15, N, was set to 0.5 eq ha' yr;
for soils with a C: N ratio between 15 and 25, to 1.5
eq ha' yr'; and for soils with a C: N ratio > 25 the
value was set to 3.0 eq ha'' yr'.

Denitrification (N, ). Two different methods were
proposed for calculating denitrification. Both were
used, and the results are presented in Figure Al.14.
For method A, the constant denitrification fraction
(equation 4.18 in this volume) was used; for meth-
od B, the dynamic denitrification fraction (equation
4.16) was used.

Net uptake of nitrogen in biomass (N, ., ): The
nutrient limitation approach in a simplified version
was used, jointly considering all relevant base
cations.

BC + ANC BC

e u |
X

BCN

(A1.10)

wlerl) —

where:

BC, = limiting concentration for uptake of base
cations

Xy = Tatio of cations to nitrogen in exported bio-
mass

Data bases: Sources and geographic resolution for
maps used in the calculations are shown in Table
AlS8.

Results:

The critical loads of acidity are mapped in Figure
A1.12; the exceedances of these values in Figure
Al.13.

Initial problems with high critical load values in
high precipitation areas as described in the 1991
NFC report were solved mainly by using the modi-
fied steady-state mass balance method. 23% of the
forested area shows values lower than 500 eq ha™
yr', 45% of the values rank between 500-2000 eq
ha” yr', and 30% have values above 2000 eq ha'
yr'. The critical loads of acidity are exceeded in
85% of the area, in 50% of the area by more than
3000 eq ha' yr'.

First preliminary maps of critical loads of nitrogen
are shown in Figure Al.14. Comparison between
the two methods applied show that the inclusion of
temperature in the calculations (as in dynamic
method B) has an equalizing effect on denitrifi-
cation values.

Future activities will aim at a further refinement of
calculation methods and data bases, especially
concerning the uptake and immobilization in bio-
mass, which will be recalculated using more clim-
atic parameters. Furthermore, characteristics of
natural growing districts (Wuchsbezirke) will be
included in the assessment of vegetation param-
eters.
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Table A1.8. Dala used to calculale critical loads in Germainy.

Type of Source and
Map Data Items Resolution Comments
Soil Vector FAO soil type, Eastern part of Germany:  Eastern part translated
soil texture Atlas GDR, 1: 750,000 to FAO-systematic
Western part: CORINE
1:1,000,000
Precipi- Vector annual mean Eastern part:
tation precipitation 1:750,000
Surplus surplus [mm| Western part: Hydrolog,.
Atlas, 1:1,000,000
Forest Raster forest type INS Developed using| classification
cell (numeric code): I km x 1 km of NOAA/AVHR imagery
1 - coniferous
2 - deciduous
Tempe- Vector annual mean Eastern part: Atlas GDR,
rature temperature 1:750,000
[°C] Western part: BEFANL
Base cation  Raster total NILU
deposition  cell deposition I=x 05"
leq ha yr']
Anion Raster total INS Developed by spatial
Deposition  cell deposition 1° x 0.5° interpolation (Kriging)

leq ha™ yr']

Figures:
Germany: Critical loads of acidity for forest

Al.12

Al.13.

Al.14.

soils.

Germany: Exceedance of critical loads of

acidity for forest soils.
Germany: Critical loads of nitrogen for for-

est soils.
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CRITICAL LOADS
OF ACIDITY
FOR
FOREST SOILS

MODIFIED m BALANCE

SOURCE: LANIS, BFANL
NOAA-AVHRR
NILU, HASA, CORINE

INST. OF NAVIGATION, STGT.

INST. OF ECOSYSTEM

RESEARCH, BERLIN (1991)

RESEARCH COMPANY FOR ECOLOGY,
0 50 100 150 km NATURE & Exwmomi?;rr
PROTECTION, PRADIKOW (1992)

Figure A1.12. Germany: Critical loads of acidity for forest soils.
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EXCEEDANCE OF
CRITICAL LOADS
OF ACIDITY
FOR
FOREST SOILS

MODIFIED MASS BALANCE

not exeeded
< 10
10 -1.99

20-299

SOURCE: LANIS, BFANL
NOAA-AVHRR
NILU, [IASA, CORINE

NATIONAL FOCAL CENTRE
C/0 UMWELTBUNDESAMT

INST. OF NAVIGATION, STGT.

INST. OF ECOSYSTEM

RESEARCH, BERLIN (1991)

I NATURE & ENVIRONMENT
PROTECTION, PRADIKOW (1992)

Figure A1.13. Germany: Exceedance of critical loads of acidity for forest soils.

Calculation and Mapping of Critical Loads in Europe 86 CCE Status Report 1993




g JOHIANW "y QOHIEN

(z661) MOMIAVEd ‘NOLLOELOYd
INFWNOYIANT ¥ TANLVN
‘AD07003

(1661) NITYHEI ‘HOUVHSTI
WAISASODH A0 "ISNI

"1DIS ‘NOLLYOIAVN 0 "ISNI
INVSHANNGLTIMINA O/D
TIINAD TVDO4 TVNOLLVN

HANRIOD 'VSVII ‘NTIN
WIHAV-VVON
INVHE 'SINVT ‘HOYNOS

N X Wy ARO

pz< IR
661-0T HE
660-50 [J
6v0-70 Bl
610~ 00
14 ey/Poury NI SHONVH

Figure A1.14. Germany: Critical loads of nitrogen for forest soils.
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NETHERLANDS

National Focal Center/Contact:

Mr. Bert Jan Heij

National Institute for Public Health
and Environmental Protection

P.0. Box 1

NL-3720 BA Bilthoven

Collaborating Institutions/Contacts:
Dr. Wim de Vries

Winand Staring Center

P.O. Box 125

NL-6700 AC Wageningen

Receptor mapped:

Forest soils

Calculation method:
Steady-state mass balance method, according to:

CL(Ac,,) = BC, — BC,, + Ny, + Ny + Ay (A111)

iferit)

CL(Ac,,) = BC, + Acy.i, (A1.12)
where:

CL(Ac,,) = critical load of potential acidity
CL{Ac,,) = critical load of actual acidity

BC,,, N,, = growth uptake (net needed for forest
growth) of base cations and nitrogen respectively
BC,. = base cation weathering

N, = long-term nitrogen immobilization

Ac,,.,, = critical leaching flux of acidity

The element fluxes in the above equation are all
given in eq ha” yr'.

Heritl

In the Mapping Vademecum, the potential acid
load is defined as the sum of SO, , NO, and NH,
corrected for the total deposition of base cations not
balanced by Cl. Using this definition, total seasalt-
corrected base cation deposition, BC,,, was not
included in the critical load calculation,

The critical acidity leaching flux was calculated as
the sum of aluminum leaching and H leaching.
Three options for calculating the critical aluminum
leaching flux were used:

e 3 critical Al concentration of 0.2 mol m~,

e a critical Ca: Al ratio of 1.0,

¢ no Al depletion,

and the minimum value taken.

The critical H leaching flux was calculated as:

J_Ih'hﬂfi =FWw: {}_” (A]LS)

ol
where FW is the water flux in m" ha' yr.

The critical H concentration was related to the
critical aluminum concentration according to:

[l =

it

(AL,
- (A1.14)

gibh

where K, is the gibbsite equilibrium constant in
mol.* m". For K, a value of 310" mol * m"
(= 10° mol? I¥) was used.

The value of the critical aluminum concentration,
[Al],, . is determined by the critical aluminum
leaching flux divided by the water flux.

Separate critical loads of nitrogen and sulphur have
been calculated according to:

CLIN) = Ny, + Ny + NOs (A1.15)
and:
CL(S) = BC:;' - BCW + A(!cl[rm - NO.-?.P:‘rmr-J (A] ]6)

Summation of the critical loads of nitrogen and
sulphur gives the critical load of potential acidity
(from equations Al.11, A1.15 and A1.16). Again,
the value of BC',, was not included in equation
A1.16, but this term was accounted for by calculat-
ing the critical deposition of sulphur according to:

CD(S) = BC', + BC, — BCy, + Alyy = NO4 iy (AL17)

Data sources:

Deposition areas have been defined by seeking an
optimum between the number of areas and the
spatial variability within each area. A 10 x 10 km
grid has been used, as detailed information regar-
ding tree species and soil types exists at this scale.
The number of grids containing forests equal 434.
A distinction has been made in twelve tree species
and 23 soil types. Tree species included are Piius
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Sylvestris (Scotch Pine), Pinus Nigra (Black Pine),
Pseudotsuga Menziesii (Douglas Fir), Picea Abies (No-
rway Spruce), Larix Leptolepis (Japanese Larch),
Quercus Robur (Oak), Fagus Sylvatica (Beech), Pop-
ulus Spec (Poplar), Salix Spec (Willow), Betula Pen-
dula (Birch), Fraxinus Nigra (Ash) and Alnus Glutin-
osa (Black Alder). Soil types were differentiated in
18 non-calcareous sandy soils (mainly podzolic
soils), calcareous sandy soils, loess soils, non-
calcareous clay soils, calcareous clay soils and peat
soils on the basis of a recent 1:250,000 soil map of
The Netherlands.

Information on the area (distribution) of each speci-
fic forest-soil combination in a grid was derived by
overlaying the digitized forest and soil data base.
This was done by a grid overlay of the digitized
1:250,000 soil map with a spatial resolution of

100 x 100 m and a data base with tree species infor-
mation with a spatial resolution of 500 x 500 m for
each 10 x 10 km grid.

The total number of forest-soil combinations for all
grids was 17,102 (12,514 on non-calcareous sandy
soils and 4588 on all other soils). The number of
forest-soil combinations in a grid ranges between 1
and 125.

Data that are needed to map critical loads and
exceedances are the deposition, weathering and
uptake of elements and the water flux. Long-term
nitrogen immobilization has been neglected. These
data are collected as a function of location, tree
species and soil type as shown in Table A1.9.

Table A1.9. The influence of location, tree species and
soil type on input data as constdered in
the Dutch application. ("x" = consid-

ered, "-" = not considered)
Precipitation
Deposition Weathering Uptake  Surplus
Location X - - X
Tree species  x - X X
Soil type - X X X

An overview of the collection of the data determin-
ing the various fluxes of elements and water is
given below.

Deposition: Total deposition of base cations has
been calculated by multiplying the bulk deposition

with a dry deposition factor. The bulk deposition
of base cations (Ca, Mg, K and Na) and Cl has been
derived from 22 weather stations in the Nether-
lands using interpolation techniques to get values
for each grid. Dry deposition factors for base
cations and chloride on each tree species have been
derived from available data on Na in throughfall
and bulk deposition.

Weathering rates: Base cation weathering rates
are based on a correlation with total base cation
contents. This correlation has been derived for nine
non-calcareous sandy soils and six loess soils in the
Netherlands. Weathering rates are based on infor-
mation on base cation depletion rates in soil pro-
files, budget studies and on column and batch
experiments, which have been conducted during
five years on the most relevant non-calcareous
sandy soils in The Netherlands. For clay and peat
soils an indicative value has been derived from
literature.

Uptake: Uptake rates are determined by forest
growth and element contents in stems. Forest
growth estimates for all relevant combinations of
forest and soil type and contents of the elements N,
K, Ca and Mg in stems are based on a literature
survey for all tree species included.

Precipitation surplus: is determined by the pre-
cipitation rate minus the sum of interception, evap-
oration and transpiration (evapotranspiration).
Precipitation estimates have been derived from 280
weather stations in The Netherlands, using interpo-
lation techniques to obtain values for each grid.
Interception fractions, relating interception to pre-
cipitation, have been derived from literature data
for all tree species considered. Data for evapora-
tion and transpiration have been calculated for all
combinations of tree species and soil types with a
separate hydrological model.

The range in model inputs for non-calcareous soils
in The Netherlands is given in Table A1.10. The
table shows that nitrogen uptake is the most impor-
tant proton sink in peat soils. However, the uptake
of nitrogen (proton sink) is largely compensated by
base cation uptake (proton source). Consequently
uptake is an unimportant proton sink. In sandy
soils, the critical acidity leaching is the most impor-
tant proton sink. For clay soils, the weathering rate
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Table A1.10. 5%, 50% and 95% values of input data (eq ha' yr') for Dutch forests on non-calcareous soils.

BC' dry deposition BC weathering BC uptake
Soil type 5% 50% 95% 5% 50% 95% 5% 50% 95%
Peat 145 220 570 200 200 200 118 256 366
Sand 147 231 554 180 300 580 187 311 545
Loess 172 541 1370 500 500 500 270 456 707
Clay 145 220 685 1000 1000 1000 118 396 0994
All 146 229 602 200 300 1000 178 304 586
N uptake NO, leaching Acidity leaching

5% 50% 95% 5% 50% 95% 5% 50% 9_5%
Peat 136 507 1142 39 191 251 114 304 520
Sand 221 409 680 39 223 323 116 419 746
Loess 309 557 918 58 234 321 173 635 941
Clay 136 507 1142 38 184 249 113 533 735
All 210 418 829 39 216 313 116 421 744

5 most important. However, this value is rather
arbitrary. As with peat soils the weathering rate of
clay soils has been assigned on the basis of vary
few data. Consequently, values have not been
varied (see Table A1.10). In loess soils the dry
deposition of base cations and the nitrogen uptake
is nearly as important as acidity leaching. The
large input of base cations (mainly calcium) on
loess soils is due to their locations in the neighbor-
hood of limestone quarries in the southern part of
The Netherlands.

Figures:

Al.15. Netherlands: Critical loads of actual acidity
for soils (mean, 5, 50, and 95 percentile).

Al.16. Netherlands: Critical loads of sulphur for
soils (mean, 5, 50, and 95 percentile).

A1.17. Netherlands: Critical deposition of sulphur
for soils (mean, 5, 50, and 95 percentile).
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Figure A1.15. Netherlands: Critical loads of actual acidity for soils (5 percentile, mean, median, and 95 percentile).
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Figure A1.16. Netherlands: Critical loads of sulphur for soils (5 percentile, mean, median, and 95 percentile).
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Figure A1.17. Netherlands: Critical deposition of sulplur for soils (5 percentile, mean, medion, and 95 percentile).
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NORWAY

National Focal Center/Contact:
Dr. Arne Henriksen

Norwegian Institute for Water Research
P.O. Box 69 Korsvoll

N-0808 Oslo

Collaborating Institutions/Contacts:
Dr. Ulf Pedersen

Norwegian Institute for Air Research

P.O. Box 64

N-2001 Lillestrom

Dr. Tore Frogner

Norwegian Forest Research Institute
P.O. Box 61

N-1432 As

Mr. Helge Styve

Norwegian Meteorological Institute
P.O. Box 43 Blindern

N-0313 Oslo

Mr. Steinar Taubell

Norwegian Institute of Land Inventory
PP.O. Box 115

N-1430 As

Receptors mapped:

Surface waters, forest soils.

A. Surface Waters

Calculation method:

The steady-state water chemistry method was used
to produce maps of critical loads of acidity and
critical load exceedance for sulphur and for present
exceedance for sulphur and nitrogen.

Grid size:

Each 1° longitude by 0.5" latitude grid was divided
into 16 subgrids, each covering about 12 x 12 km in
southern Norway, and with decreasing grid width
at higher latitudes. The land area covered by each
of these 2315 grids has been calculated.

Data sources:
National regional lake surveys and monitoring
programs.

Precipitation: A weighted average total deposition
value for each NILU grid (a 3 by 3 subdivision of
an EMEP grid) has been calculated from ambient
air concentrations and wet deposition taking land
use data (coverage of different receptors) into
account. Data for the period 1983-1987 were used.
The deposition values for each of the surface water
grids (see above) was estimated from the NILU
grid data base.

Water: The chemistry of surface water within a
subgrid was estimated by comparing available
water chemistry data for lakes and rivers within
each grid. The chemistry of the lake that was
judged to be the most typical was chosen to repres-
ent the grid. If there were wide variations within a
subgrid, the most sensitive area was selected, if it
amounted to more than 25% of the grid’s area.
Sensitivity was evaluated on the basis of water
chemistry, topography and bedrock geology.
Geology was determined from the geological map
of Norway (1:1,000,000) prepared by the Norwe-
gian Geological Survey. Mean annual runoff data
is from runoff maps prepared by the Norwegian
Water and Energy Works.

B. Forest Soils

Calculation method:

The dynamic MAGIC (Model of Acidification of

Groundwater in Catchments) model was used to
produce maps for critical loads of acidity and ex-
ceedance for sulphur and nitrogen to forest soils

(Cosby ¢t al., 1985a, 1985b).

Grid size:

The same grid system as for surface water was
used. Of these 706 grids are in productive forests
both coniferous (spruce, pine) and deciduous
(birch). The remaining grids cover unproductive
forests and non-forested areas, for which critical
loads for forest soils cannot be calculated.
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Data sources:
National monitoring data.

Precipitation: The same data as for surface water
was used.

Soil: The calculations are based on data from the
NIJOS forest monitoring plots on a 9 x 9 km grid
and on the surface water data base referred to
above. All input data are aggregated to the 12 x 12
km grid net. The NIJOS soils data are from areas
in productive spruce and pine forests. A soil pit
was objectively located within the representative
vegetation type five meters from the plot center in
the ¥ x 9 km grid. The soil pit was dug to at least
50 cm where possible. Soil profile samples were
taken and analyzed according to standard proced-
ures.

Figures:

A1.18. Norway: Critical loads of acidity for surf-
ace waters in Norway using ANC,,, = 20
peq I

A1.19. Norway: Critical loads of acidity for forest
soils using the MAGIC model. Criterion is
the Ca : Al molar ratio 1.0 in upper 60 cm
soil solution.

A1.20. Norway: Critical loads of acidity for the
most sensitive ecosystems (based on mini-
mum critical load of water and soil for grids
with both sets of data, and critical load for
waters for grids without soil data).

limit

Note:

Harmonized maps for critical loads of acidity to
surface waters have been prepared for Finland,
Sweden and Norway using the steady-state water
chemistry method. Also maps for critical load
exceedance for sulphur have been prepared (Hen-
riksen et al., 1990a). Further, two models tor calcu-
lating steady-state critical loads of nitrogen and
sulphur acidity have been applied to Finnish, Nor-
wegian and Swedish lake data bases. The first
model was used for calculating present exceedances
from the critical loads of acidity, and the second for
assessing also the future situations (Henriksen et al.,
1993).
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Figure A1.18. Norway: Critical loads of acidity for Figure A1.19. Norway: Critical loads of acidity for forest
surface waters in Norway using soils using the MAGIC model. Criterion is
ANC i = 20 peg . the Ca : Al molar ratio 1.0 in upper 60 cm
soil solution.
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Figure A1.20. Norway: Critical loads of acidity for the most sensitive ecosystems (based on minimum critical load of
water and soil for grids with both sets of data, and critical load for waters for grids withoul soil data).
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POLAND

National Focal Center/Contact:
Dr. Wojciech Mill, Deputy Director

Mr. Artur Wojciech

Ms. Dorota Rzychon

Institute for Ecology of Industrial Areas
ul. Kossutha 6

PL 40-832 Katowice

Collaborating Institutions/Contacts:
Forest Management and Geodesy Office

ul. Wawelska 52/54

Warsaw

Receptors mapped:

Forest soils and surface waters

A. Forest Soils

Calculation methods:

Steady-state mass balance method. For high moun-
tain areas in Poland the critical loads were deter-
mined on the basis of procedures discussed during
the workshop held in Vienna, 9-10 March 1992, and
in Pradikow (Germany) 28 April, 1993.

Grid size:
Longitude/latitude 0.2% x 0.1% grids; 2170 receptor
points, nearly 930 of which covered by forests.

Data sources:

Most geographical data used to determine the criti-
cal loads values were taken from national data
sources (apart from branch to stem ratio and rela-
tive soil moisture saturation).

Soil Data: The dominating types of soil in partic-
ular grids were adopted on the basis of data from
the Polish Soil Atlas 1:300,000. Forty types of pre-
dominant soils in Poland were applied for the cal-
culations, and adequate values of base cation
weathering were attributed to them.

Meteorological Data: The data concerning precipi-
tation, runoff and average annual temperature were
obtained from the Hydrological Atlas of Poland pub-
lished by the Institute of Meteorology and Water
Management for the years 1951 - 1975,

Forest Data: The data concerning the spatial loca-
tion of forests were based on the Forest Map of
Poland, edited by the Forest Management and Geo-
desy Office. The data concerning resources, forest
growth and age of trees were obtained from the
data bank of the Forest Management Office. For
calculation of critical loads, the chosen forestry
areas were those in which the percentage of forests
in the grid surface was greater than twenty percent.

Uptake Data: Data for BC,, N,, N, and N, were
determined on the basis of forest growth in partic-
ular grids and the contents of particular elements in
stems and branches, On the basis of national data,
the rate of denitrification, N, and sulphur fraction,
5,, were calculated.

Deposition Data: The data concerning sulphur,
nitrogen and base cation deposition were adopted
from EMEP data provided by CCE-RIVM.

B. Surface Waters

Calculation method:

Using the steady-state water chemistry method the
critical loads values were calculated for Tatra Mou-
ntains, as a most sensitive area in Poland. Lake
sampling, data analysis and collection are now
being conducted to calculate critical load and pre-
pare maps, in cooperation with the NIVA (Oslo).

Data sources:

Most of geographical and chemical data used to
determine the critical loads values were taken from
national data sources.

Figures:

A1.21. Poland: Critical loads of actual acidity.

A1.22. Poland: Critical loads of sulphur,

A1.23. Poland: Critical loads of nitrogen.

A1.24. Poland: Critical deposition of sulphur.

A1.25. Poland: Critical deposition of nitrogen.

A1.26. Poland: Exceedance of critical loads of
actual acidity.

A1.27. Poland: Exceedance of critical loads of
sulphur,

Al1.28. Poland: Exceedance of critical loads of
nitrogen.
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Figure A1.21. Poland: Critical loads of actual acidity.
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Figure A1.22. Poland: Critical loads of sulphur.
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Figure A1.23. Poland: Critical loads of nitrogen.
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Figure A1.24. Poland: Critical deposition of sulphur.
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Figure A1.25. Poland: Critical deposition of nitrogen.
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Figure A1.26. Poland: Exceedance of critical loads of actual acidity.
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Figure A1.27. Poland: Exceedance of critical loads of sulphur.
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Figure A1.28. Poland: Exceedance of critical loads of nitrogen.
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RUSSIAN FEDERATION

National Focal Center/Contact:
Dr. Valery Snakin

Institute of Nature Protection
Sadki-Znamenskoye

113628 Moscow

Dr. Vladimir Bashkin

Inst. of Soil Sciences & Photosynthesis
Russian Academy of Sciences

142292 Pushchino

Moscow Region

Collaborating Institutions/Contacts:
Dr. Michael Kozlov
Dr. I V. Priputina
Geoinfocenter, Institute of Soil

Science and Photosynthesis
Russian Academy of Sciences, Pushchino
142292 Moscow

Dr. N. G. Rybalsky

Dr. V. G. Sokolovsky

Dr. N. A. Karpova

Ministry of Environmental
Protection and Natural Resources

Gruzinskaya str. 4/6

123812 Moscow

Dr. Ernst Bikbulatov

Dr. Victor Komov

Dr. Lubov Sigareva

Institute of Water Interior Biology
Borok, Nekouz,

Yaroslavl Region 142472

Receptors mapped:
Forest soils; surface waters; forest ecosystems;
mixed ecosystems

Calculation method:

The following parameters have been calculated on
the basis of current methods summarized in Chap-
ter 4:

* Critical deposition of acidifying sulphur and
nitrogen (equations 4.24 and 4.25)

* Exceedances of critical deposition of sulphur and
nitrogen (equations 4.26 and 4.27)

* [xceedance of nutrient nitrogen (equation 4.36/
4.37).

The values of N, were examined on the a basis of
calculations described in the earlier discussion of
denitrification.

* Exceedance of actual acidity (equation 4.28).

Grid size:

1" longitude x 0.5" latitude ("Lo-La" grid); 150 x 150
km (EMEP grid). Approximately 1400 receptor
points, nearly 950 of which are (partially or wholly)
covered by forest.

Data sources:

Geographical: The quantitative assessment and
mapping of sulphur and nitrogen critical loads was
carried out on the basis of number of regional para-
meters for a given ecosystem. For the European
part of Russia the following data bases were ident-
ified:

* The inventory of soil types and subtypes (Liver-
ovsky, 1974)

¢ The inventory of air self-purification capacity
(Glazovskaya, 1976)

* The inventory of self-purification capacity and
migration in surface water bodies (Glazovskaya,
1988)

* The inventory of values of surface runoff of
nitrogen and phosphorus (Kondratjev and
Koplan-Dix, 1988)

* The inventory of complex self-purification cap-
acity of terrestrial and freshwater ecosystems (Glaz-
ovskaya, 1988)

* Hydrochemical regionalization of surface waters
(Baranov, 1982)

* Biogeochemical regionalization of terrestrial and
freshwater ecosystems (Kovalsky, 1974)

* Ceological data for the European part of Russia
(Geographical Atlas, 1980)

* Hydrochemical data for surface waters (Bikbula-
tov, unpublished data, 1993)

* Hydrobiological data for surface waters (Komov
et al., unpublished, 1993)

* Forest data (USSR Forest Atlas, 1973)

¢ DPrecipitation data (Gidrometeoisdat, 1989)

* Evapotranspiration data (Lvovich, 1974).

fon deposition: The average deposition of nitro-
gen and sulphur compounds (wet and dry) have
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been taken from EMEP/MSC-E reports (Dedkova,
1992). The base cation content in precipitation have
been taken from CCE data, as adapted from EMEP
and IIASA. Due to a lack of available data on base
cation deposition in a large area (see Figure A2.3),
it has been assumed that (BC,,, — BC,) = 0 for these
areas.

Biomass uptake: Biomass uptake of nitrogen,
calcium, magnesium, potassium, and sodium has
been estimated on a basis of vegetation type and
annual biomass increase (Bazilevich and Rodin,

1971; Manakov, 1972; Bashkin, 1987, 1992). Annual
nitrogen uptake for various soil types and subtype
as well as nitrogen : base cation ratios are shown in
Tables A1.11 and A1.12. Values for nitrogen up-
take range from 2 to > 150 kg ha™ yr”, for calcium
from < 6 to > 150 kg ha” yr", for magnesium from
<1 to > 60 kg ha" yr', for potassium from < 6 to
> 150 kg ha' yr', and for sodium from <1 to > 8
kg ha”' yr'. The average values of [N]:[Cal] are
1.1- 4.4, [N]: [Mg] are 7.8-35.0, [N]: [K] are 1.2-4.4,
[N]:[Na] are 5.8-35.0, and [N]: [EBC] are 0.6-1.7.

Table A1.11. Quantitative assessment of nitrogen utilization by natural plant biomass (N,,) for various soils

(in kg N ha' yr').

Nitrogen Uptake coefficient
Soil Type C:N  mineralizing N deposition
(FAO/Unesco classification) ratio capacity Numc NH, NO,
Lithosols 14.0 25 0.1 0.2 .3
Gleyic Podzoluvisols 9.0 47 0.15 0.2 0.3
Dystric Podzoluvisols 9.0 50 0.18 0.2 0.3
Albic Luvisols 10.4 83 0.2 0.2 0.35
Ferric, Humic and Dystric Podzols 214 71 0.15 0.15 0.4
Albi-Gleyic Luvisols 21.0 72 0.15 0.15 0.4
Luvic Phaerozems 11.9 87 0.25 0.25 0.5
Molic Chernozems 13.2 147 0.3 0.3 0.5
Haplic Chernozems 12.0 202 0.3 0.3 0.5
Deep Calcic Chernozems 11.9 166 0.3 0.3 0.5
Calcic Chernozems 11.8 185 0.3 0.3 0.5
Xeric Chernozems 11.6 138 0.3 0.3 0.5
Calcic Chernozems (mycelium) 12.0 150 0.25 0.25 0.4
Xeric Chernozems (mycelium) 12.0 150 0.25 0.2 0.35
Haplic Kastanozems 11.0 140 0.25 0.2 0.3
Luvic Kastanozems 9.5 90 0.25 0.2 0.3
Haplic Xerosols 9.0 53 0.2 0.15 0.3
Calcic solonetzic Xerosols 9.1 40 0.2 0.15 0.25
Gypsic luvic Yermosols 10.2 31 0.2 0.15 0.25
Rendzinas 10.0 90 0.25 0.2 0.3
Fluvisols 11.1 108 0.3 0.25 0.4

Base cation weathering (BC,): The BC,, param-
eter is one of the most important in estimating
critical loads of acidity, sulphur and nitrogen. The
values of BC, depend upon soil type, mechanical
composition, parent material and they have been
widely used during initial stage of our work (Kras-
silov et al., 1991). It relates largely to the current
CCE method of calculations (Hettelingh and de
Vries, 1992).

However, further investigations have shown that
the rate of chemical weathering depends to a

greater extent on the total content of base cations,
their exchangeable forms and, in particular, on
hydrothermal conditions, which have not been
taking into account directly under current calcula-
tion methods. Furthermore, in view of the great
variety of soil and climatic conditions of forest and
freshwater ecosystems in Russia, the factors men-
tioned above greatly influence the actual rate of
weathering (Glazovskaya, 1989). These factors
influence all soil types in the European part of
Russia: sub-arctic and boreal belts as well as to sub-
boreal and semi-humid ones. Consequently, in acid
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Table A1.12. Annual biomass uptake of biophilic elements in various vegetation types of the European part of Russia.

kg ha average ratio

Vegetation Type N r Ca K Mg Na NP N:Ca NK N:Hg N:Na N:ZBC
Moss and lichen

tundra <11 1-3 6-10 6-10 1-2 1 7.5 1.9 1.9 100 15 0.8
Bush tundra 21-50 4-6 11-40 11-30 2-6 1 7.0 14 1.8 8.8 35 0.7
Forest tundra 21-50  4-6 11-40 11-30 2-6 1 7.0 1.4 1.8 88 35 0.7
Pine forest 21-50 1-3 6-10 6-10 1-2 1 17.5 44 44 233 35 1.7
Dark-conifers of

northern taiga 21-50  1-3 11-40 11-30 2-6 1 7.0 1.4 1.8 88 35 0.7
Dark-conifers of

middle taiga 51-75  4-6 41-70 31-50 6-10 1-2 12.6 1.1 1.6 79 42 0.6
Dark-conifers of

southern taiga 51-75  4-6 41-70 31-50 6-10 2 12.6 1.1 1.6 79 42 0.6
Sphagnum swamps 21-50  1-3 6-10 6-10 1-2 <1 17.5 4.4 4.4 233 35 1.7
Deciduous-dark

conifers 101-150 10-15 71-100  51-90 11-15 2 10.0 1.5 1.8 9.6 625 0.7
Deciduous-pine

conifers 101-150 10-15 41-70 51-90 6-10 2 10.0 2.3 1.8 156 625 0.9
Broad-leave forest 76-100 10-15 101-150 51-90 15-22 2 6.8 0.7 1.2 50 43.0 0.4
Flood-plain forest 301-400 10-15 101-150 121-150 45-60 24 29.1 2.8 2.6 6.7 116.7 1.1
Meadow steppe 101-150 10-15 41-70 91-120 12-21 4-6 10.0 2.3 1.2 78 250 0.9
Steppe forest

and bushes 101-150 7-10  41-70 31-50 12-21 4-6 14.7 2.3 3.1 78 250 1.1
Dry steppe 76-100 4-6 11-40 11-30 2-6  6-8 17.4 5.0 6.2 312 17.8 1.4
Dry solonetz

steppe 51-75 4-6 11-40 31-50 2-6  6-8 124 2.1 1.6 15.5 8.9 0.9
Desert steppe 76-100 1-3 11-40 11-30 1-4 2-4 433 2.9 44 35.0 29.2 1.7
Desert forest 21-50  1-3 6-10 11-30 <1 6 17.5 44 1.8 >35.0 5.8 1.0

and weak acid soils not saturated by base cations,
the base cation weathering rate was calculated as:
BC. = (BC

,+BC,))C, (A1.18)

CXC

and in neutral soils, saturated by base cations, on
the basis of the following equation:

BC, = (BCy + BCroc0s + BC,)- C, (A1.19)
where:
BC,,., = weathering influenced by exchangeable

base cations in soil

BC, = weathering of other soil minerals

BC,co; = weathering influenced by reaction with
carbonate minerals

C, = hydrothermal coefficient

Thus the BC,, values in northern and moderate soils
(Lithosols, Gleyic Podzoluvisols, Distric Podzol-
uvisols, Albic Luvisols, Ferric, Humic and Distric
Podzols, Albi-Gleyic Luvisols) vary from 50 to 1000
eq ha' yr'. In southern soils (various types of
Chernozems) these values are more than 20,000 eq

ha™ yr' and practically are not influenced by acid
atmospheric deposition.

Calculation of critical loads:

Conceptual ideas: At present there are at least
two approaches to the determination of critical load
values:

1. The use of steady-state mass balance equations
including a quantitative assessment of the maxi-
mum possible number of parameters of pollutant
turnover in the limits of a specific, defined area (i.e.
a watershed). Such an approach is the most ap-
plicable in comparatively small areas having high
degree of information support for calculation of
various parameters and constants of balance equa-
tions. This approach is used as a basis for calcula-
tion of critical loads for many European countries.

2. Use of various expert-modelling geoinformation
systems using modern computers. These systems
can operate using data bases and knowledge bases
relating to the areas with very great spatial data
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uncertainty. As a rule, the given systems include
an analysis of various element cycles in the key
plots, a choice of algorithm describing these cycles
and corresponding interpretation of data. This
approach requires numerous cartographic materials,
for example, maps of soil cover, geochemical and
biogeochemical structure, self-purification capacity
of soil, water, atmosphere, etc. It is the most appli-
cable approach for Russia because it is impossible
to present adequate supporting information for the
great spatial variability of natural and anthro-
pogenic factors (Bashkin, 1987, 1992).

Taking into account these approaches as well as the
need to use the unique European approaches for
the quantitative assessment and mapping of critical
loads, this research project was based on following
methodology (Bashkin et al., 1993):

a) All areas under study was divided into "elemen-
tal taxons" based on soil subdivision, biogeochem-
ical regions and geochemical areas of self-purifica-
tion.

b) As much acceptable information as possible was
collected for each elemental taxon to give a quanti-
tative assessment of various parameters and con-
stants of balance equations for the cycling of sul-
phur, nitrogen, heavy metals, persistent organic
pollutants, etc.

¢) Taking into account the maximal sensitivity of
freshwater ecosystems, this assessment of critical
load values was made for watershed areas includ-
ing all terrestrial and freshwater ecosystems.

d) Using expert-modelling systems and geographic
information systems (GIS), the results obtained
were interpreted on the whole areas of each ele-
mental taxon.

e) The critical load values were corrected on a
basis of hydrothermal peculiarities of active stages
of geochemical and biogeochemical reactions.

A. Critical loads of acidity

The values of critical loads of acidity were calcu-
lated by two parallel approaches:

a) The critical load of actual acidity, CL(A), is calcu-
lated according to equation 4.1 of the Mapping
guidelines (see Chapter 4):

CL(A) = ANC, — ANC,

Calculations of ANC, have been described earlier
(Krassilov et al., 1991).

b) The critical load of actual acidity were calcu-
lated on the basis of the following equation:

CL(N) - N, - N,
1-3,

CL(Ac ) = (A1.20)

The values of CL(Ac) range from less than 100 to
more than 20,000 eq ha’ yr'. The differences
between two techniques of calculation were in
limits of + 25 percent.

B. Critical loads of sulphur

The values of CL(S) were calculated according eq-
uation 4.2 of the mapping guidelines (sec Chapter
4), and range from 0.01 to 142.1 kg ha™ yr" for the
European part of Russia.

C. Quantitative assessment of nitrogen
critical loads

The quantitative assessment of critical loads was
carried out according to above-mentioned princi-
ples on a basis of steady-state mass balance equa-
tions for every "elemental taxon". In the European
part of Russia, 23 soil types and subtypes, 12 zones
of air self-purification capacity, 14 zones of self-
purification capacity and migration in surface water
bodies, 8 zones of values of surface runoff of nitro-
gen and phosphorus, 14 zones of complex self-puri-
fication capacity of terrestrial and freshwater eco-
systems, 4 hydrochemical classes of surface waters
were derived. Additionally 4 biogeochemical
regions and many natural, technobiogeochemical,
and agrogeochemical provinces were divided for an
assessment of possible influence of acidification and
eutrophication on the human health.

As a basic steady-state mass balance equation, the
following equation was used, in accordance with
proposed method for calculation European critical
loads (see also Chapter 4):

CL(N) =N, + N,, + N, + N, - Ct (A1.21)
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This equation allows for the calculation of a nitro-
gen balance for the whole watershed areas includ-
ing terrestrial and freshwater ecosystems.

Nitrogen uptake (N,): Values were assessed for
every soil type and subtype subdivided on the area
under study in accordance with the following equa-
tion:

N” = (NM + NNMC )‘ C (A]22)

upt
where:

N,, = total nitrogen deposition
Nume = actual nitrogen mineralizing capacity of
soils

C,,: = coefficient of nitrogen uptake by vegetation
This equation is a modified analog of equation 4.8
(see Chapter 4).

It is known that it is impossible to apply the term
"weathering" to nitrogen due to its predominant
accumulation in soil organic matter. This index
was thus changed to an index "nitrogen mineraliz-
ing capacity of soils", i.e. the mineralization of soil
organic matter under the influence of input of min-
eral nitrogen from deposition and/or from ferti-
lizers (Bashkin and Kudeyarov, 1989). The values
of nitrogen mineralizing capacity (Ny,, )} were
determined for the majority of soil types and sub-
types in experimental trials. For those soils where
experimental assessments were absent, the Ny,
values were calculated by following equation (Bash-
kin, 1987):

Y = 9.587 + 0.185 (C: N) + 0.190 (Ca>")
~ 0.790 (Mg?") — 1.157pH + 0.080 (P,0) (A1.23)

where:

Y = nitrogen mineralizing capacity

C:N = carbon to nitrogen ratio in forest and virgin
soils

Ca™, Mg’ = exchangeable cations, mg 100 g soil
pH = content of H* ions in KCI extract

P,O; = mobile phosphorus, mg 100 g™ soil

Table A1.11 shows the N, values and uptake
coefficients for every soil division (types and sub-
types). In accordance with this table, N, values
range from 9 to 180 kg ha™ yr', but in the majority
of natural zones they are less than the values of
perennial nitrogen accumulation in yearly biomass
increase (Table A1.12). This means that the major-
ity of terrestrial natural ecosystems have a nitrogen

deficit, which is covered by nitrogen uptake from
lower soil horizons (lower than 50 cm depth)
and/or due to symbiotic and non-symbiotic nitro-
gen fixation.

Denitrification (N,): It was found in numerous
field and laboratory experiments with various for-
est and virgin soils (Podzols, Albic Luvisols, Luvic
Phaeozems, Haplic and Calcic Chernozems, Harlic
Kastanozems, Ferralic Arenosols, Rhodic and Hap-
lic Nitosols, Cryic Fluvisols, Fluvisols etc.) that:

N, = 0.145(N = Ny, ) + 6477 (A1.24)

n =43, r = 0.847.

It is well known that all biochemical and biological
processes in soil do not depend on the type of
nitrogen source (mineralized, fixed, from precipita-
tion or fertilizers, etc.). Thus it is possible to assign
a portion of the denitrification to that portion of
nitrogen input received from precipitation (Bashkin,
1987). The denitrification values for soils under
study range from 0.1 to 5 kg ha™ yr.

Nitrogen immobilization (N): Values of N, were
calculated on the basis of numerous experimental
studies with main soil types in the territory of Rus-
sia. It was found that in the dependence of the
C:N ratio there are following relationships:

where:

C:N <10 then N, = 0.2 NH," + 0.1 NOy

10 < C:N < 13.2 then N, = 0.3 NH," + 0.2 NO; (A1.25)
CN > 13.2 then N, = 0.4 NH," + 0.3 NO;

where:
NH,", NO; = input of nitrogen from precipitation.
N, values range from 2 to 7 kg yr.

Critical nitrogen leaching:

a) Values for critical nitrogen leaching to avoid
eutrophication of terrestrial ecosystems, N, ., ,
were calculated on the basis of the following
assumptions:

¢ root zone depth = 0.5-1.0 m

* nitrogen concentration in inner soil waters =
0.2-2.5 mg 1"

* surface and undersurface runoff = 50-600 mm
ha' yr' and were equal to 1-12 kg ha™ yr".

b) According to numerous experimental data, the
application of a critical load concept for nitrogen as
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a eutrophying factor must also consider phos-
phorus (Kamiéri et al., 1992; Kondratjev and Koplan-
Dix, 1989; Bikbulatov et al., 1993).

It has also been found that in phytoplankton bio-
mass in general C:H:O:N:P ratios are close to
the Redfield ratio 106:175:50:16: 1 (by atoms). As
a rule, C, H, and O in surface waters are in excess
and phytoplankton biomass is determined by a

N : P ratio of 16:1. At present in accordance with
an analytical review (Bikbulatov, unpublished data,
1993), the predominant number of lakes and water
reservoirs in the European part of Russia are
strongly limited by phosphorus and only one, Plets-
cheevo lake in the Yaroslavl region, is limited by
nitrogen, i.e. having a N : P ratio < 16. Based on
these assumptions, it is possible to calculate critical
nitrogen leaching in comparison with critical phos-
phorus loads presented in Table A1.13 (after Bik-
bulatov, 1993) for the main characteristic water
bodies in various hydrochemical classes. Thus:

Ny = 16 CL(P) (A1.26)
where:
N, = critical nitrogen leaching to avoid surface

water eutrophication
CL(P) = critical load of phosphorus to avoid an
alteration of trophic level

Critical loads of phosphorus were calculated on a
basis of the well-known Vollenweider model (1975):

Z

CL(P) = Le = P - = - (1t

(A1.27)

where:

P = critical phosphorus concentration to subdivide
trophic levels (usually 10 pg 1)

z = average depth of water bodies (in meters)

t = period of water exchange (years)

Table A1.13 shows the values of N : P ratios, CL(P)
and N, for various lake systems in the Russian
area. It was shown that for various water bodies
situated in different "individual taxons" the values
of Ny, are in the limits of 8 to 53 kg ha™ yr™.

Table A1.13. Values of N : P ratios, critical loads of
phosphorus, and nitrogen critical loads in
various Russian lakes.

N : P CL(P) Nl(cri!)w
Region ratio (mg m? yr') (kg ha™ yr')
Kareliya 16-33 29-67 0.9-94
Nonchernozemic belt  21-52 56-219 2.9-18.0
Chernozemic belt 17-54 104-600 24-54

It is necessary to note that transformation and mig-
ration nitrogen in soil-plant-water systems occur
only during periods with active geochemical or
biogeochemical reaction and processes. The dur-
ation of these periods varies greatly in the area
under study, from less than 2 months in arctic
zones, and up to 10 or 11 months in southern and
southwestern zones. According to this figure, the
corresponding coefficients (C,) were used to take
into account biogeochemically active periods.
These coefficients, ranging from 0.25 to 0.83, were
applied in calculating each component of nitrogen
critical loads. Summing the results, the values of
CL(N) range from 0.05 to 120.5 kg ha™ yr" for the
European part of Russia.

Mapping critical load values and their exceed-
ances in an EMEP grid cell:

On the basis of a longitude-latitude grid cell distri-
bution, the values of CD(S), CD(N) and corre-
sponding exceedances were recalculated for each
EMEP grid cell. These values are shown in Table
Al.14.

Table A1.14. Distribution of values of critical deposi-
tion of sulphur and nitrogen in the Euro-
pean part of Russia. Figures are given
as percentage of total area.
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Critical

Ranges deposition Exceedances

(eq ha™ yr') CD(S) CD(N) CD(S)exc CD(N)exc

< 200 4.8 7.0 87.1 99.4

200-500 36.0 22.0 53 0

500-1000 26.9 15.1 5.3 0

1000-2000 19.9 22.0 2.3 0

> 2000 124 33.9 0 0.6
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Conclusions:

The quantitative assessment and mapping of sul-
phur and nitrogen critical loads and deposition
show that the minimal values (< 200 eq ha” yr")
are calculated for some plots of arctic and sub-arc-
tic zones. The possible negative ecological prob-
lems are here connected with an acidification and
eutrophication, because: (a) various types of pod-
zols and lithosols have low buffering capacity to
additional input of H" ions, and (b) most lakes are
oligotrophic. These values are characteristic for 4.8
and 7.0% of the European part of Russia for sul-
phur and nitrogen, correspondingly.

In the northwestern part of the Kola peninsula, the
values of atmospheric deposition of sulphur are
high and exceed the values of CD(S). The values of
nitrogen deposition are not so high in these zones
and at present there is no remarkable exceedances
of CD(N).

In the belt of conifers the values of CD(5) and
CD(N) are in the ranges of 200-500 and partly
500~1000 eq ha™ yr'. Exceedances of CD(S) and
CD(N) are noted in the St. Petersburg region,
although in other zones of this taiga-forest non-
chernozemic belt, critical loads are seldom exceeded
at existing levels of atmospheric deposition, but
potentially this area is sensitive due to low buffer-
ing capacity of soils and the oligotrophic or partly
mesotrophic state of water bodies. (In total, about
50% and 40% of area under study for sulphur and
nitrogen, respectively.)

In other areas of the European part of Russia there
are practically no exceedances of sulphur and nitro-
gen critical loads and critical deposition values.
Potentially dangerous effects can be related to
eutrophication aspects, especially in mixed forest-
agricultural zones with large amounts of surface
phosphorus runoff, e.g. in forest-steppe cherno-
zemic biogeochemical region.

Figures:

Al1.29. Russia: Critical sulphur deposition.

A1.30. Russia: Exceedance of the critical sulphur
deposition.

A1.31. Russia: Critical nitrogen deposition.

A1.32. Russia: Exceedance of the critical nitrogen
deposition.
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Figure A1.29. Russin: Critical sulphur deposition.
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Figure A1.30. Russia: Exceedance of the critical sulphur deposition.
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Figure A1.31. Russia: Critical nitrogen deposition.
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Figure A1.32. Russia: Exceedance of the critical nitrogen deposition.
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SWEDEN

National Focal Center/Contact:
Prof. Y-W Brodin & Dr. Hikan Staaf
Swedish Environmental Protection Agency
S-171 85 Solna

Collaborating Institutions/Contacts:
Dr. Kevin Bishop (programs B, D)

Faculty of Forestry

Department of Forest Ecology

Swedish University of Agricultural Sciences
Svartberget 5119, 922 00 Vindeln

Prof. Harald Sverdrup and

Dr. Per Warfvinge (programs B, C, D)
Department of Chemical Engineering
University of Lund

Box 124, 5-22100 Lund

Prof. Peringe Grennfelt (program A)
Swedish Environmental Research Institute
P.O. Box 47 086

5-402 58 Goteborg

Dr. Gun Lovblad (program A)

Swedish Environmental Research Institute
P.O. Box 47 086

5-402 58 Goteborg

Sweden

Dr. Anders Wilander (program D)
Swedish University of Agricultural Sciences
P.O. Box 7050

5-750 07 Uppsala

Prof. S. Ingvar Nilsson (programs B, C)
Swedish University of Agricultural Sciences
Department of Soil Sciences

P.O. Box 7014

5-750 07 Sweden

Receptors Mapped:

The forest critical load maps applies to all types of

forests on moraine. The forest vegetation includes

the Southern Swedish deciduous forest, the conifer-
ous forest and the northern birch forest.

Program A. Deposition (G. Lovblad)

Calculation Method:

The deposition over Sweden has been mapped in
cooperation with other Nordic countries. The main
purpose of the joint Nordic effort was to obtain
deposition estimates which as close as possible
agree with monitoring data (throughfall measure-
ments). Another main goal was to harmonize the
national maps in order to avoid discrepancies along
national borders. Deposition of sulphur and nitro-
gen was estimated based on monitoring results of
wet deposition. Dry deposition was calculated
from air pollution concentrations and dry deposi-
tion velocities. For sulphur deposition, velocities
were derived from throughfall results, and for
nitrogen from literature data. Deposition was
mapped to specific ecosystems in order to compare
it to critical loads. Land-use weighted deposition
was calculated for 50 x 50 km EMEP subgrid net.

Data Sources:

Data used for calculating deposition of sulphur and
nitrogen include:

e wet deposition monitoring data from the national
monitoring network: 30 stations for precipitation
chemistry and 700 for precipitation amount

* air concentration data from the six Swedish
EMEP stations

e throughfall monitoring results from a network in
southern Sweden (around 80 stations)

* snow cover data from the national meteorologi-
cal network

¢ land use data from the Swedish University of
Agricultural Sciences.

Program B. Acidity in Forest Soils
(H. Sverdrup & P. Warfvinge)

Calculation Method:

Steady-state mass balance appproach, implemented
as the Apple Maclntosh version of the PROFILE
model. Units used are keq ha” yr if not otherwise
specified. The soil profile is divided into four lay-
ers, using input data for the thickness of each soil
layer. The criteria were applied for soil depths of
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0-50 cm of the soil, assumed to be the tree rooting
depth in Sweden.

Criteria:

The criteria Ca:Al > 1.0 was used for the calculation
of critical loads. In the model base cation uptake
will occur from each layer, but uptake is stopped if
the base cation soil solution concentration falls
below 15 peq 1. Residual uptake is then moved to
the next layer.

Data sources:

The calculations are based on 1804 individual
points. The soil and vegetation data was taken
from the data base of the Swedish National Forest
Survey. For each site the net long-term uptake is
specified, based on the measurements in the survey
of base cation and nitrogen contents of stem and
branch, combined with site-specific estimates of net
long-term forest growth. Each tree is considered
separately, and the total uptake weighted together
for each calculation point. Weathering rate is calcu-
lated internally in the PROFILE model, primarily
from mineralogy and texture.

The soil mineralogy was derived for 131 sites by
measurement. For the remaining sites, the soil
mineralogy was calculated using the total analysis,
backchecked against the 131 measured mineralogy
determinations. Texture was measured by granul-
ometry and BET/adsorption. The texture for the
remaining 1673 sites were read from the correlation
using the field classification.

Annual average air temperature, precipitation and
runoff was taken from official statistics for each
NILU grid (3 x 3 subdivision of EMEP). Other
input data were derived strictly in accordance with
Sverdrup et al. (1990) and the Mapping Vade-

mecum.

Program C. Nitrogen in Forest Ecosys-
tems (P. Warfvinge & H. Sverdrup)

Calculation method:

The nutrient limitation concept, as described in the
Grennfelt and Thornelof (1992), were applied in the
PROFILE model. The map is calculated using stem
uptake according to present land use patterns.
Immobilization was assumed to be the fraction of
litterfall not decomposed, modified with respect to

soil pH, wetness and temperature. Immobilization
range from 1.5-6 kg ha” yr' under critical loads in
a north-south gradient.

Criteria:

The critieria applied were in accordance with the
nutrient limition concept. Growth and nitrogen
uptake is limited by current growth rate or les-
sened according to the availability of base cations.
No nitrogen is permitted in the percolating water at
the bottom of the rooting zone at 50cm soil depth.

Data sources:

Critical loads of acidity data base. Calculations
were based on 1804 points, ultimately derived from
data of the Swedish Forest Survey.

Pfogram D. Acidity of Lake Ecosystems
(H. Sverdrup & P. Warfvinge)

Calculation method:

The critical load was calculated using two comple-
mentary methods. The steady-state water chemis-
try method ("Henriksen method") was used for
4,000 lakes. The PROFILE model was applied to
1804 small catchments in forested areas.

Criteria:

For the steady-state water chemistry method, an
ANC,,,; of 20peq I was used. The PROFILE model
was used to reconstruct historical ANC in 1804
catchments. The critical limit applied was ANC,,,,
= 20peq I or ANC,;,,; = ANC,0,cs—10peq I'' when
ANC,0ien < 20peq I''. This procedure eliminates
negative critical loads. The map based on the PRO-
FILE calculation ignores lakes in agricultural areas
and very large lakes.

Data sources:

Chemistry data from 4021 lakes was sampled in
January to April 1990. The lakes were randomly
selected from a size stratification of the lake popu-
lation in Sweden. Data was corrected for liming.
The data for the PROFILE model application is the
forest critical loads data base supplemented with
soil depth information from the Swedish Geological
Survey and the Swedish Forest Survey.
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Figures:

Al1.33.

Al.34.

Al.36.

A1.37.

Sweden: Seasalt-corrected deposition of 5
and N, and exceedance of S deposition over
the critical loads:

a. Sulphur + nitrogen deposition.

b. Sulphur deposition in excess of the criti-
cal loads.

Sweden: Critical loads and exceedance of
acidity for forest soils:

a. Critical loads, 5 percentile.

b. Exceedance of critical loads, 5 percentile.

35. Sweden: BC: Al ratios and forest growth:

a. Future BC: Al, present deposition
continued (50 percentile).
b. Observed BC: Al, n=450 (50 percentile).

c. Estimated historic BC: Al (50 percentile).

Sweden: Critical loads and exceedance of
acidity for lakes:

a. Henriksen method (5 percentile).

b. PROFILE model (5 percentile).

¢. Exceedance of critical loads, PROFILE
model.

Sweden: Critical loads and exceedance for
nitrogen in forest ecosystems:

a. Critical loads of nitrogen, keq ha” yr'
(5 percentile).

b. Exceedance of critical loads, keq ha™ yr”
(5 percentile).

¢. Reduction required to reach critical loads
(5 percentile).
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Figure A1.33. Sweden: Seasalt-corrected deposition of S and N, and exceedance of S deposition over the critical loads.
a. Sulphur + nitrogen deposition (top); b. Sulphur deposition in excess of the critical load (bottom).
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Forest soil

Forest soil, 0-0.5 meter, 5%-tile 0-0.50 meter, keq/ha yr
Critical load, keq acidty/ha yr Exceedance (5%-tile)
14W 00w00.2 10l -10.0t00.0
(2l 02005 318 00002
s0[] 05t01.0 50 0.2100.5
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ol 20w 10.0 26l 101020
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Figure A1.34. Sweden: Critical loads and exceedance of acidity for forest soils.
a. Critical loads, 5 percentile (left), b. Exceedance of critical loads, 5 percentile (right).
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Figure A1.35. Sweden: BC: Al ratios

and forest growth (50 percentile).

a. Future BC : Al, present deposttion continued.
b. Observed BC : Al, n=450.

c. Estimated historic BC : Al
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Lakes, Henriksen method
Critical loads, keg/ha yr
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Lakes, PROFILE model
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Figure A1.36. Sweden: Critical loads

and exceedance Uf (?(‘f!fff}/ J"m‘ lakes.

a. Henriksen method (5 percentile).

b. PROFILE model (5 ]J{.‘I't‘e.'lllfh’).

¢. Exceedance of critical loads, PROFILE model.
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Figure A1.37. Sweden: Critical loads and exceedance for
nitrogen in forest ecosystems (5 percentile).

a. Critical loads of nitrogen, keq ha™ yr'.

b. Exceedance Of critical hl(?(i’ﬁ, k‘.'_'q ha ! yr ".

c. Reduction I‘L'q!rfl‘l‘(f to reach critical loads.
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SWITZERLAND

National Focal Center/Contact:

Mr. Beat Achermann

Federal Office of Environment, Forests and Land-
scape

Laupenstrasse 20

CH-3003 Bern

Collaborating Institutions/Contacts:
Mr. Beat Rihm

Dr. Stefan Kunz

METEOTEST

Fabrikstrasse 29

CH-3012 Bern

A. Critical Loads of Acidity

Receptors mapped:

11,000 receptor points, each of them representing
one square kilometer with one of the following
receptor types:

* coniferous forests

¢ deciduous forests

* unmanaged forests

e alpine lake catchments, on slow-weathering
bedrocks.

Calculation method:

As was mentioned in the NFC Report 1991, the
map of critical loads of (actual) acidity for Switzer-
land was not satisfactory, as it showed unrealistic
values in high-precipitation areas. In order to solve
this problem a workshop was held in Vienna, 9-10
March 1992. Based on the results of this workshop
a new map was produced and supplied to the CCE
in March 1992. In this report the method used to
calculate the new map will be described very brief-

ly.

In general, surface waters and ground waters are
well-buffered in Switzerland. However, there are
some regions on slow weathering bedrocks situated
between 1200 and 2800 m above sea level, where
lakes are sensitive to acidic deposition and severe
damages to fish populations have been observed.

The calculation method is the steady-state mass
balance (SSMB) as described in the Vienna Work-

shop Report. For forest soils two criteria were
applied and the lower of the two results was
chosen:

1. Critical load of (actual) acidity for forests, apply-
ing the BC:Al criterion:

08-BC +BC,-BC -BC, |7
CL=W-+|15: ‘ : . : Q"
(BCAD,, K,
15 08-BC +BC, - BC, -BC, ., (A1.28)
T BCAD_

2. Critical load of (actual) acidity for forests, apply-
ing the Al depletion criterion:

CL =25-BC, + T (A1.29)

<ibh

BC. 1/3 5
15 2| -

For alpine lake catchments the critical load of
(actual) acidity was calculated assuming a critical
alkalinity of 0.02 eq m™:

CL(lakes) = W

catclunent

-002-Q (A1.30)
where:

BC,, = weathering rate of the base cations Ca, Mg,
K and Na (in eq ha™ yr'). The factor 0.8 takes into
account that approximately 20 to 25% of the base
cations released by weathering is Na, not participat-
ing in the BC : Al ratio.

Wemen: = Weathering rate of base cations on the
whole path (not only rooting zone) percolated by
the runoff (eq ha yr').

BC,,, = base cation deposition (eq ha” yr').

BC, = base cation uptake (eq ha” yr').

Q = runoff rate, at the bottom of the rooting zone
(m’ ha' yr').

BC iy = Minimum leaching of base cations cor-
responding to the leaching caused by the residual
concentration of base cations that the trees cannot
take up (= Q- 0.015). The limiting concentration is
in the range 10 to 20 peq 1.

(BC:Al),; = 1. Critical chemical value.

K = 200 (m°eq?). Gibbsite coefficient. The factor
1.5 derives from the conversion of critical loads and
base cation concentrations in equivalents to the
molar ratio.
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In many cases the SSMB method returned slightly
negative critical load values for alpine lakes. This
may result from inaccurate input data and effects
that are not included in the present model. Where
this occurred, the critical load was set to a value of
100 eq ha™ yr', corresponding approximately to the
natural background deposition of acidity.

Data sources:

- Digital Elevation Model (DEM):

A data set from the Federal Office of Statistics
(GEOSTAT), with a resolution of one hectare, is
available. It is an interpolated 250 x 250 m grid.

» National Forest Inventory (NFI):

This is a data base of the Swiss Federal Institute for
Forest, Snow and Landscape Research, with a resol-
ution of 1 x 1 km. It supplies information on tree
species, forest type, soil properties (pH in topsoil,
drainage conditions) and management (mean har-
vesting rates in five different regions).

Base cation uptake: was calculated by multiplying
the long-term harvesting rate by values for the
element content in stems (proposed by the CCE).
Branches are not included according to the harvest-
ing practice in Switzerland.

In the alpine and southern parts of Switzerland
current harvesting rates are very low. A national
programme has been establish to intensify forest
management in those regions. With respect to this,
the long-term harvesting rates are assumed to be
higher than today (+30% in the alpine region,
+100% in southern Switzerland).

Weathering rates: The 23 categories of the
1:500,000 soil map "Atlas der Schweiz", edited by
the Federal Office of Topography, are assigned to
weathering rate classes as proposed in the CCE
Mapping Vademecum 1990. Some categories were
not suitable to distinguish calcareous and non-
calcareous soils. Therefore, soil acidity values from
the NFI were used to recognize calcareous soils
(surface pH > 6.2). Then the weathering rate,
which is assigned to a certain weathering rate class,
is corrected by the influence of soil temperature.
The temperature is estimated by a linear regression
with the altitude for two different climate zones.

» Hydrological Atlas of Switzerland: This atlas
contains a precipitation data set with a resolution of
1x 1 km. It was produced at the Swiss Meteoro-
logical Institute by processing a large set of meas-
urement data with kriging interpolation methods.

It shows the "mean annual corrected precipitation
depths 1951-1980".

The precipitation surplus (water flux at the bottom
of the rooting zone) is precipitation minus evapo-
transpiration. The evapotranspiration rate is calcu-
lated by empirical linear regressions with altitude
for three different climate zones. Evapotrans-
piration values are then increased by 240 mm yr’'
for coniferous forests, by 120 mm yr" for deciduous
forests and decreased by 30% for shady regions,
which are evaluated on the digital elevation model.

Base cation deposition: EMEP data and dry
deposition factors from the CCE.

« Atlas of Vegetation Types Worthy of Protection
(VT): This data set, available at the Federal Office
of Environment, Forests and Landscape, has a res-
olution of 1 x 1 km. It shows the spatial distribu-
tion of 97 ecologically relevant vegetation types. A
subset of these data is used for determining critical
loads of nutrient nitrogen by the empirical method.

« Federal Inventory of Raised and Transitional
Bogs of National Importance (HM): This data set
is available in vector form at the Federal Office of
Statistics (GEOSTAT). It contains the outlines of
raised (ombrotrophic) bogs digitized at a scale of
1:25,000. For the application in the empirical
approach the vector data were rastered intoa 1 x 1
km grid.

- Federal Inventory of Fens of National Import-
ance (FM): This data set is available in vector
form at the Federal Office of Environment, Forests
and Landscape. It contains the outlines of
eutrophic and mesotrophic fens digitized at a scale
of 1:25,000. For the application in the empirical
approach only the mesotrophic fens have been
selected and the vector data were rastered into a 1
x 1T km grid.
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B. Critical loads of Nutrient Nitrogen:
Empirical Approach

Critical loads maps for nutrient nitrogen have been
produced by applying both the empirical approach
and the nitrogen Steady-State Mass Balance (55MB)
approach. The application of the empirical
approach is based on highly resolved and detailed
ecosystem inventories, which cover the whole terri-
tory of Switzerland. The resulting map reflects the
sensitivity of natural and semi-natural ecosystem
types in Switzerland based on empirically exam-
ined effects such as changes in vegetation and bio-
diversity according to the list developed at the UN
ECE Workshop on Critical Loads of Nitrogen in
Lokeberg (Sweden) in April 1992. The SSMB
approach on the other hand is applied for managed
forests only. Several possibilities of applying the
SSMB approach have been evaluated by varying
the input parameters to the mass balance equation
within the ranges proposed by the Lokeberg Work-
shop and the mapping guidelines contained in
Chapter 4.

The following data bases have been used to define
critical load values according to the results of the
Lokeberg Workshop, as presented in Appendix [V
of this report:

* Atlas of Vegetation Types Worthy of Protection
in Switzerland (VT)

¢ Federal Inventory of Raised and Transitional
Bogs of National Importance (HM)

e Federal Inventory of Fens of National Import-
ance (FM).

In order to produce a map of "most probable” criti-
cal load values, the middle of the ranges given in
Appendix IV was taken, generally, as those ranges
mostly reflect the uncertainty of the method. All
data are compiled on the basis of a 1 x 1 km grid.
If more than one ecosystem type exists within one
grid cell, the most sensitive ecosystem determines
the critical load of nutrient nitrogen for this grid
point. The results are shown in Figures A1.38
through A1.41.

The critical load values are assigned as listed in
Table A1.15, in kg N ha™ yr’.

C. Critical Loads of Nutrient Nitrogen:
SSMB Approach

The critical load is calculated by the steady-state

nitrogen mass balance for 11,000 sampling points of

the National Forest Inventory. Equation 4.18 from

the mapping guidelines was used (see Chapter 4):
Nl([)‘r[)

CL N)=N_ _+N _+ _ "~

it uferit) ilerit) 1 - f
de

Most of these terms are quite uncertain. Therefore
the influence of assumptions that must be made
was evaluated by calculating different versions
with the available data base. For this sensitivity
analysis three versions have been calculated using
the extremes and the middle of the ranges prop-
osed by the mapping guidelines contained in Chap-
ter 4:

Version 1 ("low version"): The lower bounds of
the ranges proposed by the mapping guidelines for
nitrogen immobilization, leaching and denitrifi-
cation are used. The denitrification rate is assumed
to be greater than zero even in socalled dry soils,
because also these soils are assumed to be tempor-
arily saturated by moisture during high precipita-
tion periods or snow melting periods.

Version 2 ("middle version"): Values within the
proposed ranges for nitrogen immobilization, leach-
ing and denitrification are used.

Version 3 ("high version"”): The upper bounds of
the proposed ranges for nitrogen immobilization,
leaching and denitrification are used.

The values used for each of these versions are sum-
marized in Table Al.16.

The results of all three versions are presented in
Figure A1.38 as cumulative frequency distributions
for Switzerland. Version 2 (middle) has been sub-
mitted to the CCE for data processing at the Euro-
pean level, because the result of this versions might
be the most plausible one, being based on less
extreme assumptions than the other versions. The
result of Version 2 is also presented in Figure
Al41.
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Table A1.15. Critical load ranges assigned for various ecosystem types in Switzerland.

Critical Applicable ecosystems Critical Load
Ecosystem load range in Switzerland Assigned  Code
Acidic (managed) 15-20 Molinio-Pinion (Waldfoehrenwald 17 VT157
coniferous forest auf tonigem Boden, montan)
Ononido-Pinion (offener Kieferwald, sehr trocken) 17 VT158
Cytiso-Pinion (Foehrenwald-Steppe) 17 VT159
Acidic (managed) <15-20 Quercion robori-petraeae (bodensaurer Eichen- 15 VT249
deciduous forest Birkenwald, naehrstoffarm)
Quercion pubesc.-petracae 15 VT267
(thermophile Eichenwaelder)
Orno-Ostryon (Hopfenbuchwald) 15 V1268
Calcareous forests unknown no values assigned
Acidic (unmanaged) unknown no values assigned
forests
Lowland dry heathland 15-20 none
Lowland wet heathland 17-22 none
Species-rich lowland 7-20 none
heaths/acid grassland
Arctic and alpine 5-15 Erico-Mugion (Bergfoehrenwald auf Kalk, subalpin) 10 VT149
heaths Erico-Pinion (Waldfoehrenwald auf Kalk, montan) 10 VT156
Calluno-Pinion (Fohrenwald auf Silikat, montan) 10 V1247
Calcareous species- 14-25 Mesobromion (Halbtrockenrasen, kollin u. 19 VT036
rich grass land unt. montan)
Andropogonetum gryllii (Trockenrasen, 19 VT038
Steilhaenge)
Neutral-acid 20-30 Molinion (nasse Streu-Magerwiesen) 25 VT069
species-rich grassland
Montane-subalpine 10-15 Seslerio-Bromion (Halbtrockenrasen, ob. montan) 12 VT037
grassland Festucion spadiceae (subalpin kalkarm, steile 12 VT039
Trockenhaenge)
Caricion ferrugineae (frische Rasen auf Kalk, 12 VTO056
subalpin)
Stipo-Poion xerophilae (Walliser Schwingelrasen, 10 VT046
Graubuenden)
Oxytropido-Elynion ( Gratrasen, alpin) 10 VT048
Seslerion coeruleae (Trockenrasen auf Kalk, 10 VT049
subalpin-alpin)
Shallow soft-water 5-10 Littorellion (flache, oligothrophe See- 7 VTO019
bodies und Teichufer)
Mesotrophic fens 20-35 Scheuchzerietalia (Scheuchzergras) 25 M
Caricion fuscae (Braunseggenried) 25 M
Caricion davallianae (Davallsseggenried) 25 M
Ombrotrophic bogs 5-10 Sphagnion fusci (Hochmoor) 7 HM
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Table Al.16. [nput values used for calculating critical
loads of witragen for Switzerland (in

kg N ha' yr' ).

Version
low middle high

Factor

Nitrogen uptake (N, ): derived
from the long-term

Figures:

A1.39. Switzerland: Critical loads of actual acidity.
Method: SMB with Al and BC : Al criteria
(Vienna, March 1992). Receptors: Forest
soils and Alpine lakes.

Switzerland: Critical loads of nutrient nit-
rogen: empirical approach, based on the

AT1.40.

harvesting rate 0.7-7 0.7-7 0.7-7 CCE Guidelines of May 1993. Receptors:
Natural and Semi-natural Ecosystems.
Nitrogen m“n‘)blhz":*t‘““ (N,): Al141. Switzerland: Critical loads of nutrient nit-
m Po}d_z_nls _T1L1 Histosols ? :); g rogen: SMB approach, version 2 (middle),
i other sots - based on the CCE Guidelines of May 1993.
Critical nitrogen leaching (N, ): Receptozs: Forests,
deciduous forests 4 4-5 h
coniferous forests 2 2-4 4*
Denitrification rate (f,,): deter-
mined according to the drainage
conditions given in the National
Forest Inventory:
all dry soils 0.1 0.2 0.3
dry soils with
inhibited permeability > 0.3 -
moist soils 0.5 0.5 0.5
moderately wel soils 0.7 07 07
wet soils 0.8 0.8 0.8
* depending on altitude.
Percentile
100 =
04 W T
80 -
70 -
- (
60 ||
50 - I~
h A
40 I
. ( _
30 i rl ] SMB low version
20 i :i —— SMB middle version
. E ---- SMB high version
10 ] r . 1'.,7'» Empirical Approach
0 T I T T . T T T T T T
0 5 10 15 20 25
Critical Loads of Nutrient Nitrogen kg N/(ha *yr)
Figure A1.38. Cumulative frequency distributions of
critical loads of nutrient nitrogen for
Switzerland. The three SMB versions
were applied to forest ecosystems, the
empirical approach to other natural and
semti-natural ecosystens.
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Figure A1.39. Switzerland: Critical loads of actual acidity.
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Reproduced by permission of the Federal Office of Topography.
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Critical Loads of Nutrient Nitrogen, Empirical Approach

MAPPING CRITICAL LEVELS AND LOADS FOR SWITZERLAND:

METEOTEST Bern

&

~Based on ithe C’qid-eﬁnes of March 1993

"BUWAL Bern

Lt Y

Figure A1.40. Switzerland: Critical loads of nutrient nitrogen: empirical approach
Reproduced by permission of the Federal Office of Topography.
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Critical Loads of Nutrient Nitrogen, SMB Approach

MAPPING CRITICAL LEVELS AND LOADS FOR SWITZERLAND:
—Based ‘'on the Mappi
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Figure A1.41. Swilzerland: Critical loads of nutrient nitrogen: SMB approach Version 2 ("middle”).
Reproduced by permission of the Federal Office of Topography.
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UNITED KINGDOM

National Focal Center/Contact:
Dr Keith R. Bull, Head

Jane R. Hall

Michael J. Brown

Environmental Information Center

ITE Monks Wood

Abbots Ripton

Huntingdon PE17 2LS

Collaborating Institutions/Contacts:
Professor Michael Hornung
ITE Merlewood

Professor Rick Battarbee
ECRC, University College London

Dr Michael Ashmore
Imperial College, London

Professor David Fowler
ITE Edinburgh

Dr. Sarah Metcalfe
University of Hull

Other members of the UK Critical
Loads Advisory Group (CLAG)

Receptors mapped (and methods used):

Acidity: Soils (empirical, level zero), freshwaters
(Henriksen), freshwaters (diatom model), soils
(modified steady-state mass balance, single species
maps and percentiles based upon land cover).

Nitrogen: Soils (mass balance single species maps
and percentiles based upon land cover), vegetation
(empirical).

Levels: Natural vegetation, forests, agricultural
crops, lichens (sulphur dioxide); wheat, oil seed
rape, white clover (ozone); bryophytes and lichens
(wet acidic deposition).

Grid size:
1 km for soil and land cover vegetation maps, 10
km for freshwater and plant species maps.

Calculation methods:

A. Critical Loads of Acidity |

Level zero: empirical method for soijs: The
method has been described in detail previously
(Hettelingh et al., 1991). Only minor changes have
been made to the map, e.g. new data for the Isle on
Man, revised organic soil critical loads values for
some areas. The 1 km data set used for the map
has been used for estimating the necessary percen-
tile values for the UK area on the European maps
of critical loads. The map has been studied in
relation to critical loads estimates derived using
different models, e.g. PROFILE. In addition, field
studies are in progress which have used the map to
define particular areas of interest. The critical loads
data have also been used to assess impacts for a
number of possible future deposition scenarios in
the UK.

Steady-state mass balance method for soils:
The steady-state mass balance equations originally
proposed for calculating critical loads for soils were
found to be unsatisfactory for the UK. Similar
problems were encountered as for other high rain-
fall regions of Europe. Following the workshop on
the "Problems of mapping critical loads and levels
in sub-alpine and alpine regions", the UK has
explored the use of modified mass balance equa-
tions. For a number of species, appropriate critical
base cation : aluminium ratios have been selected,
and, together with estimates of the necessary other
parameters, critical loads have been calculated. The
empirically derived soil critical loads values (un-
modified for land use) have been used as weather-
ing rate estimates, but with peat soils allocated a
weathering rate of zero. Calculations are therefore
again based upon 1 km grid areas of Britain. The
individual species maps (e.g. Figure A1.42) show
critical loads values assuming each species grows in
all parts of Britain. The data for several species,
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together with a land cover map of Britain derived
from LANDGSAT satellite imagery, provide the
necessary information to estimate cumulative dis-
tributions of critical loads values for each 1 km
area. In this way, maps showing critical loads for
the various percentiles of sensitive ecosystem areas
will be drawn for the UK. Data relating to these
ecosystems will be made available to the CCE in
the coming year.

The Henriksen method for freshwaters: Critical
loads for freshwaters have been, derived, using the
Henriksen model, from samples collected from each
10 km grid square of the UK. For sampling, a
standing water body in the most sensitive area of
each grid square was selected using available infor-
mation on soils, geology, land use and altitude. If
a standing water was not available, a low-order
stream was sampled. For the calculations, an ANC
value of zero has been used which relates to a 50%
probability of occurrence of brown trout. Use of
other ANC values will reflect different probabilities
or the occurrence of other species. Investigations
on the impacts to other species are continuing. The
resulting critical loads map for ANC = 0 (Figure
A1.43) is seen as a "case study"” in view of the
method of selection of sampling areas. It effective-
ly shows the most sensitive freshwaters in Britain,
but may not reflect the actual ecosystem areas
across the country. Studies are in progress to com-
pare soils and freshwaters critical loads maps.

The diatom model for freshwaters: This
approach has been developed from the extensive
use of lake sediments in the study of acidification
in the UK. Using the same freshwater chemistry
data collected for the Henriksen model, a method
has been devised using diatom-based pH recon-
struction.

The point at which the first diatom evidence for
acidification occurs in a lake sediment is taken as
the point at which the critical load is exceeded.
Using contemporary sulphur deposition and fresh-
water calcium concentrations, a critical ratio may be
defined which separates acidified from nonacidified
waters. Critical loads are estimated using this ratio
and the pre-acidification calcium value determined
using the Henriksen "F" factor. The resulting map
(Figure A1.44) shows lower critical loads values
than the Henriksen model for many parts of the
UK. This reflects the sensitivity of diatom changes
to the impact of acidification.

B. Critical Loads of Nitrogen

Critical loads of nutrient nitrogen for soils: The
steady-state methodology proposed at the Lokeberg
workshop has been applied to a number of plant
species in the UK. Using appropriate data for the
parameters in the steady-state equation data, maps
have been generated for critical loads of nitrogen
(Figure A1.45). The same species are being investi-
gated as for the mapping of critical loads of acidity
described above. This will provide the basis for
generating critical loads data for the same ecosys-
tem areas and enable application of the mapping
guidelines approach as detailed in Chapter 4 of this
report. ‘

I
Critical loads of nutrient nitrogen for |vegetation:
empirical method: An empirical apprgach to map-
ping critical loads of nitrogen was propbsed at the
Lokeberg workshop. (See Appendix IV). In the
UK, this approach has been explored making use of
the extensive records which are held for plant spe-
cies at the Biological Records Center, Monks Wood.
For each of the sensitive vegetation types identified
at Lokeberg, a number of UK indicator species have
been identified using the National Vegetation Clas-
sification. The presence of several indicator species
within an area is taken to indicate the presence of
the sensitive plant community. Preliminary maps
have been drawn and work is continuing. Future
studies will be aimed at the further selection and
refinement of suitable plant species, and the devel-
opment of criteria for determining presence of
vegetation types. In addition, critical loads values
will need to be identified from the ranges sug-
gested at Lokeberg.

C. Critical Levels

Following the critical levels workshop at Egham in
1992, a number of approaches have been explored
for mapping sensitive receptors for sulphur diox-
ide, ozone and wet acidic deposition.

For sulphur dioxide, the LANDSAT land cover
map of Great Britain has been used to derive "level
1" critical levels maps for forests (coniferous and
deciduous woodland), natural vegetation and agri-
cultural crops. Distribution data for cyanobacterial
lichens, which show higher sensitivity to sulphur
dioxide, are being studied with a view to generat-
ing further critical levels maps. Bryophytes and
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lichen distributions are also being studied with a
view to deriving maps of critical levels for wet
acidic deposition. "Level 2" mapping is being
explored using "effective temperature sum" modifi-
cations.

For ozone, land cover data is being linked with
survey data to provide maps of individual crop
species for Britain. Initially, maps for wheat, oil
seed rape and white clover are being developed.

Figures:

A142. United Kingdom: Provisional Tkm map of
critical loads of acidity for soils assuming complete
cover of Norway Spruce (Picea abies). Calculations
are made using the simple mass balance equation
from the current version of the Mapping Manual.
The results presented are still subject to revision.

A143. Critical load map of sulphur for freshwaters
using the "steady-state chemistry model” with
ANC,_, = 0. 1139 mainly lowland squares known to
have insensitive surface waters because of their
base-rich soils and geology were not sampled.
These squares are not differentiated on the map
and are included in the >2 (blue) category. For
nine sites where the pH was < 5.0 and the steady-
state chemistry critical load resulted in a negative
value, the critical load was set to zero. For 350
sites where sulphate values were >500 peq 1, SO,
was removed from the model calculation to avoid
deriving improbably low critical load values for
insensitive lowland sites. A full list of sites for
which these adjustments were made is available
from the ECRC. Values shown are subject to vali-
dation.

Al.44. Critical load map for UK freshwaters using
the "diatom model" with the Ca: S ratio set to 94:1.
1139 mainly lowland squares known to have insen-
sitive surface waters because of their base-rich soils
and geology were not sampled. These squares are
not differentiated on the map and are included in
the >2 (blue) category. A full list of squares not
sampled is available from the ECRC. Values
shown are subject to validation.

Al145. Provisional 1 km map of critical loads of
nitrogen for soils assuming complete cover of Nor-
way Spruce (Picea abies). Calculations are made
using the simple mass balance equation.

Calculation and Mapping of Critical Loads in Europe 131

CCE Status Report 1993




Compiled and produced by the UK Critical
Loads Mapping Center, Monks Wood from data
provided by the Institute of Terrestrial Ecology
(CGrange-over-Sands and Edinburgh) and

the Warren Spring Laboratory, Stevenage.

Critical Loads
(keq H* ha? yr?)

< 0.2 Black
0.2 - 0.5 Red
0.5 - 1.0 Yellow
1.0 - 2.0 Green
>2.0 Blue May 1993

Institute of
Terrestrial
Ecology

Figure A1.42. Unifed Kingdom: Provisional Tkm map of critical loads of acidity for soils assuming complete cover of
Nerway Spruce (Picea abies). Calculations are made using the simple mass balance equation from the
current version of the Mapping Manual. The results presented are still subject to revision.
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Critical Loads
(keq H* ha'! year')

<0.2 Black
0.2-0.5 Red
0.5-1.0 Yellow
1.0 - 2.0 Green
>2.0 Blue
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Critical Loads
(keq H* ha! year?)

<0.2 Black
0.2-0.5 Red
0.5-1.0 Yellow
1.0 - 2.0 Green
>2.0 Blue

March 1993 Data

\\\}\» Institute of
BRI Terrestrial

Wﬁ Ecology

Figure A1.43. Critical load map of sulphur for fresh- Figure A1.44. Critical load map for UK freshwaters
waters using the steady-state chemistry using the "diatom model” with the
model with ANC_,;, = 0. Ca : S ratio set to 94 :1.
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Compiled and produced by the UK Critical
Loads Mapping Center, Monks Wood from data
provided by the Institute of Terrestrial Ecology
(Grange-over-Sands and Edinburgh) and

the Warren Spring Laboratory, Stevenage.
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Figure A1.45. Provisional 1 km map of critical loads of nitrogen for soils assuming complete cover of Norway Spruce
(Picea abies).
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APPENDIX II. Additional Maps of Critical Loads and Background
Variables
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Figure A2.1. Sulphur fractions.

This map shows the 50-percentile sulphur fraction (S,), calculated from national data submissions wherever
available. The procedures used to compute these values for each format of national S, data is described in
Chapter 5. When no sulphur fraction was submitted, the CCE computed the S, according to equation 4.3,
using 1990 EMEP data for S, and N, and assuming N, to be zero.
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Figure A2.2. Base cation uptake (eq ha™ yr).

This map shows the 50-percentile base cation uptake of the combined national data submissions, related to
the total ecosystem area per EMEP grid cell. Depending on the format of the submitted data the procedure
applied to compute the 50-percentile numbers is according to the descriptions in Chapter 5.
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Figure A2.3. Base cation deposition (eq ha™ yr').
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The numbers express the total base cation deposition, corrected for sea salt. The total base cation deposition
is partly deposited as a wet fraction and partly as a dry fraction. The wet fraction used is the average of the
1988 and 1989 wet base cation deposition data of the EMEP Meteorological Synthesizing Center - West.
Since data for the dry deposition is not available on a European scale, the total deposition including a dry

deposition fraction is estimated as following;:

2+ BC_ if BC , <250 eq ha ' yr'
BC, = . .

250 + BC | otherwise
where:
BC,, = 1988/1989 average wet base cation deposition
BC, = total base cation deposition
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eq ha-1yr-! mg S m-2 yr-1

0- 200 1 o0- 320
200- 500 [__] 320- 800
500-1000 L1 800 - 1600
1000 - 2000 EEEE 1600 - 3200

> 2000 (N > 3200

Figure A2.4. Resulting sulphur deposition pattern under "60 percent gap-closure” scenario.

The intent of the 60% gap-closure strategy is to reduce the 1990 exceedances of the critical sulphur
deposition by 60%.
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Figure A2.4. Resulting sulphur deposition pattern under "60 percent gap-closure” scenario.

The intent of the 60% gap-closure strategy is to reduce the 1990 exceedances of the critical sulphur
deposition by 60%.
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APPENDIX III. Values for Estimating Critical Loads of Nitrogen

Parameter Values Units
N,' 0-1 aerated soils kg N ha' yr'
2-3 waterlogged soils and low deposition kg N ha' yr’
4-5 waterlogged soils and high deposition kg N ha' yr'
fu® 0.8 peat soils -

0.7 clay soils (FAO texture classes 2, 3 and 2/3)
0.5 sandy soils (FAO texture classes 1, 2 and 1/2)
with gleyic features
0.1 loess soils and sandy soils without
gleyic features

pH soil’ 5.0 -
T Annual average temperature °C
(©/0,) Relative soil moisture saturation: -

well-drained 0.2;

moderately well-drained 0.4;
moderately drained 0.6;
moderately poorly drained 0.8;
poorly drained 0.9

Ny tundra 0-1 kg N ha” yr'
boreal conifers 1-2 kg N ha' yr'
temperate conifers 2-4 kg N ha' yr'
temperate deciduous 4-5 kg N ha' yr"

N, (See note 5.) eq ha yr'

1. It is recommended to use equation 4.10 or 4.15. Where the necessary data for these equations are lacking,
values from the given range may be used.

2. Based on de Vries et al. (1992).

3. The dependence of the denitrification rate coefficient k on the pH is ignored in equation 4.16, and the
function h(pH) in equations 4.11 and 4.14 is set to 1.0. This happens at pH = 5.0.

4. Crude estimates of relative soil moisture saturation (9/0,) related to FAO soil types are based on data
from: FAO, 1987; de Vries et al., 1992; and the Global Change department of RIVM. Soil moisture saturation
also depends significantly on the soil texture and occurrence of gleyic features.

5. The mean nitrogen accumulation per year over a rotation based on the product of biomass and nitrogen
concentration in removed timber should be used whenever equation 4.18 cannot be quantified.
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APPENDIX IV. Empirical Approach for Critical Loads of

Nutrient Nitrogen

An alternative approach to the mass balance
method is to examine the effect of increased nitro-
gen loading on (semi-) natural ecosystems empiri-
cally. At the April 1992 UN ECE Workshop in
Lokeberg, a list of critical loads for various ecosys-
tems was assembled. The critical loads formulated
there are based on observed changes in vegetation
and biodiversity. The methods used to detect
changes included experiments under controlled and
field conditions, chemical analysis and comparisons
of vegetation and fauna composition in time and
space. While the mass balance method focuses on
the nitrogen and proton budget within the existing
ecosystem (e.g. forest stands), the empirical method
enables inclusion of ecosystem types where bio-
diversity (changes in species composition) is the
key criterion.

The advantage of this method is that cause-effect
relationships need not be modelled; thus data
requirements are modest. Only maps of the dis-
tribution of plant species or vegetation communities
are necessary to apply the empirical method pro-
posed here. These values must be adapted to the

regional conditions for each application. This
means choosing critical load values from the given
ranges. Wherever possible, local studies or expert
judgment should be used to select critical load
values. The ranges partly represent uncertainty
and partly reflect the variation of the ecosystem
sensitivity under different conditions. For instance,
in an earlier Swiss application (FOEFL, 1992) the
range of 5-10 kg N ha" yr' for ombrotrophic bogs
was interpreted as an altitude dependence. Where
no further information on an ecosystem is available
we suggest using the mean value of the range.

The critical loads achieved by the empirical method
can be used in conjunction with results from the
mass balance method (see Section 4.2.3), as a substi-
tute for CL,(N). However, the empirical method
should be used with care. The values in Table A4.1
are based on knowledge including field measure-
ments. It can not be excluded that some of the
values include effects other than those related to
acidification or eutrophication (e.g. climatic effects)
which may lead to bias when the values are only
regarded as critical loads.
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Table Ad.1. Critical nitrogen loads (in kg N ha' yr') for terrestrial ecosystems according to other than the steady-

state mass balance methodology.

Critical

Ecosystem load Indication Reference
Acidic (managed) 15-20 Changes ground flora and () #
coniferous forest fruit bodies, mycorrhizae
Acidic (managed) <15-20 Changes ground flora (a) #
deciduous forest
Calcareous forests unknown unknown
Acidic (unmanaged) unknown unknown
forests
Lowland dry- 15-20 Transition heather to grass (b) ##
heath land
Lowland wet- 17-22 Transition heather to grass (b) ##
heathland
Species-rich lowland 7-20 Decline sensitive species () #
heaths/acid grassland
Arctic and alpine 5-15 Decline lichens, mosses (b) (#)
heaths and evergreen dwarf shrubs,

increase in grasses and herbs
Calcareous species- 14-25 Increase tall grass, (d) ##
rich grass land decline diversity
Neutral-acid 20-30 Increase tall grass, (d) #
species-rich grassland decline diversity
Montane-subalpine 10-15 Increase tall graminoids, (d)
grassland decline diversity
Shallow soft-water 5-10 Decline isoetid species (e) ##
bodies
Mesotrophic fens 20-35 Increase tall graminoids, (e) #

decline diversity
Ombrotrophic bogs 5-10 Decline typical mosses, (e) #

increase tall graminoids

1. This column provides information on where to find the reference (a to €) and the reliability of the data as follows: ## reliable; #
quite reliable and (#) best guess. See Bobbink et al. (1992): (a) section 2.2; (b) section 3.1; (c) section 3.2; (d) section 4 and (e) section 5.
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APPENDIX V. Proposed Method to Calculate Critical Loads for Aquatic

Ecosystems

Similar to terrestrial ecosystems, the calculation of
critical loads of acidity for aquatic ecosystems (lake
+ catchment) starts from the charge balance, but
now also taking into account in-lake processes.
While details of the derivation can be found in
Kamari et al. (1992) and Henriksen et al. (1993), one
obtains for the critical loads of sulphur and nitro-
gen:

aS CL(S) + [l.\" CL(N) = bl Nm’z'ril) + bZ Ni(m‘l[)
+ BC, i) (A5.1)

where the dimensionless constants a,, 4., b, and b,

— all smaller than one — depend on ecosystem

properties only, as follows:

a.=1- pq (A5.2)
ay=(1-f,0-1)Q1Q-py (A5.3)
by=f0-f)0-py (A5.4)
by=(1-r1-Ff)A-py (A5.5)

where f is the fraction of forests in the catchment
area, r is the lake to catchment area ratio, and p,
and py refer to the in-lake sulphur and nitrogen
retention, and are modeled by kinetic equations
(see Kelly et al. 1987):

S S

L.
¥

and p, ="

Q

+ S
r

p, =

(A5.6)
5 N

and s, and s, are the net mass transfer coefficients
for sulphur and nitrogen, respectively. Values for
s, have been given by Baker and Brezonik (1988),
and for s, by Dillon and Molot (1990). In the case
of aquatic ecosystems, the critical base cation leach-
ing is estimated by Henriksen ef al. (1993), Sverd-
rup et al. (1990), Hettelingh et al. (1991):
BCI(U'H) = Q : ( [BC]()* - ANCIimif ) (A57)
where:

[BC],” = original sea-salt corrected base cation con-

centration
ANC = ANC threshold

limit

[BC], can be estimated using the so-called F-factor
from present-day water chemistry data (Brakke ef
al., 1990) and the ANC,,,, depends on the aquatic
organism to be protected (see e.g. Lien et al., 1991).
Note, that in the above formulation of critical loads
for lakes the linear formulation (from equation 4.15)
for denitrification has been used. Similar to terres-
trial ecosystems, a critical load of nitrogen related
to eutrophication can be computed for lakes. Start-
ing from the mass balance for nitrogen, one obtains:
(see Kamari et al., 1992; Henriksen et al., 1993):

CL”H[ _ blNu((rf.‘) * bZNi(rrit) ! Nl(mf) (A58)

a N

where a, b, and b, are given above and N, is the
critical nitrogen leaching.

As with terrestrial ecosystems, the critical loads of
sulphur and nitrogen are limited by the following

constraints:
0 lf BC/((‘)‘H) < NI(U'I'[)
CL, (8)=7 BC, .., ~ N (A5.9)
min 0y 8 If BCI([”,[) 2 NI(””)
a.
S
bN _ +bN,
CL,,(N) = L2 (A5.10)
aN
BCI(m‘H
Cme(S) = (A511)
} a
S
and:

BCI("H
CL(N)+ __“" ifBC, <N

niin Herit) Herit)

CLmav\’( N) - aN
CL_[(N)

it

(A5.12)
if BCl(rrif) = Nl(u'xf)

Figure 4.2 depicts the relationship between deposi-
tion and critical loads also in the case of aquatic
ecosystems. The slope of the thick line, indicating
the possible pairs of critical loads of sulphur and
nitrogen, is in this case given by ay / as.
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APPENDIX VI. CCE Workshop Reports

Report of the
CCE Workshop on Mapping
Critical Loads and Levels

14-16 January 1992
Coordination Center for Effects
National Institute of Public Health and Environmental Protection
Bilthoven, The Netherlands

Introduction:

The Coordination Center for Effects (CCE) held a
training session on mapping critical levels and
loads from 14 to 16 January 1992 at the National
Institute of Public Health and Environmental Pro-
tection (RIVM) in Bilthoven, The Netherlands.

The meeting was attended by 69 experts from 16
countries (Austria, Commonwealth of Independent
States, Czech and Slovak Federal Republic, Den-
mark, Finland, Germany, Hungary, Ireland, Italy,
Netherlands, Norway, Poland, Switzerland,
Sweden, United Kingdom, and Yugoslavia). In
addition, representatives of the UN ECE Task Force
on Mapping (TFM), Task Force on Integrated
Assessment Modelling (TFIAM), the International
Institute for Applied Systems Analysis (IIASA), and
Greenpeace were also present. A list of partici-
pants is contained in Annex I.

The purpose of the meeting was: (1) to review data
used in critical loads and exceedances for acidity
and sulphur, (2) to provide input for the nitrogen
critical loads workshop in Sweden in April 1992,
and (3) to discuss future mapping activities for
critical levels.

Review of critical load maps of acidity

and sulphur

The CCE reviewed the status of updated national
data for ecosystem coverage (area per grid cell) and
input values (base cation deposition, base cation
weathering, nitrogen uptake, etc.) for use in future
maps, and stressed the importance of this con-
tinued data collection. Issues encountered in the
development of the critical load maps for acidity

and sulphur were addressed. Several points arising
from the session’s presentations were discussed,
including;:

The use of steady-state mass balance (SSMB)
method for high-elevation and high-precipitation
areas: An example of using the Profile model to
derive critical loads for high-precipitation areas was
presented. The model gives lower critical load
values for these areas, since it is not dependent on
precipitation amounts. It was agreed that general
correction factors could not be recommended with-
out further study, but that each country should use
a satisfactory method to calculate national critical
loads, as in the past. The Austrian National Focal
Center offered to host a workshop (9-10 March
1992) in Vienna to discuss issues relating to the
application of the steady-state mass balance method
to high-elevation and high-precipitation areas.
Further details are available from Helmut Hojesky
of the Umweltbundesamt.

The use of low-percentile maps, and how to
address negative critical loads: [t was noted that
the use of low (i.e. 1 or 5) percentile maps ensures
that the status of the most sensitive ecosystems are
reflected, but may result in critical load values
which are unrealistic or unachievable. The selec-
tion of critical chemical values designed to protect
sensitive fish species results in very low or negative
critical loads in large parts of Scandinavia. It was
recommended that the use of higher-resolution
national data be reviewed to define the use of other
percentile(s) on the EMEP grid.

Deposition data: It was noted that while alterna-
tive sources of deposition data exist, particularly for
nitrogen, but using EMEP data remains the method

Calculation and Mapping of Critical Loads in Europe

145 CCE Status Report 1993




agreed upon to create exceedance maps. A work-
shop to review the present approaches used to
monitor and calculate deposition used in using the
critical loads approach will be held in Sweden in
September 1992. The workshop, sponsored by the
Nordic Council of Ministers and the Swedish Envi-
ronmental Protection Board, will address how to
proceed with mapping of deposition levels based
on these approaches. Further details on the work-
shop will be available from Gun Lévblad of the
Swedish Environmental Research Institute in Gote-
borg.

Sulphur fractions, and the coupling between
critical loads of sulphur and nitrogen: The deri-
vation of the sulphur fraction, which includes nitro-
gen-related terms, means that the sulphur fraction
varies as different base years for sulphur and nitro-
gen deposition values are chosen; e.g. an increase
in the present load of nitrogen could lead to a
changing sulphur fraction and thus a decrease of
the critical load of sulphur. Deposition data for
1988 are now used; however, the choice of other
base years becomes relevant as pollution abatement
measures lead to a reduction in sulphur deposition.
Using more recent sulphur deposition data to calcu-
late the sulphur fraction leads to changes in the
critical loads of sulphur. To reach the sulphur
critical load, therefore, even more sulphur abate-
ment is needed. It was noted that this problem
could be avoided by treating sulphur and nitrogen
simultaneously.

Updating national data: The Coordination Center
acknowledged the large amount of data already
received from National Focal Centers, and stressed
the importance that National Focal Centers for
Mapping deliver updates of national input data to
the CCE for use in future mapping work.

Mapping critical loads of nitrogen:
Organizers of the workshop on critical loads of
nitrogen (Lokeberg, Sweden, 6-10 April 1992) pres-
ented details on the issues to be addressed at the
workshop. The critical load approach will be dev-
eloped for four major types of ecosystems: terres-
trial, groundwater, surface water, and marine.
Many issues were recommended for consideration
at the workshop:

General (for all subgroups):
¢ The link between critical loads of acidification
and eutrophication.

¢ The relative importance of NH;" and NO; in
relation to sulphur.

* Relevant regions and areas (within the ECE
region).

e The applicability range within Europe for the cri-
teria chosen.

* Importance of denitrification and biological nitro-
gen fixation.

* Interdependence between criteria (e.g. between
diversity and forest growth) and critical loads of
similar and different ecosystems or receptors.

e (all for data and results on deposition, criteria,
critical load mapping, observed vegetation changes,
etc.

Terrestrial/soils subgroup:

* Quantification of input and production of nitrates
in relation to leaching and uptake.

» Immobilization and mineralization of nitrogen.

¢ Combined effects of acidification and
eutrophication on vegetation.

Marine subgroup:

* Relevant geographical resolution (main areas or
grid net). How to construct a relevant input-output
balance.

e How to combine (or separate) effects of nitrogen
and phosphorus loadings. Transitions between
nitrogen and phosphorus limitations.

* Since estimating critical loads for marine areas is
new, establishing relevant criteria becomes very
important.

* Assess the importance of indirect deposition.

Lakes subgroup:

e The role of nitrate in connection with episodes.
* Eutrophication of (and other air pollution effects
on) streams in mountainous areas, population
diversity, and species composition.

¢ Eutrophication from phosphorus.

Deposition subgroup:

* The link between small-scale and large-scale dep-
osition.

* The importance of wet vs. dry deposition, and
filtering.

It was announced that Norway is beginning a pro-
ject to study the nitrogen cycle, entitled "Nitrogen
from Mountain to Fjord". The first part of the pro-
ject will involve mass balance studies of the nitro-
gen cycle from deposition through input into the
North Sea, and will compare catchments which
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receive their primary nitrogen input from different
sources (i.e. atmospheric deposition vs. agriculture
and forest.)

Mapping Critical Loads and Levels
(national investigations):

National reports on recent activities in mapping
critical loads and/or levels were given by: Austria,
Commonwealth of Independent States, Czechos-
lovakia, Germany, Hungary, Italy, United King-
dom, and Yugoslavia. A number of common
points important to critical load mapping were
noted, including the availability of input data, the
mapping resolution, and the selection of which
receptor and chemical criteria are used to define a
critical load.

Mapping critical levels:

One of the organizers of the upcoming workshop
on critical levels (United Kingdom, 23-26 March
1992) presented an overview of the workshop. Its
objectives are to: revise the conceptual basis for
calculating critical levels, reassess criteria, assess the
need to address pollutants in addition to those
covered in the mapping manual, to develop
methods for calculating critical levels, and to assess
the feasibility of "level II" critical level mapping. It
was noted that the workshop will concentrate on
reviewing critical levels for vegetation.

A number of issues were recognized as important
to be addressed at the workshop, including: the
definition of "adverse" effect, choice of receptor,
inclusion of climatic factors, modeling needs, and
the question of the relative importance of critical
levels to critical loads in driving abatement strat-
egies.

Environmental forecasting:

The RIVM’s plans in its European environmental
forecasting work were discussed. A meeting of
environment ministers in Dobris, Czechoslovakia,
in June 1991 proposed that a European state of the
environment report be developed. This report is
designed to provide a basis for decisionmaking
about environmental priorities. The European
community in Brussels has taken the lead in organ-

izing this work, and the RIVM has made in prelimi-

nary forecast of Europe’s environment. The impor-
tance of this type of forecasting will become
increasingly important at the RIVM in the future.

The CCE network of contacts developed through
the critical loads exercise, through NFC’s and other
contacts, could contribute to the production of the
European environmental forecast. The CCE will
keep NFC’s and other interested parties informed
about future developments in the project, pending
resolution of the scope of RIVM’s involvement in
the project.

Other examples of regional environmental assess-
ments were presented, including environmental risk
assessment models developed at the Technical
University of Warsaw and the Institute for Systems
Studies in Moscow, and a risk assessment for forest
ecosystems done at the University of Munich.

Some examples of the use of RIVM's geographic
information system (GIS), including a recent report
on sustainable use of groundwater in Europe, were
also demonstrated.

Concluding discussion/Future activities:
The CCE and NFC’s will participate in the upcom-
ing critical loads/levels workshops. On the basis of
results from the nitrogen workshop, the CCE will
proceed with a mapping methodology to produce
first maps of critical loads of nitrogen for the eco-
systems currently addressed.

An additional CCE workshop on mapping is
tentatively planned for September 1992 (possibly to
be hosted by the NFC in Katowice, Poland) to
review the progress of work and resolve outstand-
ing issues.
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Report of the
CCE Workshop on Mapping
Critical Loads and Levels

9-11 September 1992
Institute for the Ecology of Industrial Areas
Katowice, Poland

Introduction:

The Coordination Center for Effects (CCE) held a
training session on mapping critical loads and
levels from 9 to 11 September 1992 in Katowice,
Poland at the invitation of the Institute for the
Ecology of Industrial Areas.

The meeting was attended by 50 representatives
from 15 countries (Austria, Czech and Slovak Fed-
eral Republic, Denmark, Finland, France, Germany,
Netherlands, Norway, Poland, Russian Federation,
Spain, Switzerland, Sweden, Ukraine, and United
Kingdom). Representatives of the UN ECE Task
Force on Mapping (TFM) and the International
Institute for Applied Systems Analysis (IIASA)
were also present.

Objectives:

Major objectives of the meeting were:

(1) to agree on a proposed methodology for calcu-
lating critical loads of nitrogen. A document
entitled "Guidelines for the Computation and
Mapping of Nitrogen Critical Loads and Ex-
ceedances in Europe" had been prepared by
the CCE and co-authors and distributed in
advance to participants of the workshop.

(2) to discuss work needed in the near future in
updating sulphur critical loads, focusing on
the needs of the December 1992 meeting of the
Task Force on Integrated Assessment Model-
ling.

(3) to present available national or regional
studies, including preliminary maps, of critical
loads of nitrogen.

Lékeberg Workshop on Critical Loads of
Nitrogen:

Some findings from the workshop on critical loads
of nitrogen, held in Lokeberg, Sweden, in April,
1992 were presented by some of the workshop’s
session chairmen. Key results from the working
sessions on mass balance methods, surface waters,
and deposition, include:

Mass balance methods: Using mass balance
methods to calculate critical loads of nitrogen
should be viewed as a long-term approach, as
many of the input variables are uncertain. Gaps in
knowledge include data on N accumulation in soil,
the effects of N deposition and accumulation, the
effects of increased N availability on organisms, N
leaching rates at low N loads, biological N fixation
rates, inclusion of ammonia volatilization in cal-
careous areas, and dose-response relationships.

Surface waters: The application of two "Level I"
methods: the steady-state water chemistry method
and the first order mass balance (FMB) method,
were discussed. The FMB (described in detail in
the background document prepared for the Loke-
berg workshop) can be used for simultaneous cal-
culations of critical loads of potentially acidifying S
and N deposition, and their exceedances for surface
waters (and forest soils). As a consequence of the
inclusion of rate-limited processes in the model
formulation, the critical loads computed depend on
the deposition to the ecosystem. The workshop
group concluded that in general, it is more import-
ant to look at total acidity, rather than nitrogen for
surface waters.

Deposition: The workshop group found deposi-
tion data or estimates good in general, with the
exception of deposition estimates for high-elevation
areas. Data on the effects of cloud and fog water
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deposition may be quite important, but are moni-
tored routinely in only a few areas. Similarly, there
is little information available on the European scale
on gaseous and particulate deposition of nitrogen.

A deposition workshop on to be held in November
1992 (Sweden) will study the feasibility of generat-
ing deposition estimates on a grid scale smaller
than that of EMEP currently used (150 km x 150
km).

Marine ecosystems: The Katowice workshop sup-
ported the proposal for a serious attempt to devel-
op a methodology for assessing and mapping criti-
cal loads to (parts of) the marine environment of
western Europe. This issues will also be addressed
within the framework of the Nordic Council in the
near future.

Recommendation: Further attention should be
paid to critical nitrogen loads for marine ecosys-
tems, as a follow-up of the Lokeberg effort in this
area. The head of the Dutch National Focal Center
(NFCQ), B.J. Heij (Netherlands) and T. Johannessen
(Norway) have agreed to take the lead in organiz-
ing necessary activities.

Computation and Mapping of Critical

Loads of Nitrogen:

The CCE presented a paper developed following
the Lokeberg workshop, "Guidelines for the Com-
putation and Mapping of Nitrogen Critical Loads
and Exceedances in Europe" (hereafter referred to
as "Guidelines") drafted by the CCE and other
members of the Lokeberg mapping group. The
paper proposes methods for the computation and
mapping of nitrogen critical loads and exceedances
using an ecosystem-based method, i.e. without a
sulphur fraction, and discusses the consequences of
this approach on the calculation of sulphur critical
loads.

The meeting concluded, as before, that there is no
scientific reason for estimating a distinct critical
load of sulphur. To accommodate current policy
needs, a closer collaboration between the mapping
and integrated modeling community is required in
addressing proper objective functions. Such objec-
tive functions would not so much focus on specific
critical loads, but rather on exceedances. Exceed-
ance optimization would focus on the critical load
of nitrogen (eutrophication) and the critical load of

acidity. In this way combined sulphur and nitro-
gen objectives can be addressed.

The "Guidelines" paper will be updated by Decem-
ber 1992 and distributed by the CCE to all inter-
ested parties.

Recommendations:

* The CCE will begin European-scale mapping for
CL(N) using the ecosystem-based method, as
described in the "Guidelines".

* The CCE requested all NFC's to revigw Appen-
dix A of the "Guidelines", which lists the|suggested
values or ranges for input variables to bg used in
the CL(N) calculations, and submit any proposed
revisions to the CCE.

e The critical load ranges proposed in Appendix
B of the "Guidelines" will be used only where mass
balance calculations are inappropriate.

* An update of the "Guidelines" will be made
with particular emphasis on the definition of objec-
tive functions for integrated modelers assessing
sulphur and nitrogen reduction scenarios. Regular
updates of the "Guidelines" will serve to address
methodological, mapping and optimization practi-
calities.

Computation and Mapping of Critical
Loads of Sulphur:

There was a lengthy discussion about the potential
misunderstandings among the various groups (sci-
entists, modellers, and policymakers) using the
critical loads maps in the UN ECE framework.
Much of the difficulty arises from the earlier deci-
sion by the mapping community to keep critical
loads "clean"; i.e. not to include modifying factors
such as base cation deposition and base cation
uptake. These factors were included by assessment
modelers for the computation of exceedances on an
EMEP scale. This approach was felt to have disad-
vantages, i.e. (1) modifying factors are sometimes
available on a much higher than EMEP resolution,
leading to loss of information when used on an
EMEP scale, and (2) maps of critical loads cannot
be directly compared by people who visually inves-
tigate EMEP deposition maps which are regularly
published by the MSC-W.
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Therefore it was decided to include these modify-
ing factors in calculating maps of a new “critical
sulphur deposition”, which would then be directly
comparable to EMEP deposition. Similarly critical
acid deposition and critical nitrogen deposition
maps can be obtained by also including nitrogen
uptake, nitrogen immobilization and nitrogen fix-
ation. Depending on the quality of the available
(national) data on modifying factors at CCE, the
CCE will proceed in producing a critical sulphur
deposition map for the TFIAM using high resol-
ution data on modifying factors. Depending on the
timing of the TFIAM modelling exercise, the CCE’s
current approach of treating modifying factors on
an EMEP scale may have to be temporarily con-
tinued. In this case, refinements will only be made
to avoid contradictions in border grids containing
countries where modifying factors are not treated
in a comparable way. The critical sulphur deposi-
tion will be computed as:

CD(S) = CL(S) + S, (BC, - BC,)

where:

CD(S) = critical sulphur deposition

CL(S) = critical load of sulphur (deposition-based
method)

S; = sulphur fraction

BC, = base cation deposition

BC, = base cation uptake

Recommendations:
Critical load of sulphur: The CCE will continue
using the deposition-based method (i.e. using the

sulphur fraction) for updates of sulphur maps in
1992.

Critical sulphur deposition: National Focal Cen-
ters (NFC’s) should send critical load calculations
using the above equation to the CCE before mid-
October 1992 if these data are to be used for the
December TFIAM. The CCE will calculate the
critical sulphur deposition from the critical load of
sulphur and the sulphur fraction if national calcula-
tions are not available.

Mapping Critical Loads (national investi-
gations):

National reports on recent activities in mapping
critical loads were given by: Germany, Netherlands,
Russia, and United Kingdom.

Mapping Issues:

Discussion of ecosystem-based vs. EMEP-area
coverage: Expressing critical load percentiles
based on ecosystem coverage increases the under-
standing of decisionmakers of the level of
protection afforded at varying reduction levels, but
are more difficult to compare directly with EMEP-
computed deposition values.

Recommendation: The CCE will continue to pro-
duce critical loads maps using both scales (EMEP
area and ecosystem coverage). A revised summary
explanation of the differences between these two
approaches is attached. These data will, as before,
be made available to TFIAM modeling groups
(ASAM, CASM, RAINS), EMEP, and NFC’s.

Mixed receptors: Previous European critical loads
maps have been "mixed receptor” maps, showing
critical loads for a combination of ecosystems.
These ecosystems are weighted by the area they
cover either being EMEP-area or ecosystem-area
based. When ecosystems overlap (e.g. catchments
and forests) choices have to be made about the
weighting procedure. The weighting procedure
affects the percentiles (see CCE Technical Report
No. 1, "Mapping Critical Loads for Europe”, section
3.5 and Appendix 5). Data sent to the CCE should
be accompanied by a clear description of how
weighting was performed. A more general descrip-
tion of a weighting procedure to use is described in
the "Guidelines" paper.

Recommendation: The CCE will proceed with
weighting data from multiple ecosystems, and grid
cells covering more than one country, as previous-
ly. The next CCE report documenting the develop-
ment of European maps of nitrogen critical loads
will include a section on the weighting methodol-
ogy actually used.

Optimization strategies based on critical

loads:

Recommendations:

¢ The distinction between critical loads of sulphur,
nitrogen and acidity: TFIAM modelers currently
assess sulphur emission reduction by investigating
an achieved (e.g. by optimization) sulphur emission
vector in terms of its related exceedance of sulphur
critical loads. The workshop recommends that the
achieved sulphur vector is combined with current
nitrogen deposition patterns to investigate the ex-
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ceedance of the critical loads of acidity as well.
This is especially important when assessments for
nitrogen emission reductions will be modeled as
critical loads of nitrogen become available in 1993.
The optimization scheme described in the
"Guidelines" paper could serve as a starting point
of collaboration between mapping and integrated
modeling groups.

¢ Reflecting optimization results using the eco-
system area or the EMEP area: TFIAM modelers
should use ecosystem-based cumulative frequency
distributions (CDFs) of critical loads as well as
EMEP area-based of critical loads in two ways: (1)
the environmental protection to be gained from a
scenario should be expressed both in terms of eco-
system and EMEP area protection, and (2)
optimization should be driven both by an ecosys-
tem-based percentile and by an EMEP area-based
percentile, at least for the scenario considered most
relevant.

Issues of the Task Force on Mapping:
A detailed proposal for the long-term mapping
program as well as the comments on the proposal
of the revised Mapping Manual chapter 3, "Critical
Levels" and the new chapter 6, "Critical loads of
Nitrogen", will be sent out before the next Task
Force meeting planned to take place in Berlin in
April 1992.

The paragraph 6.5, "Mapping", can be worked out

after the "Guidelines" paper is revised on the basis
of the CCE Katowice workshop. The updated ver-
sions of the Mapping Manual shall be published as
soon as possible.

Future Activities:

Submission/updating national data: The
Coordination Center stressed the importance that
National Focal Centers for Mapping deliver all
available national data on input variables to the
CCE for use in future mapping work. The CCE has
issued a call for data for calculating critical loads of
nitrogen. A list of input data requested by the CCE
including their description is attached.

The next CCE mapping workshop is tentatively
planned for March 1993. The objectives of this
meeting will include (1) first critical load maps for
nitrogen, (2) elaborate issues for closer collaboration

among ICP’s, the EDC, CCE and if appropriate, the -
International Geosphere-Biosphere Program (IGBP).
The workshop will be hosted by the Spanish NFC.
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CRITICAL LOADS FOR EMEP GRID SQUARES:
PRESENTATION AND USE OF DATA

from the CCE Mapping Workshop
Katowice (Poland), 9-11 September 1992

1.The critical loads mapping exercise involves assigning critical loads to ecosystems in an EMEP grid square.
Different countries use different species/ecosystem receptors for mapping and these may occupy different
areas, usually less than 100%, of grid squares. While there are a variety of ways that critical loads data can
be collated and presented for EMEP grid squares, those based on area avoid value judgement. Critical loads
have been computed relative to the ecosystem area in an EMEP grid cell.

2. Using an area approach, there are currently two alternatives for presenting data for EMEP grid squares.
In the "grid area" approach, critical loads data relate to receptors which are defined in terms of their percen-
tage area cover of an EMEP square; i.e. the total ecosystem area equals 100%.

3. It should be noted that both approaches have disadvantages associated with their use for presenting
critical loads values for EMEP grid squares. These problems result from the lack of data or absence of rel-
evant ecosystems for parts of EMEP squares.

4. These "missing" areas in the "grid area" approach are assigned a critical load value equal to the highest
(i.e. least sensitive) critical load estimate in the grid square. In consequence, when considering "protection”
offered by or "damage" resulting from particular deposition loads, the grid area percentages will not necess-
arily reflect protection or damage of the ecosystems for which critical loads estimates have been made.
However, they may indicate protection/damage of the grid area itself.

5. To overcome this problem, all area of a grid square may be considered to contain receptors of different
types (the SEI"total ecosystem approach”) and the grid square assigned gives no immediate indication of
which receptors relate to any percentile value, i.e. which are damaged or protected.

6. Using the "ecosystems area" approach, data are only considered for ecosystem areas for which critical
loads have been estimated; i.e. areas of non-relevant ecosystems are ignored. Consequently, a small area of
receptors in one square may be afforded the same weighting as a large area in another. However, by using
this method it may be clearer what the receptor type is and how much of it is protected/damaged.

7. It should be noted that attainment of the lowest critical load affords protection to the entire ecosystem
area within the grid square.

8. To avoid confusion when either of the two methods is used, as much information as possible should be
presented on the critical loads data. The area cover of the ecosystems for which critical loads have been
estimated has already been requested by the TFIAM. Supplementary maps indicating the percentage of
relevant ecosystems in an EMEP grid square, the ecosystem(s) being mapped, and the areas where the CCE
has "filled gaps"; i.e. where national critical load calculations have not been submitted, should be made. A
map indicating whether area-based data or point data have been used for mapping would also be useful.

9.  Further comparison of the two approaches (ecosystem-area vs. EMEP-area) is needed. The results of
both types of maps produced by the CCE should be used in the TFIAM’s optimization exercises.
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X,y

CL(S)

CD(S)

CRITICAL LOADS DATA REQUESTED BY THE CCE
from the CCE Mapping Workshop
Katowice (Poland), 9-11 September 1992
Longitude and latitude coordinates (southwest corner of grid cell)
Critical load of sulphur (units should be in eq ha" yr.
Two possibilities for submission of data:
1. Send CL(S) calculations, including description of methods/formulae used.

2. Send CL(Ac) according to previous method (from CCE Report No. 1). The CCE will then com-
pute and apply a sulphur fraction, on an EMEP-area scale as before. (using 1988 data).

TO BE SUBMITTED BEFORE 16 OCTOBER 1992:
Critical deposition of sulphur

Two possibilities for submission of data:
1. Send calculated CD(S), using the formulation given in this report.
2. The CCE uses calculated CL(S) to compute CD(S).

Weighting factor indicating percentage of grid cell area for which CL(S) and CD(S) calculations are
applicable

Weights assigned to critical loads allow the quantification of a cumulative distribution for each
EMEP grid cell. The weight should preferably reflect the total area, within each country-EMEP grid
cross-section, for which the critical load is valid.

For the following input variables, NFC’s have two possibilities for submitting data:

1. Submit data on the same scale at which critical load and critical depositions are calculated.

2. Otherwise, the CCE will use the European background data base (as before) to obtain back-
ground variables on an EMEP grid scale.

Base cation weathering

Base cation deposition

Base cation uptake

Nitrogen uptake

Nitrogen immobilization (N, and N,)

Nitrogen fixation
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Report of the Fourth
CCE Mapping Workshop

16-18 March 1993
Research Center for Energy, Environment and Technology (CIEMAT)
Madrid, Spain

I. Introduction

The Coordination Center for Effects (CCE) held a
workshop on mapping critical loads and levels
from 16 to 18 March 1993 in Madrid, Spain at the
invitation of the Research Center for Energy, Envi-
ronment and Technology (CIEMAT).

The meeting was attended by over 55 representa-
tives from 18 countries (Austria, Canada, Czech
Republic, Denmark, Finland, France, Germany,
Hungary, Ireland, Netherlands, Norway, Poland,
Russian Federation, Spain, Switzerland, Sweden,
United Kingdom and United States). Representa-
tives of the UN ECE Task Force on Mapping (TFM)
and the International Institute for Applied Systems
Analysis (IIASA) were also present.

Il. Meeting Objectives

Major objectives of the meeting were:

(1) to agree on proposed methodologies for calcu-
lating critical loads and exceedances of nitro-
gen and sulphur. A document entitled
"Guidelines for the Computation and Mapping
of Critical Loads and Exceedances in Europe”
(Posch et al., 1993) had been distributed in
advance to participants of the workshop.

(2) to present recent national results of mapping
critical loads of acidity, sulphur and/or nitro-
gen.

(3) to agree on the outline of a report to document
the status of mapping work done by the CCE
and National Focal Centers (NFC’s).

(4) to agree on a timetable for producing required
data and maps to calculate critical loads of
nitrogen, and for NFC contributions to the
CCE 1993 mapping report.

ll. "Guidelines for the Computation
and Mapping of Critical Loads

and Exceedances in Europe”
Maximilian Posch (Finland) presented a summary
of the most recent draft of the "Guidelines" paper,
which includes updated methods to calculate criti-
cal loads and exceedances of sulphur and nitrogen
simultaneously.

The starting point of the proposed method is the
ecosystem is indifferent with respect to whether its
protection (i.e. achieving critical loads) results from
sulphur or from nitrogen deposition reductions.
The result is that trade-offs between emissions
reductions of these two pollutants can be consid-
ered without violating the requirement of meeting
the critical load of acidity and eutrophication.
These different combinations of required deposition
reductions to meet the critical load for an area can
be expressed as a function, the so-called "exceedance
indifference curve”. The "Guidelines" paper contains
a detailed discussion of the background and appli-
cation of the exceedance indifference curve.

Workshop conclusions:

¢ The methodology proposed in the "Guidelines"
is accepted. .

e The revised "Guidelines" will include proposed
ranges for estimating nitrogen immobilization rates,
and two calculation methods to calculate
denitrification.

» The CCE will begin European-scale mapping
using the ecosystem-based method, as described in
the "Guidelines". Results, however, will reviewed
bilaterally between the CCE and NFC’s. Countries
should calculate the values for maximum and mini-
mum values for critical loads of sulphur and nitro-
gen, as described in the "Guidelines". The CCE will
develop European maps of critical loads of nitro-
gen, from national calculations of CL,,, and CL,,,
for both nitrogen and sulphur. The factors to be
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included and format to be followed for submitting
national data are attached.

IV. Data Requirements for Critical Load

Calculations

The requirements and methods for producing and
submitting critical loads data were discussed. The
CCE presented European maps of critical deposi-
tion for acidity and sulphur, which will be con-
tained in an annex to the sulphur protocol currently
being negotiated.

The CCE has also produced preliminary European
maps for the CL,,, and CL,,, for sulphur and nitro-
gen using European data bases. These current

maps, developed using European data bases, show
that CL,,,(N) is often limited by the critical load of

max

min

nutrient nitrogen.

Methods of estimating total base cation deposition
were discussed. The current method used to calcu-
late critical deposition values interpolates total base
cation deposition from the wet deposition values
supplied by EMEP.

Some presentations discussed possible methods to
estimate the necessary input variables for calculat-
ing CL(N), including nitrogen immobilization,
denitrification, and nitrogen leaching. These rec-
ommendations will be included in the revised map-
ping guidelines.

Workshop conclusions:

* The importance of accurate estimates of total
base cation deposition in calculating exceedances
was emphasized. The EMEP program’s estimates
of base cation deposition should be improved by
taking into account an estimate of the dry deposi-
tion component.

V. Mapping Critical Loads (National
Activities)

National reports on recent activities in mapping
critical loads were given by: Austria, Czech Repub-
lic, Germany, Poland, Russia, Scandinavia and the
United Kingdom.

VI. CCE 1993 Mapping Report

The CCE presented a proposed outline for its
report to the UN ECE this year on the status of
mapping activities. As with the CCE Technical
Report No. 1, a large part of the report will consist
of National Focal Center reports and maps. These
reports should summarize national mapping activ-
ities conducted since the publication of the 1991
report.

After extended discussion, it was decided not to
include preliminary maps of the critical load of
nitrogen, but to report on the status of methods
development and data collection. A revised report
outline, guidelines for NFC contributions, and time-
table were distributed at the meeting.

Workshop conclusions:

¢ The CCE will produce a report on the current
status of mapping activities, including NFC contri-
butions, for the meeting of the Working Group on
Effects in July 1993. The report will summarize the
progress made in mapping critical loads since the
CCE Technical Report in 1991, but will not include
European maps of critical loads of nitrogen.

VIl. Future Work

* National Focal Centers should begin work on
calculating the maximum and minimum critical
loads of sulphur and nitrogen, as outlined in the
"Guidelines" paper, and supply this data to the
CCE when it becomes available.
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DATA REQUIREMENTS FOR CALCULATING AND MAPPING CRITICAL LOADS

from the CCE Mapping Workshop
Madrid (Spain), 16-19 March 1993

I. DATA SUBMISSIONS FROM NATIONAL FOCAL CENTERS

Variables needed to calculate CL(N) and CL(S) according to the methods proposed in the
"Guidelines" paper:

Ia. Forest soil ecosystems:

Nitrogen:

CL,..(N) Minimum critical load of nitrogen (eq/ha-yr); from equation 3.14.

CL,.(N) Maximum critical load of nitrogen (eq/ha-yr); equation 3.18 or 3.19.

CL, (N) Critical load of nutrient nitrogen (eq/ha-yr); equation 2.17 or 2.18.

N ity Critical nitrogen uptake (eq/ha-yr).

N Critical nitrogen immobilization (eq/ha-yr).
Set value between 143 - 357 eq/ha-yr [= 2 - 5 kg N/ha-yr], See Section 2.3.2.

Nioin Critical nitrogen leaching (eq/ha-yr); See Section 2.3.3.

N, Denitrification (eq/ha-yr). It is proposed to base it on the constant denitrification frac-
tion (f,,) described in Section 2.3.4.2.

Sulphur:

CL,.(S) Minimum critical load of sulphur (eq/ha.yr); from equation 3.15.

CL,,.(S) Maximum critical load of sulphur (eq/ha-yr); equation 3.12.

ANC,, Acid neutralizing capacity produced by weathering (eq/ha-yr).
(This term was formerly expressed as BC,).

ANC, i Critical leaching of acid neutralizing capacity (eq/ha-yr).

BC,, Total Base Cation deposition (wet + dry) (eq/ha-yr);
(Refer to the CCE letter of 17 December 1992, Appendix C).

BC, Base cation uptake (eq/ha-yr);
(If no BC, data are available, then the CCE proposes to use the data enclosed with the
CCE letter of 17 December 1992).

Ib. Aquatic ecosystems (fresh water lake + catchment):
Refer to Appendix C of the "Guidelines" for data requirements.

II. DATA FORMAT:

All data should be submitted to the CCE with a structure (ASCII comma-delimited or in dBase-
compatible format) as shown in the following table. If you must use a different format, please
contact the CCE before submitting data to discuss possible modifications.
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Footnotes within table:

1. The total width of the columns includes also the dot and number of decimals.

2. Format of type, width, decimals of the field values depends strongly on the mapping resolution and type
of ecosystems mapped on national scale.

3. If the national grid cell area or the polygon area is split up by two or more EMEP cells, all the split areas
belonging to that specific national grid cell or polygon have to be represented in the data base as a separate
record, as shown in the next data base example for grid cell g.

Note that the sum of all values (km?) in the field "Area_emep" for one EMEP cell always has to be
smaller or equal to the total EMEP cell area. If aquatic (catchment) and forest soil ecosystems are both
submitted to the CCE be aware that they can overlap in their area coverages. To avoid double counting of
the same locations that are shared by both aquatic and forest soil ecosystems you will have to apply a
weighting factor for those locations (refer to the Guidelines chapter 4).

4. Some National Focal Centers specify their mapped ecosystem types with short character or numeric
codes as in use at national scale of mapping. If so, these short codes need to be explained in the NFC report
or as an annex to the submitted data base.

Some examples are given to illustrate how the data bases can be derived from the national maps overlaid
with the EMEP grid.

EXAMPLES:

1) National grid cells:

National Focal Center data that are collected or applied on a national grid resolution for national purposes.
Within the national grid cell resolution polygons are utilized for the relevant receptor ecosystems.

Nr. Long Lat var.’s... Ecosyst_type Ecosyst_ | Emepx Emepy Area_ National
group emep grid id.
231 3.05 52.25 beech-podz FD 19 15 23 1%
232 3.83 51.75 beech-podz FD 19 15 22 q
233 4.93 53.45 dougl-gley FC 19 16 18 q
234 5.04 52.85 birch-clay FD 20 15 11 q
235 5.35 52.85 birch-clay FD 20 16 43 q
236 6.63 52.25 lake L 20 16 6 q
2543 | 2.63 52.05 lake L 19 15 3 x
2544 5.05 53.95 - oak-podz FD 19 16 27 y
2545 8.43 52.15 oak-podz FD 20 16 9 z

.B.: The fields "Record number” and "national grid id" in the above example are created by the CCE.

In this example five national grid cells: p, g, x, y and z. are shown. Assume that the national grid cell
resolution is 100 km?. The cells x, y and z form ‘the tail of the data base’.

Grid cell p is entirely assigned to Emep cell (19,15). It has only 23 km” of relevant ecosystem area; the rest
of cell p is not registered as relevant receptor area.

- Grid cell g is divided over the four Emep cells (19,15), (19,16), (20,15) and (20,16). The total grid cell area
of 100 km? is covered with relevant receptors, therefore the total of all Area emep values for grid cell g will
add to 100 km?.
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The ecosystem type ‘birch-clay’ (total area is 55 km?) within the grid cell g is split up by two Emep cells into
2 separate areas. Each area must be registered in the data base as a separate record with a point coordinate
assigned to it (see record numbers 234 and 235).

In Emep cell (20,16) the national grid cell g contributes with two types of relevant receptors: ecosystem type
"birch-clay’ covers 43 km?, and ecosystem type ‘lake’ covers 6 km’.

- Grid cells x, y and z contain only one type of relevant receptor with areas that do not cover the whole
national grid cell.

2) Polygons:
A data base that contains information about polygons will be the same as the example given above. The
last column with the grid cell codes will not be used.

3) Points without incorporation of area coverage:
The CCE will use the equal area approach for all points assigned to the a EMEP grid cell when a National

Focal Center does not include with the point coordinate the area coverage that each point represents. (Refer
to Section 4 of the Guidelines).

The figure below illustrates how a data base is derived from the overlay of the EMEP grid with a national
mapping resolution.

>
\ o

1
i
S|

3 4

M A AT

Subdivisions of polygon shared by EMEP cells Subdivision of national grid cell by EMEP cells
Al = part of polygon A in EMEP cell 1 %0 part of national grid cell in EMEP cell 13

B1 = part of polygon B in EMEP cell 1
part of national grid cell in EMEP cell 14
B2 = part of polygon B in EMEP cell 2

B3 - part of polygon B in EMEP cell 3 Note the point coordinate in Qa_ch
area that resuits from the subdivision.

B4 = part of polygon B in EMEP cell 4

Figure A6.1. Example of the contribution of (A) a polygon and (B) a national grid cell to the involved EMEP grid
cells. Each area is assigned a separate point coordinate (longitude, latitude) as a locational identifier
and is stored as a separate record in the data base.
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APPENDIX VII. European Background
State Mass Balance M

This appendix provides an overview of the sources
and specifications of the European background data
used to produce the European steady-state mass
balance maps of critical loads. These data have
been used for countries for which no national con-
tribution was provided to the CCE.

The background data have been collected by the
Winand Staring Center, and made available to the
Coordination Center. These data used are con-
tained in two dBase-compatible data bases: FOR-
EST.DBF and SOIL.DBF. Data have been prod-
uced on a grid of 1° longitude by 0.5° latitude.
Paper or disk copies of data for all grid cells for
individual countries are available from the
Coordination Center.

The CCE produced updated critical loads maps for
Europe and for each country, and distributed the
maps and input data to all National Focal Centers
in December 1992. For countries that submitted
data, the critical loads maps in Chapter 2 are based
on these national contributions. For other coun-
tries, the European background data were used.

NFC’s were requested to review and comment on
these maps, and to submit any available updated
national data. These data have been used to pro-
duce the final maps in Chapter 2. (Table 5.1 sum-
marizes the sources of input data used for each
country.)

A number of general values are needed to calculate
rates of nitrogen and base cation uptake in forests,
including wood density, branch-to-stem ratio, and
element content on N, Ca, Mg and K in stems and
branches of coniferous and deciduous tree species.
Data from de Vries ¢f al. (1992) was used for coun-
tries which did not submit national data.

FOREST.DBEF:

This database contains all data that are both grid-
and forest-dependent; i.e. data on areal occurrence,
uptake, deposition and runoff. Distinctions are
made between coniferous (CON) and deciduous
(DEQ) forests, as well as between basic (B) and

Data Bases Used in the Steady-
aps of Critical Loads

derived (D) data. A description of the data base
with information on the sources is given in Table
A7.1.

SOIL.DBF:

This file contains basic data that are both grid- and
soil-dependent; i.e. the percentage of each FAO soil
types in each grid, with its inherent characteristics
(partly basic and partly derived). Furthermore, it
contains derived data on the area of the various
forest types on each soil type in each grid, based on
an assignment procedure for combining forests and
soils as described in de Vries et al. (1992). A descri-
ption of the database with information on the sour-
ces is given in Table A7.2.
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Table A7.1. Structure of data base file FOREST.DBF

Field Name Description

Type*

Source

Longitude-Latitude

LONG Longitudinal coordinate of south-west corner of grid cell.
LAT Latitudinal coordinate of south-west corner of grid cell.

Areal statistics per grid

AGRID Total area of the grid cell.
ACON Total area of coniferous forests per grid cell.
ADEC Total area of coniferous forests per grid cell.

Growth of coniferous
and deciduous forests

GCON Annual average growth rate of coniferous forests.
GDEC Annual average growth rate of deciduous forests.

Nitrogen and base cation uptake

NUPCON  Rate of nitrogen uptake for coniferous forests.
NUPDEC  Rate of nitrogen uptake for deciduous forests.
BCUPCON Rate of base cation uptake for coniferous forests.
BCUPDEC Rate of base cation uptake for deciduous forests.

Nitrogen immobilization
NICON Critical nitrogen immobilization for coniferous forests.
NIDEC Critical nitrogen immobilization for deciduous forests.

Total base cation deposition

Hydrologic data per grid

PRECIP Annual average precipitation per grid cell.
EVAPGRID Annual average evapotranspiration per grid cell.

Hydrologic data per forest type
EVAPCON Annual average evapotranspiration for coniferous forests.
EVAPDEC Annual average evapotranspiration for deciduous forests.
RUNOFFCON  Annual average runoff for coniferous forests.
RUNOFFDEC  Annual average runoff for deciduous forests.

ITASA, based on
information from
aeronautic maps.

ITIASA, based on
information com-
plied by Nilsson
and Sallnas (1991).

Calculated from
growth data and
global data.

Derived from de Vries
et al. (1992).

de Vries et al. (1992),
based on EMEP wet
base cation deposition
data.

[IASA

de Vries et al. (1992).

* B = Basic data.
D = Derived data.
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Table A7.2. Structure of data base file SOIL.DBF

Field Name Description Units Type* Source
Longitude-Latitude degrees
LONG Longitudinal coordinate of south-west corner of grid cell.
LAT Latitudinal coordinate of south-west corner of grid cell.
Soil type, number, - B Description based on
slope and texture class FAQ soil map.
SOILTYPE [ Explanations on the derivation of
SOILNUMBER these values can be found in the
SLOPECLAS Mapping Vademecum, Appendix IIL. ]
TEXTCLAS
Parent material and - D Derived from soil

weathering rate class
PARMATCLAS [ Explanations on the derivation of
WRCLAS these values can be found in the
Mapping Vademecum, Appendix IIIL. ]

Weathering rate eq ha' yr' D
(for a depth of 0.5 meters)

Percentage of each soil type in grid % B

Soil slope class - -

Percentage of forest % D

types on each soil

FPERCON
FPERDEC

Percentage of coniferous forest on each soil type per grid cell.
Percentage of deciduous forest on each soil type per grid cell.

type and texture class.

Derived according to
procedures described
in the Mapping Vade-
mecum, Appendix IIL

IIASA, based on FAO
soil map.

Assignment pro-
cedure described in
de Vries ef al. (1992).

Derived according to
assignment type in
grid procedure.

* B = Basic data.
D = Derived data.
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