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ÄBSTRÄCT

This paper reports of a study on the physico-chemical effects of atmospheric deposi
tion on aquatic systems. The main objective is to develop methods for identifying

and quantifying the present extent of acidification as well as for analyzing the
effects of past and future deposition patterns on the water quality. These methods
are applied to synoptic data of lake regions in Finland and Scandinavia. The report
consists of three major parts: i) identification of regions sensitive to acidic deposi
tion, ii) model development for analyzing the dynamics of lake acidification and iii)
application of the acidification model to the lake acidification problem in Fennos
candia. The results of the first part illustrate the high variability in the sensitivity
to the effects of acidic deposition from region to region. Ä mathematical model is
constructed in the second part for describing the key processes that control the
dynamics freshwater acidification. In the third part, the model is linked to the
RÄINS (Regional Äcidification Information and Simulation) model system, in order
to analyze alternative future scenarios. The overail objective of RAINS is to assist
in negotiations for controlling acidic deposition in European countries. As a conclu
sion of the application, the need for emission control can be emphasized. Based on
the model runs, much of the reductions in suifur emissions tend to restore lakes to
an acidity level that is better than at present able to support fish as well as other
aquatic biota.
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REGIONÄL LÄKE ÄCIDIFICATION:
SENSITWITY AND DYNÄMICS

Juha KärnJr:

1. INTRODUCTION

1.1. Äcidification of the Environment
Air pollution is transboundary in nature; its geographic dimensions are
difficult to define. The poliution sources are scattered in a variety of countries, the
consequences extending far away. Practically ali indiistriai countries are responsible
for the probiem. And, since the causes are international, also the resolution of the
probiem requires co-operative international action.
Air pollutants cause numerous changes in the biotic and abiotic environment.
The best known and, perhaps, the most important of the chemical changes is the
acidification of the environment. Äcidification is a resuit of several factors, natural
and man-made. The series of chemicai reactions starting from the emissions of sui
fur dioxide and nitrogen compounds to the depietion of the natural acid neutraliz
ing capacity of fresh waters has been established in extensive research programs of
Scandinavia and North America. This depletion of water acid neutralizing capacity
is defined as water acidification.
Presentiy, over 60 million tonnes of sulfur dioxide, is being emitted from
anthropogenic sources in Europe, including the European parts of Soviet Union (see
Aicamo et al. 1985). More than 90% of these emissions come from combustion of
fossil fueis, and only less than 10% from industrial processes. Considering the entire
earth’s surface, the anthropogenic emissions are of the same order of magnitude as
the natural emissions. However, in certain industrialized areas like Europe, the
man-made emissions are the major sources. In Northern Europe the fraction of
anthropogenic suifur emissions is about 90%. Emissions of nitrogen oxides have
been estimated to amount to about 26 milhion tonnes, calculated as NO2 (Liibkert
1987). About half of these emissions have been estimated to originate from exhaust
gases of motor vehicies (op. cit.).
Oxides of suifur and nitrogen can persist in the air up to a few days, iong
enough to be transported hundreds or even thousands of kiiometers from the place
they were emitted. During this time, the gaseous pollutants undergo a comphicated
chemicai conversion into nitric and sulfuric acids, which are deposited as particles
or as droplets of water.
The magnitude of the effects of this acidic deposition depend on both, the
amount of deposition and the sensitivity of the recipient. Sensitivity of waters is
determined by the catchment characteristics, in particuiar, of the terrestriai catch
ment, since only a smali proportion of precipitation falis directiy into surface
waters.

Scientific knowledge on the whole acidification phenomenon has increased
tremendousiy since Oden (1968) outiined the changing acidity of precipitation
regional phenomenon in Europe and postulated this acidity as a probable cause of
decline in fish populations. Sinee that time acidification research has developed
from a few single studies to a new field of science. Before any theories were esta
blished in acidification, there remained competing hypotheses and aiternative expla
nations for the widely observed regional surface water acidification. Now there
seems to be a near consensus that acidic deposition piays an important role in
aquatic acidification and that there are certain soi! chemicai processes regulating
the acidification. The scientific community now takes these paradigms for granted,
and there is no longer need to start every time from first principles and justify each
concept used.
Lake acidification has been recognized as a siow process involving many
mechanisms both in the terrestrial and the aquatic catchment. Although some of
these mechanisms are not understood quantitativeiy, research is continuousiy
expanding the level of knowiedge of various aspects of the probiem. Numerous
attempts have aiready been made to identify and quantify lake acidification in order
to estimate changes ovet past decades when historical data is lacking or unreiiable.
Applications of several methods for quantifying acidification have reveaied
that acidification has taken place in almost ali oligotrophic lakes of southern Fin
iand (Kämäri 1985) as well as of southern Norway and Sweden (Wright 1983).
Ciear deviation from the preacidification conditions have been detected. The
results have shown that some individual lakes have experienced rather strong
acidification, having iost over 120 izmott1 of their caiculated preacidification aika
iinity (Kämäri 1985). Most lakes have, however, lost only a smail portion of their
original buffering capacity. Acidification has been a common phenomenon in lakes
with low originai alkalinities.
Regional iake acidification estimates have indicated clear differences between
different regions in Finland and Scandinavia. In the southern coastal areas of the
countries, the acidification has been estimated to be of the order of magnitude 100
mot t. The lakes in the interior of southern Finland have probably lost only an
average of 50 j2mott1 of their original aikalinity. For the northern parts of Fin
land, Norway and Sweden, the regional acidification estimates have been smaller
than 30 mott1. (Wright 1983, Kämäri 1985). In Lapland, evidently, oniy the
most sensitive lakes have experienced harmfui effects due to acidic deposition.
The deposition of acidic and acidifying compounds altering the surface water
chemistry and resuiting in freshwater acidification, cause consequent biological and
ecological changes. These effects are the result of an indirect action of sulfur and
nitrogen compounds, as they infiuence iiving organisms through the changes they
bring about in water and soil.
Changes in surface water chemistry have been shown to cause fish mortality
and reproductive faiiure, eliminating fish from many freshwater systems during this
century (e.g. Dahl 1921; Dannevig 1959; Jensen and Snekvik 1972; Beamish 1976;
Schofield 1976; Sevaldrud et al. 1980). Moreover, there is clear evidence that fresh
water acidiflcation has affected aquatic macrophytes (e.g. Iversen 1929; Grahn 1977;
Roelofs 1983; Kenttämies et al. 1985), zooplankton (e.g. Hobaek and Raddum 1980;
Yan and Strus 1980; Mailey et ai. 1982; Keller and Pitblado 1984; Kenttämies et al.
1985), phytoplankton (e.g. Aimer et al. 1974; Yan and Stokes 1978; Hörnström et
al. 1985), as weil as bottom fauna (e.g. Mossberg and Nyberg 1979; Okland 1980;
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Okland and Okland 1980; Engblom and Lingdell 1985; Kenttämies et al. 1985).
Indirect effects of freshwater acidification, (e.g. due to disappearance of key organ
isms such as fish) on organisms that are dependent on some other species are more
difficult to observe and therefore poorly documented. Indications of indirect effects
have been observed with some large species of bottom fauna (Grahn et ah 1974)
and with some bird popuiations (Eriksson 1984)

1.2. Objectives and Structure of the Study

This study focuses on regional surface wateT acidification of those regions of
Europe, where impacts of atmospheric deposition have been detected to a wide
extent. Smail oligotrophic surface waters have been recognized as being susceptibie
to acidic deposition. Finland, Sweden and Norway are chosen as the study areas.
These countries together form a distinct geologic and geographic region called Fen
noscandia, covering the whole of Finland and the Scandinavian peninsula.
The objective of the study is to develop and apply methods for analyzing the
sensitivity as well as the Iong-term dynamics of the catchments responses. Ali
methods are applied on a large regional scale. The main intention is to identify and
describe the key processes controliing surface water acidification physically and
chemically, so that the time evolution and spatial distribution of soil and water
acidification can be estimated. These methods are then appiied as part of a larger
model structure for analyzing the dynamic behavior of surface water regions in
response to different scenarios of energy development and air pollutant emission
control.
This report consists of three clearly distinguishable parts. Section 2 identifies
qualitatively important processes that affect the sensitivity of suTface waters to
acidic deposition. The factors are tentatively ranked in order of their importance
and a sensitivity index is developed. Äs the focus is on a large regional scaie, the
sensitivity index is applied to an extensive geographical area. The sensitivity for
over 2 000 10 by 10 km grids of Finland is derived and displayed in map form.
Section 3 is the theoretical part of the study. A method is developed for
analyzing the dynamics of freshwater acidification under different environmental
conditions. The processes considered and described mathematically in the model
are mostly those affecting also the sensitivity reported in Section 2. The formulated
conceptualization is tested by a method referred to as a Monte Carlo hypothesis
testing procedure. The set of assumptions forming the proposed hypothesis, the
model, is tested by investigating whether combinations can be produced from the
uncertain input and parameter ranges that coincide with the predefined acceptable
model behavior definition derived from available data.
Finally, Section 4 is the main synthesis of this study. Ä method for applying a
catchment model to regional sllrvey data is developed. This method is then applied
with data from Fennoscandia. The effectiveness of example air poilution control
strategies are evaluated. The model is furthermore driven with iow deposition
scenarios iii order to investigate whether a sustainable deposition level, that would
not cause harmlui effects on a large number of surface waters, can be identified.
This deposition level, termed a target load, could be used as a basis for constructing
strategies for emission control.
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2. SENSITWITY 01? REGIONS TO LÄKE ÄCIDIFICÄTION

2.1. Methods for Assessing Sensitivity

The concept of sensitivity has been used rather loosely in conjunction with
surface and groundwater acidification. One maun goal has been to identify geo
graphical areas which contain fresh waters vulnerable to acidic deposition. On
catchment scale, the response of an aquatic system to acidic deposition depends on
both the forcing deposition and the resistance of the system; in other words, the
response is determined by the action together with the characteristics of the system
producing the reaction. The susceptibility to the reaction describes the sensitivity
to acidic deposition.
Two basic criteria have been used to assess the sensitivity of lakes to acidic
deposition. Firstly, the characteristics of the catchments, including both their geol
ogy and their soil properties, have been used as a basis for estimating the ability of
the lakes to resist acidification (e.g. Hendrey et al. 1980; Zimmerman 1982;
Brousseau et al. 1985). Secondly, surface water quality has been widely used to
indicate acid sensitive regions (e.g. Omernik and Powers 1982; Canfield 1983;
Haines and Akieladzek 1983; Pätilä 1984).
Efforts to identify areas where soils and fresh waters might be sensitive to
acidification have mainly proceeded from the analysis of large-scale geological maps
and water quality surveys. The ranking of sensitivity is not intended to predict the
severity of the effects but rather to guide the selection of terrestrial and aquatic
sites where the potential adverse consequences of atmospheric deposition are
greatest. An investigation of the characteristics of the Tegion should make it possi
ble to predict the buffering properties of the lake region and hence the sensitivity to
acidification without having to sample every lake in the area.
To date, emphasis has been placed on the development of single variable sen
sitivity ratings, where system components (e.g, geology, qiiaternary deposits, vege
tation) have been evaluated individually. For example, in North America the chem
ical composition of rock formations has been shown to match the actual sensitivity
of sampled lakes to acidification (Hendrey et al. 1980). Most of the sites of low aika
linity were located in the sensitive areas defined by the sensitivity map. The charac
teristics of the bedrock have therefore been considered largely to determine the
impact of acid precipitation on aquatic ecosystems (Norton 1979; Zimmerman
1982).
On a very rough scaie, the geographical distribution of hard acid rocks may
correspond to acidified lake regions, but in order to gain a more detailed under
standing of the geographical extent of potential sensitivity, it is necessary to com
bine several important variabies so that ali the dominant chemical interreiation
ships are incorporated in the evaluation. Identifying sensitive areas on the basis of
bedrock types alone is inaccurate, since for example in glaciated terrain the
superficial materiais often do not reflect the lithology of the underiying bedrock.
Moreover, the geographical and climatic variabies may vary significantly over a
large region.
The use of water quality variabies as indicators for the assessment of regionai
scale sensitivity bears some risks. The lakes have necessarily received, or currentiy
receive, different amounts of acidic deposition. The action of acidic deposition has
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aiready caused a reaction in the system. The surveys would give different pictures
of regional sensitivity when carried out in different decades. The basis of assessment
should not vary with time, and more stable variabies shouid be chosen indicators.
Water quaiity variabies, being a resuit of catchment characteristics, aiways contain
signs of historical acidic load, and thus are not the best variabies for evaluating sen
sitivity. Deriving sensitivity should he based on ali the availahle information con
cerning the variabies which reflect the processes controlling freshwater acidification.
Tliese variabies shouid be relatively well understood in terms of their contribution
to system dynamics.
This investigation is focused on the regional sensitivity of surface waters to
acidic deposition, and the description is based on Kämäri (1986a). Some variabies
describing the sensitivity of surface waters are listed and combined to form a sensi
tivity index. Data for the index is coilected from large scale maps from Finland and
the sensitivity variahles are presented in map form. As a resuit a sensitivity map is
compiled. The objective is to identify areas that are vulnerable to acidic deposition.

2.2. Compilatiou of a Sensitivity Index
Ä sensitivity index has been earlier developed by Axelsson and Karlqvist
(1984) to identify sensitive areas for groundwater acidification. Their basic formu
lation was appiied in this work and modified in order to deveiop a corresponding
index for surface water acidification. The method assumes a iinear relationship
between ali variables affecting the sensitivity of a given water body to acidic deposi
tion. The method is additive which implies that ali the affecting variabies either
increase or decrease the sensitivity of surface water to acidic deposition.
Correspondingly, they are assigned either positive or negative values. Tri order to be
abie to deal with the prohiem on a large spatial scaie, a grid net as weil as a
classification of the variabies is appiied.
Within each grid fx,y), the contributions of ali the ciassified variabies,
to
the sensitivity of surface water to acidification, $Y, are summed. Each contribu
tion can thus he positive or negative depending on the nature of the process behind
the variahle. To obtain the sensitivity index, the arbitrary vaiues of each variabie,
are scaled so that ali the variahies have the same maximum absolute value. The
weighting coefficient,w, is then used in the method to specify the relative impor
tance of each variahie in determining the sensitivity. The relative sensitivity at each
grid is formuiated as follows:
sz,v

i=n

max

=

:=1

Si

max

(2.1)

where 181 ‘‘ denotes the maximum absoiute value of ali n variables and,
i max the
maximum absoiute value of variable i.
Before sensitivity indices can he assigned it is necessary to define the system
itself and the most important interactions or processes in the system that are being
modeied” in the method. Only then can criteria be formulated for mapping these
processes.
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The systems for which sensitivity to acidic deposition will be evaluated are
headwaters, small lakes, brooks, streams and small rivers. Higher order systems are
commonly considered resistant to acidification because of their generally large
catchment areas and their higher probability of having well buffered thick soils or
agricultural land in their terrestrial catchments. For example, liming and fertilizing
practices cause eutrophication and consequently high alkalinity and high p11 values
in those surface waters receiving agricultural runoff.
In a variety of modeling attempts, only a few processes have been shown to
account quantitatively for the observed short term variation in streamwater chemis
try (e.g. Christophersen et al. 1982) and for the long term development in surface
water chemistry (e.g. Cosby et al. 19$Sa,b; Kämäri et al. 1985a,b). These processes
include the weathering of mineral matter, cation exchange, suifate adsorption and
hydrology. In practice, there is no information available describing variabies that
are directly related with these critical processes. Instead, variables, that indirectly
represent the contribution of different processes to the behavior of the system must
be chosen. Four maps of Finland were found which illustrate qualitatively these
processes. A classification of the variabies, corresponding to that used in the
corresponding maps, was established. Ä map of prequaternary rocks in Finland (1:
2 000 000) (Atias of Finland 1960) was used to describe the relative weatherability
of mineral matter. The bedrock of Finland consists mainly of granitic or highly sili
ceous prequaternary rock formations, which are very resistant to weathering. These
silicate rocks were classified into three rock type classes according to the average
Ca + Mg content of each rock type (cf. Kämäri 1984):
(A) Quarzite, granite;
(B) Rapakivi, phyllite, mica shist, mica gneiss, feldspar and quartz por
phyry, mfgmatite granodiorite, quartzdiorite or acid plutonic rocks in
general;
(C) Gabro, amphibolite, hornblende gneiss and other basic, ultrabasic or
alkaline rocks.
Information regarding the input data was stored into a computerized grid based
format. Depending on the dominant rock type, each grid square was classified into
one of the above categories (Figure la).
The map of minerogenic deposits (Kujansuu and Niemelä 1984) was utilized
to provide information on the texture of the surficial material and consequently on
the cation exchange capacities of the soils. The location of barren bedrock and bar
ren terrain mountains was also indicated in the map. The map was interpreted to
give a classification of soils in four classes (see Figure ib).
(A) Barren bedrock, barren mountains, thin moraine;
(B) Coarse sand and gravel, radial and marginal eskers, clasifiuvial drift;
(C) Morainic drift, peat;
(D) Clay and siit.
The Atias of World Water Balance (UNESCO 1977) was used to account for
the gross regional distribution of runoff. Runoff generally gives some indication of
the rate at which water passes through the soils, which in turn has an effect on the
reaction time of the seepage water in the soi!. The greater the runoff, the more
diluted and less buffered are the waters when they enter the brooks and lakes.
Information was digitalized from the map so that each grid square was assigned one
of the following runoff classes (see Figure lc).
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Figure 1.
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Spatial distribution of the classes of the four variabies used in the sensitivity
index; a) Rock type classes A C, b) Soil classes Ä D, c) Runoff classes A
D, d) Terrestrial relief classes Ä D. The classes are descibed ja the text.
-

-

-

-
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(Ä) Runoff 200 250 mm;
(3) Runoff 250 300 mm;
(C) Runoff 300 350 mm;
(D) Runoff>350mm.
A map of terrestrial relief in Finland (1: 1 000 000) (Atias of Finland, unpub
lished material) was used to determine regional variations in height and the general
steepness of surface siopes. The steeper the catchment the faster the acidic
throughfall fiows without being buffered by the soil. The following classification
has been created by Fogelberg and Seppälä for the Ätias of Finland (see Figure ld).
(Ä) Mostly even terrain, height differences slight;
(B) Terrain varying in altitude, undulating;
(C) Terrain varying in altitude, characterized by structurally controlled val
leys;
(D) Broad elevated areas, comparatively steep siopes.
lii the application, values for the classes as weli as for the weighting
coefficients of each variable are assigned. The sign of the values indicates whether
the effect of the variable on the sensitivity is positive or negative. The actual mag
nitude of the value is arbitrary but the reciprocal order is important. The relative
value together with the value of the weighting coefficient determines the relative
weight of each variable affecting the sensitivity in each grid. The significance of
catchment variables in determining the susceptibility of lakes to acidification has
been studied by analyzing data from 375 smali, oligotrophic lakes and their catch
ments in Southern Finland (Kämäri 1984). Stepwise multiple regression analysis
was used to examine the relative importance of catchment variables (independent
variables) in explaining the variability in the water quality data (pH and alkalinity,
dependent variabies). The results suggested that the type of surficial material is the
most critical variable for the sensitivity of Finnish lakes to acidification. Ali the
other variables studied were found much less important. The importance of runoff
or relief was not studied.
The above analysis was used to determine the weighting coefficients for the
different variabies (Table 1). The fraction of barren bedrock and texture of surficial
material could explain about 50% of the variance in the observed values of alkalin
ity or pH (Kämäri 1984). Therefore, the soil characteristics were assigned to
account for 50% of the sensitivity of surface waters to acidic deposition. The type
of rock in the catchment and other factors couid expiain only a small fraction of the
variance. The three variables, rock type, runoff and relief, were then assigned to
account together for the remaining 50% of the sensitivity. These values for the
weighting coefficients should, however, be regarded in the frst place as best
guesses.
-

-

-

2.3. Sensitivity Map
The relative sensitivity map, presented in Figure 2, was compiled by overiay
the
ing
four computerized maps presented in Figures la-d with the aid of Equation
1. The sensitivity boundaries were scaled 80 that each sensitivity class was assigned
an equal fraction of Finland’s land area. The dark shading implied an increasing
sensitivity of surface waters to acidic deposition, In a grid square shaded black, the
risk is high and therefore an adverse reaction could be expected to take place in
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Table 1.

Values for the classes and the weighting coefficient of each variable
Factor
Rock
Soil
Runoff
Relief

Ä

Class
B
C

D

Weighting
coefficient

1
0
-1
0

2
1
-2
-1

3
-4
-3

20
50
10
20

3
2
-3
-2

response to a weaker action, i.e. a lower level of deposition, than in less sensitive
regions. The map, however, does not provide information on the number of surface
waters threatened or on the severity of the possible changes. The map is merely
intended to demonstrate the Iocation of sensitive regions.
The map predicted that some areas along the coast and in inland of south
west Finland would be highly sensitive. The highest sensitivity class partly fol
lowed the occurrence of thin soils, but the type of rock and the relief also clearly
affected the spatial distribution of sensitivity classes. Large regions of northern
Finland were also estimated as sensitive, due to the prevalence of rock types resis
tant to weathering and to extensive barren, elevated areas.

L1R
b
Figure 2.

nueQsing sensifivity

The sensitivity map showing the spatial distribution of sensitivity of surface
waters to the effects of acidic deposition in Finland. The darkening shading
implies an increasing risk for adverse changes in aquatic ecosystems due to
acidic deposition.
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2.4. Concluding Remarks on the Sensitivity Mapping

Typically acidified lakes are small, oligotrophic, clear water lakes. Available
water quaflty data from these types of lakes was compared to the results of the sen
sitivity index. The purpose was to find out whether actual impacts have been
observed in those regions determined sensitive by the sensitivity index. Data being
collected in the surveys and monitoring programs conducted by the Finnish Water
and Environment Districts, was utilized. Information on 8 915 lakes was made
available by the Water Quality Data Bank of the National Board of Waters and
Environment. These lakes do not receive other significant loading in addition to
atmospheric pollutants. The data set included in total 162 clearwatered (color <
50), strongly acidic lakes (minimum surface water p11 < 5.0) (see Forsius et al.
1987). The spatial distribution of these lakes, displayed in Figure 3, was not purely
random. The grid elements containing acidic lakes were located mainly in the sensi
tive areas as defined by the sensitivity map. Very few strongly acidic lakes have
been reported in northern Finland. This may be due partly to the significantly
lower deposition level and partly to the lower sampling frequency in the north of
the country.

Figuie 3.

The 10 by 10 km grid squares where strongly acidic (minimum pH Iower
than 5.0) clearwater lakes have been detected (after the National Board of
Waters and Environment, Finland).
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Comparing the location of effects with that of sensitive areas should he done
cautiously because there was uncertainty both in the sensitivity index and in the
data used. The selected variabies were believed to describe the most important
variabies, but nevertheiess, not ali aspects of the real response of the catchments to
acidic deposition were taken into account. The method did not consider, for exam
pie, the type of vegetation of the catchments or the buffering properties of lakes.
Moreover, the method reiied on the assumed weighting coefficients of the variabies
in determining the sensitivity. Thus, even if the variabies chosen to represent sensi
tivity in a given region were the right” ones, they could he treated incorrectly in
the method. Changing the values of the weighting coefficients would not, however,
have changed the overali picture of the sensitivity map.
The formulation of the sensitivity index is an example of a qualitative modei
for screening and ranking sites and regions according to predefined objectives. Vir
tually every modei attempting to describe a real system has a large number of
uncertainties. As pointed out above the sources of uncertainty in the model
included both the model structure and model inputs. Ä major drawback is that
there is no observational data avaiiable that the model performance could he
checked against. Water quality variables are not suitable for verifying and validat
ing the model since their values are more a consequence of the catchment sensi
tivity than a measure for sensitivity. Therefore, a true validation for the model can
not he accompiished. Assuming that the current understanding of the surface water
acidification process is close to reaiity and that the proposed sensitivity index is a
good representation of this knowledge, the index gives a fair measure for sensitivity.
The complexity of the phenomenon of surface water acidification has been
emphasized as a limitation to sensitivity assessment (CoweIl et al. 1980) The
knowledge on acidification is, however, continuously expanding. Since uncertainty
is a basic characteristic of the systems dealt with, it cannot he avoided. Therefore,
the complexity of a phenomenon and uncertainties associated with scientific
methods should not he an argument against serious efforts to assess regional pro
perties of natural systems. Rather, complexity should he regarded as a chailenge for
research so that most importaut factors would be identified and that these factors
would receive a concerted research effort in order to locate and evaluate the threats
to the environment.
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3. CONSTRUCTING Ä MODEL FOR LÄKE ÄCIDIFICÄTION

3.1. Prediction modeis
Natural systems are extremely complex. Nevertheless, in order to avoid the
destruction of sensitive ecosystems, we have to learn to understand both these sys
tems themselves and the consequences of human actions on them. Only in recent
years with the availability of efficient computers has the analysis of ecological sys
tems become a practical possibility. The purpose of this analysis, termed systems
analysis, is the better understanding of a given system, usually to permit predic
tions and better management decisions based on them. This impiies a description of
the system and its processes, i.e, a development af a model representing the real
system, the behavior of which resembles that of the real system as ciose as possible.
Ä model can obviously never be as complex as the real system itseif. Modeis
work with aggregated representations of reality. The unlimited number of interac
tions between system components are reduced in the model description to a few
mathematical equations. Model deveiopment is a selective and hence partiaily a
subjective procedure, which involves several sequential steps (see e.g. Beck 1983).
In model conceptuallzation there is a choice regarding the level of spatial and tem
poral aggregation, the separation between chemical, physical and ecological ele
ments as well as the processes to be incorporated into the model structure. Äfter
decisions have been taken on how the system will be represented, the model builder
has to choose from several possible model types. There is a choice for example
between dynamic and steady-state modeis, distributed and lumped modeis as well
as between internally descriptive (mechanistic) and black-box (input-outpiit)
modeis. Ali the above selections are based on the goals and objectives of the final
modei application and on data availability. Ä study investigating the future iong
term effects of land-use changes on water quality necessitates a different kind of
modei than a study attempting to predict the effects of a particular sewage
discharge.
Prediction models can in a very broad sense be ciassified into two categories
on basis of their application objectives. First, modeis can be appiied as research
tools which can provide indicators for further directions of investigation. Especialiy
in early stages of research on a badly defined system, time series data are likely to
be scarce, and the only way to progress in this situation is to use some form of
simulation modei in the hypothesis-generating role (see Young 1983). Necessarily
there is no imrnediate practical appiication for the model resuits, whereas in the
case of the second type of modeis, management modeis, the applications have to be
known and carefully specified. The term management can in this context includes
objectives like iong-term planning, designing environmentai policies, estimating
environmental consequences of human actions and designing treatment facilities for
pollutants.
Conceptualization of the acidification phenomenon has naturaliy been based
on the recent findings on soii and water chemistry. Yet, since we are dealing with a
new probiem area and thus with a fairly poorly defined system, the modelers have
not aiways chosen the same processes for the key mechanisms that are thought to
determine the system behavior. Additionally, the approaches chosen to represent
these various processes and observed water quality patterns computationaily have
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varied. The modeiing approaches used to date include representatives from practi
cally ali existing model types. They range from simple to compiex, from dynamic to
steady-state and from black-box modeis to highly deterministic modeis.
In Table 2, ten modeis are llsted that ali can he used to predict surface water
acidification. Än attempt was made to point out which processes the modeis con
sider in their structures. This turned out, however, to be a difficuit task, since the
modeis might incorporate several processes in one kinetic formulation (cf. Schnoor
et al. 1984). Tabie 2 illustrates the level of detail and determinism of the different
modeis. It does not teil how weii the modeis perform in predictions. In the another
extreme, there is the ILWAS model which is very comprehensive and describes
numerous processes in canopy, snowpack, litter, iii different soil iayers, stream as
well as in the iake. Only a part of the processes considered in the ILWÄS model are
listed in Table 2. The empiricai model represents the other extreme with no pro
cess description explicitiy incorporated in its structure. The empiricai model uses a
static biack-box approach, where future steady-state acidity is predicted on the
basis of some present-day water quality variabies.
Table

2.

Processes considered in the different surface water acidification modeis.
Process

Model
1

Hydrologic processes

2

3

4

6

7

8

9

10

x

x

x

x

5

Mobile anion concept

x

x

x

x

S04-adsorption/mineralization

x

x

x

x

Cation exchange

x

x

x

x

x

x

x

x

x

x

x
—

Mineral weathering

x

x

x

Al-mineral dissolution

x

x

x

Soil carbonic acid equillbria

x

x

x

x

Lake/stream carbonic acid equilibria

x

x

x

x

In-lake suifate retention

1.
2.
3.
4.
5.

In-lake aigal growth

x

Biological cation uptake

x

Nitrification in soil

x

Root respiration

x

ILWAS (Chen et aL 1983)
MAGIC (Cosby et al. 1985a,b)
Birkenes (Christophersen et al. 1982)
Equilibrium (Russ 1980, Reuss & Johnson 1985)
RAINS Lake Module (This paper)

x

x

x

x

x

x

x

x

6.
7.
8.
9,

Adsorption isotherm (Ärp 1983)
Trickle-down (Schnoor et al. 1984
Seepage lake (Lin & Schnoor 1986
PULSE (Bergström et al. 1985)
10. Empirical (Wright & Henriksen 1983)

Concerning the process-oriented mechanistic approaches there is a significant
convergence of thought about the key processes (see Reuss et al. 1986). The modeis
listed above indeed contain many similar assumptions on a number of soil chemical
processes. The modeis use fiuxes of strong acid anions, mainiy suifate, as the most
important driving variabie. Most of these modeis more or less expiicitly incorporate
the anion mobiiity concept (Seip 1980). The importance of suifate adsorption,
cation exchange, aluminum dissoiution as weii as weathering reactions can weii he
noticed from the recent modeiing work. The convergence of opinion on the
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importance of mechanisms would not have been possible without a great number of
model appllcations, performance evaluation, and further model development. One
can postulate that it has not only been the successes of various applications that
have increased our knowledge on the acidification mechanisms. Failures to predict
some phenomena have also given valuable information, since in that way a certain
hypothesis could have been rejected.
To date, the model applications have been mainly performed for providing
information on the importance of different processes in determining the dynamics of
studied catchments. These modeis have been research tools that have offered one
way of quantifying the effect of the poorly known processes. For the early ‘pre
paradigm’ phase of acidification science these applications have been more than
valuable. Simulation modeis, by predicting satisfactorily some observed patterns of
surface water acidity, have been able to give support to the hypothesis, that acidic
deposition is the most important cause to widely observed regional acidification.
Modeis have confirmed that under some circumstances acidic deposition may have
a dominant effect on freshwater chemistry. Moreover, model application have
brought new ideas and working hypotheses for experimental scientists to test. For
example, recent model application have been able to provide examples of how both
acidic deposition and conifer aiforestation can increase streamwater acidity (Neal et
al. 1986).
The divergence in modeling philosophy is, an unavoidable, and in fact, a
desired fact. The main reason for the existence of a wide range of different model
types can be explained by the differences in the goals and objectives of the model
applications. The decision on what is going to be predicted deserves a critical
evaluation, because that more than anything else affects the model to be con
structed. The research modeis tend to give more detailed descriptions on the
processes so that different phenomena and hypotheses can be evaluated and the
short-term dynamics can be reproduced. The prediction modeis designed for
management purposes use a more simple “lumped pararneter” approach, which is
thought to be suitable for producing the Iong-term system behavior that is required
from a tool attempting to assist in a decision-making process. To combine the
dimensions of the acidification probiem with the goal of providing useful informa
tion for decision makers, the following guidelines for model formulation are
adopted.
(1) The rnodet shoutd be sirnple. Ä model designed for the use of policy makers,
should be both comprehensible and easy to use. In addition it should incor
porate past and current research in the field of acidification, yet deal with the
most important processes first. The major advantage of the simpllcity is the
fast computer response, which permits interactive model use and the applica
tion of the model on a large regional scale. It also allows a theoretical basis
for assessing confidence in the scenarios.
(2) The model shoutd anatyze the long-term behavior of the environment. A model
incorporating processes accounting only for the short-term dynamics of catch
ment behavior is surely not the best possible model for making future projec
tions of catchment responses. Therefore, since acidification is a slow process,
the model should incorporate those processes regulating the long-term
behavior.

‘9

(3)

(4)

(5)

The model should be dynamic in nature. It is important for the model users to
see how a prohlem evolves and how it can be corrected over time. The
dynamic upstream modeis describing the pollutant generation as well as the
pollutant transport require dynamic modeis also for describing the environ
mental impact to be able to give estimates on the time scales of the responses.
It is crucial to consider the slow dynamic processes, like soil acidification, in
order to gain a complete picture of the probiem in time, from past to future.
The modet should be appticabte on a regionat seate. To date, mechanistic
modeis have been applied mostly on single catchments. From a decision mak
ers point of view, however, the behavior of a single catchment is rather unin—
teresting. The assessment should investigate broad scale aspects of alterna
tive policy formulations. To give an overail picture of the consequences of
different control strategies, the modeis applications should be geographically
extensive.
The modet output 3houtd be easy to interpret. Communication of the model’s
operation and results shoulä he an essential part of the model development.
The model applications should produce well defined illustrative information
which can easily be related to the effectiveness of the scenario being selected.

3.2. Model Structure
3.2.1. General
Lake acidification is a slow phenomenon involving mechanisms both in the
terrestrial and the aquatic catchment. The model described in this Section provides
a simple representation of those processes believed to he most important in control
ling the long-term acidification dynamics.
The model separates the catchment into three distinct water reservoirs (two
soil layers and lake), between which it computes the fiuxes of major ions contribut
ing to acidity or alkalinity of surface waters. The mass flow is infiuenced by the
forcing functions as well as by the internal processes taking place in the reservoirs.
These processes can he divided, first, to Iocal interactions regulating the jon concen
trations and, second, to hydrological processes controlling the ion transport.
These two separate types of processes both play an important role in regulat
ing the acidity of surface waters. The time scale of their effect is, however, com
pietely different. Hydrological transport processes are important in determining the
seasonal or even daily water quality patterns. The local interactions in the soil, in
turn, are responsible for determining the annual base line level of surface water aci
dity, i.e. the long-term acidification. The main interest is the regional long-term
development of the lake water quality. Therefore, some process descriptions of the
model estimating lake water acidification on monthly basis (see Kämäri et al.
1985b) have been Iumped to allow the examination of acidification with an annual
time step. Only those processes are considered that have an effect on the long-term
development of lake acidity in Fennoscandia. For example, the suifate adsorption is
not included because of the generally found very low maximum S04-adsorption
capacities in the mineral soils of Scandinavia.
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Table 3.

Processes considered in the lake acidification model affecting the year-to-year
development of lake acidification.
Process

Reference

Forest filtering eifeet
Lateral fiow
Silicate weathering
Cation exchange
Aluminum equilibrium with gibbsite
In-lake suifate retention
Jnorganic carbon equilibrium

Mayer and Ulrich 1974
Chen et al. 1983
Ulrich 1983
Ulrich 1983
Christophersen et al. 1982
Baker et al. 1986
Stumm and Morgan 1981

Tri the heart of the model there are descriptions for the long-term chemical soil
processes. The other parts of the model route the water as well as key ions between
the soil layers and lake, and estimate the resulting changes in surface water chemis
try according to well known equllibrium reactions. In the lake the key variable is
alkalinity, which is determined by equilibrium reactions of inorganic carbon species
based on the ion loads. Alkalinity originates from mineral weathering in the soil as
well as from in-lake processes such as the suifate retention in the lake. The
processes considered in the model are summarized in Table 3 and the fiow chart of
the model is depicted in Figure 4.
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Figure 4.

The overail structure of the lake acidification model.
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32.2. Ätmosphere

Soil/Lake Linkage

Environmental acidification modeis require input information on the strong
acid load to the system. The long-range transport modeis for air pollutants describ
ing the behavior of the transboundary air poliution, have given information on
mean dry, wet or total suifur deposition on large grid squares. For example, the
EMEP long range transport model for suifur compounds (Eliassen and Saltbones
1983) assumes a constant deposition velocity over ali land surfaces. This assump
tion seems necessary as the model covers the whoie of Europe. In general, the
assumption of constant deposition velocity can he supported when aiming at modei
ing the concentrations or deposition of suifur on a large spatial scale. From iocal
experiments it appears, however, that there are significant ecosystem scaie
processes that affect the actual amount of acid load entering the forest fioor.
Äirborne elements may reach vegetation in aqueous solution or suspension
(wet deposition) or as dry partfculate or gaseous materiai (dry deposition). Both
fractions have been defined to comprise of a gravitational deposition, either precipi
tation or sedimentation, together with an input of material captured from the
atmosphere through turbulent transfer, impaction of diifusion (Miller and Miller
1980). This capture, usually termed the filtering effect of vegetation (Mayer and
Ulrich 1974), is a function of the aerodynamic and surface characteristics of vegeta
tion (Miller and Miller 1980).
Thus, although air pollutant transport models produce satisfactory results as
far as the variability between the chosen grid squares is concerned, on a local scale
it underestimated the deposition on forest land. Within a unit area, the sum of sul
fur being deposited on forest, d, and on open land, d0, is assumed to equai the total
input of sulfur over the given area, dso4. The deposition on the forest, i.e., the
input to the forest fioor is, however, assumed to he times larger than the deposi
tion on open land:
df=,d0

(3.1)

Therefore, since
dso

where

=

f.df + (1

f)d0

f is the fraction of forest within the region,
df

=

d0o/(i +

(

—

(3.2)

d gets the value
i)J)

(3.3)

The above caiculation procedure takes into account (i) the estimated gross suifur
deposition in each grid square, (ii) the filtering rate coefficient, , and (iii) the frac
tion of forest, f, in the area considered. In practice, df is assumed for the terrestrial
parts of the catchment and d0 for the lake.
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Äpplying the method for calculating the suifur fluxes to forest fioor, the same
suifur deposition into a grid may cause quite a different suifur Ioad depending on
the forest coverage within a grid and the value of the filtering factor. As can be seen
from Equation 3.3 the fraction of forests, f, within a grid as well as the filtering fac
tor, ‘p, enter the calculation of the deposition to forest nonlinearly. This relation is
depicted in Figure 5 for a unit deposition value. For = 1 the percentage of forests
within a grid has no infiuence on df, while for p = 4 f in practice strongly deter
mines the estimated suifur flux to forest fioor (Posch et al. 1985).

-o

Figure 5:

Acid load as a function of the forest filtering coefficient tp for various values
of the forest coverage J.

The acid loads to the soil and lake are calculated from the corresponding
fiuxes of strong acid anions, in this case from suifate Ioads. The net acid load to
forest soils, flCf, is obtained by subtracting the flux of base cations, db from the sul
fate flux on forests, df.
flCf =

eij—

d6

(3.4)

The base cation fiux is subtracted accordingly also from the suifate fiux on the open
land. The base cation deposition pattern is thus a significant driving force in the
model and has to he determined independently from the suifur deposition.
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3.2.3. FIow Components
The flowpaths of rain and snowmelt water through the terrestrial system are
important factors in determining the susceptibility of lakes to the effects by atmos
pheric deposition (Chen et al. 1982). To provide a method for simulating the rout
ing of internal flows, simple hydrologic algorithms are applied. For the IIÄSA
framework, which sets the prerequisite of a large spatial scale, a two-layer structure
is adopted. The simple physical descriptions of the processes for estimating the
annual water ftuxes through the two Iayers are simplified from the ILWÄS model
(Chen et al. 1983), which is highly mechanistic and contains descriptions of the
processes both in the canopy and in several soil layers.
The terrestriai catchment is segmented vertically into two soil iayers (Ä- and
3-reservoirs). The A-reservoir is defined to be identical with the uppermost 0.5
meter soil layer considered also by the soil acidification model (Kauppi et al. 1986),
which is used later to account for soil solution chemistry. Physically, the flow from
the upper reservoir can he thought of as quickflow, which drains down the hilisides
as piped flow or fast throughflow and enters the brooks directly (Christophersen
and Wright 1981). This water is mainly in contact with humus and the upper
mineral iayer. The B-reservoir in the model provides the baseflow, which presum
ably comes largely from deeper (> 0.5 m) soil layers (c.f. Christophersen and
Wright 1981).
The water leaves the B-layer as lateral flow out of the reservoir. This fiow com
ponent is then called baseflow and it is given by (Chen et al. 1983)
(3.5)

•

where ,c3 is the hydrauiic conductivity at saturation, S is the surface siope, W the
catchment width, and Zb the thickness of the B-layer. Ali the rest of the runoff from
the terrestrial catchment area,
is defined as quickflow, Qa
Qa

=

—

(3.6)

In theory the above calculation procedure might be expected to overestimate the
baseflow since the hydraulic conductivity at saturation is used as a key variable.
Recent findings on water pathways in catchments have, however, pointed out that
the basefiow might be even larger than that computed by Equation 3.5. The so
called piston flow, i.e. a fiow component from deep soii layers being pushed to sur
face water by large amounts of new water from the topmost soii Iayer, has been
proven significant (e.g. Bottomiey et al. 1966)
On yearly basis, a balance is assumed between the outflowing and infiowing
water voiumes. Therefore, the percoiation is set to equai the discharge from the B
reservoir, i.e.
The third fiow component entering the iake is the direct
= Qb
input ofwater on the lake, Q, as rainfali, P, on the lake surface area, A1
=

A1P

(3.7)
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The total annual runoff leaving the lake outlet is defined as,
Qot

=

Qa

+ Qb +

Q

Qtot

(3.8)

3.2.4. Soil Acidity

The requirement of a large spatial scale necessitates several simplifications in
the conceptuallzation of the soil chemical processes. The formulation was designed
to focus on the year4o-year changes of soil acidity. Seasonal, monthly or even daily
patterns of soil acidity are potentially very important as they may effectively act as
key situations triggering biological effects. This module describes the annual base
line level instead of the short term peaks of low or high acidity. In this way it does
not directly focus on the potentially crucial events but it estimates trends of
increasing probabilities of such events. This restriction of focus made it possible to
omit redox processes and suifate adsorption processes from the model. It was
assumed that these processes generate seasonal variability in soil acidity which lev
eis out in the long run without affecting the year-to-year trend.
The soil is considered as a homogeneous box. The jon exchange and buffering
properties of organic matter are not taken into account separately from the inor
ganic buifer systems. The information about the humus content of the soi! or the
thickness of the moor layer is not commonly available from different parts of
Europe. At least in Northern Europe, where the accumulation of organic matter is
significant, it would he important to take the buffering properties of organic matter
into account.
The weathering rate of silicates and the connected release of base cations is
assumed independent from the p11 of the soil, In some laboratory experiments it has
been shown that the release of silicates increases with decreasing p11 (e.g. Wollast
1967; Busenberg and Clemency 1975; Stumm et al. 1983). However, since weather
ing of silicates is not a simple dissolution process but includes reactions on internal
mineral surfaces, the rate limiting step may he the counterdiffusion of the ions
involved (Ulrich 1983). Increased base cation leaching is usually due to cation
exchange reactions, not necessarily to increased weathering rate. Based on a com
parison between current weathering rates and long-term average weathering rates,
a conclusion has been drawn that the weathering is not significantly enhanced by
increasing acidity (see Föister 1985; Äpril and Newton 1985).
To account for the cation exchange reactions a substitution approach is
chosen (cf. Kauppi et al. 1986). The soi! layer considered is always at least partly
buffered by cation exchange reactions as long as there is cation exchange capacity
left in the reservoir. If the acid load exceeds the actual weathering rate of base
cations, the hydrogen ions gradually replace the base cations on the exchange sites
of the soil particles thus decreasing the base saturation of the soi!. The capacity of
the cation exchange buifer system is depleted with a rate that equals the difference
between the acid load rate and the weathering rate of base cations. Then the pre
vailing cation exchange capacity in a predefined soi! !ayer Z is given by BCT
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3CT

3CTl

=

acT + wrZ

—

(3.9)

where wr is the weathering rate of base cations. This substitution approach pro
duces a recovery whenever the acid load rate is reduced below the weathering rate
of base cations. In case the prevalling cation exchange capacity is totally exhausted
the hydrogen ion concentration is assumed to he determined by equilibrium with
solid phases aluminum which implies dissolution or precipitation of aluminum until
an equilibrium state is reached. Å non-linear relationship is assiimed between the
base saturation and the soil p11 as long as BCT 0, at p11 from 5.6 to 4.0.
—tog_0[lij

=

4.0 + 1.6

bs075

(3.lOa)

where bs denotes for base saturation
bs

=

BC/CEC

(3.lOb)

for either A or 3 layer. The shape of the p11 base saturation relationship has been
adopted from results of an equilibrium model by Reuss (1983).
The assumption that water discharged from the soil is in equilibrium with a
solid aluminum phase has been widely used to calculate the dissolved aluminum
concentrations (see e.g. Christophersen et al. 1982). The same assumption may
then he applied also to compute the buffering through dissolution of solid aluminum
compounds. Gibbsite (At(OH)3) is one mineral often assumed to control the equili
brium concentration of free aluminum ions and monorniclear hydroxy species in
freshwaters. It is here assumed that equilibrium with gibbsite controls buffering in
soil after there is no buifer capacity Ieft in the cation exchange buifer range, i.e.
3CT = 0. Äs precipitation infiitrates into the soil and mixes with the soil solution,
disequilibrium concentrations fHj’ and fAt3j’ are ohtained,
-

3+T—1

(3 11

—

—

—

[H+j’
—

8fZ+Qc/A

OfZIHi’ + (acT
OfZ+QC/AC

—

wr)

(3 12)

where the infiltrating water amount is assumed to equal the total areal runoff,
QC/AC. Äluminum is dissolved or precipitated until the gibbsite equilibrium state is
reached.
[A 3+j

[+]3

=

K30

(3.13)
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This process involves a chaiige from disequllibrium concentrations as defined by
[At3+J

—

[At3+]T

=

[HjT

—

(3.14)

[H]’

Combining Equation 3.13 and 3.14 yields a third order equation which has a single
real root
K30([H+]T]3

+ [H+]T

—

[A13+]’

—

=

0

(3.15)

The calculated concentrations allow the computation of jon fiuxes to the sur
face water. Depending upon the concentrations in the two soil reservoirs, the terres
trial catchment either produces net alkalinity or net acidity to the surface water.
The capabillty of the soi! to generate alkalinity strongly determines the chemical
response of the lake to atmospheric acid deposition.

3.2.5. Lake Acidity

The ion-concentrations in the lake water are computed on the basis of the jon
fluxes from different sources to the lake. To calculate !ake water p11 and alkalinity
the fo!lowing lon fluxes into the lake are considered. The tota! fiux of protons Fj is
the sum of the convective fiow of ions from the soil reservoirs, F) and the direct

input from the atmosphere precipitating on the lake surface area,
Fj)

=

Qa [II]a

+ Q6 [H]6

f12)

(3.16a)

and
F)

=

(3.16b)

ac0Aj

There is recent evidence that the terrestrial processes are not the only
buffering systems operating in catchments against acidification. Schindler (1986)
has reported that a significant proportion of the acid neutra!ization in lakes in
different parts of the wor!d has been accounted for by auxillary buffering (suifate
reduction, denitrification, etc.). The total fiux of bicarbonates, F11c03 contributing
to the alka!inity of the lake is thus set to originate both from the terrestrial catch
ment, Fk’03 and from the in-lake (internal) alkalinity generation due to su!fate
retention in the !ake, F03 (Baker et a!. 1986). The contribution of the soil reser
voir to the alkalinity of the surface water is assumed to equal the amount of the
weathering of base cations, wr, exceeding the acid load.
Fj03

=

A(wrZ

—

ac)

(3.17a)
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The internal alkalinity generation is given by
kso dso
=

Q10/A, + kso

(3.lZb)

where kso is the suifate retention rate coefficient. The acid ioad to the Ä-reservoir
is generally so high that it is in practice only the B-reservoir that generates alkalin
ity to the surface water.
Ali the above ioads are assumed to he mixed within the whole lake water
body. Finally, the change in lake acidity is calculated according to well known
equilibrium reactions of inorganic carbon species. The model does not consider
buffering properties of weak organic acids. It is, therefore, suitable for producing
acidification scenarios only for lakes where humic matter does not play a major
role. The risk for aquatic impacts is estimated on the basis of simple threshold pH
and aikalinity values. These characteristics are most likely to indicate damage to
fish populations and other aquatic organisms.
The variable of great importance is alkalinity, which expresses the total acid
neutralizing capacity of the lake water. In ciearwater lakes the carbonate alkalinity
can be assumed to he the only significant buffering agent, mainiy with reaction
3.18. Reaction 3.19 is neglected since surface waters naturaily sensitive to acidic
deposition contain only negiigible concentrations of carbonate ions.
HCO + H

H2C03

=

CO +

H

=

=

CO2g) + 1120

HC0

(3.18)

(3.19)

Reaction 3.18 yields an expression for the equiiibrium, in which [H2C0]
reprsents the sum of [C02) and [H2CO3y.
[HCo] [H+]
=

*

[H2C03J

(3.20)

Combining this with Henry’s Law (Stumm and Morgan 1981)
[H2C0]

=

KH. vco2

(3.21)

one finally gets
K1
[HcoJ
=

.

KH. ?co 2
[H+]

(3.22)
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where K1 and KH are thermodynamic equilibrium constants. When the different
fiow components enter the lake and mix within the lake volume, V1, disequilibrium
concentrations ([H]’ and [HCO]’) resuit,
=

fHcoj’

FT +[HV’. Vi

(3.23a)

FJJCO + [HCOjT V

=

(3.23b)

Qtot + V1

The buifer reaction 3.18 continues until a new equilibrium state according to
fquation 3.22 is accomplished. Equal amounts of hydrogen and bicarbonate ions
are consumed
[H+IT

—

[11+]’

=

[Hco]T

—

(3.24)

[HCO]’

The new equilibrium concentrations, [H+]T and [HCO]T, can be obtained by
solving Equations 3.23 and 3.24. Ä second order equation is obtained, from which
the positive root for bicarbonate concentration is accepted.
([HCO]’)2 + ([ffj’

—

[HCO]’)[HCO}T

KffKlpco

=

0

(3.25)

The equilibrium hydrogen jon concentration is then calculated from Equation
3.22. Finally, the equillbrium total alkalinity is given based on the definition by
Stumm and Morgan (1981),
atk

=

[HCO] + [OHj

—

[H]

—

[At3]

(3.26)

where the hydroxyle jon concentration is considered negligible for the natural
waters and the dissolved aluminum concentration is set proportional to the hydro
gen ion concentration according to the gibbsite equilibrium (Equation 3.13).

3.3. Testing the Hypothesis

Ä major difference between traditional water quality models and modeis for
acidification is the time span of the probiem they describe. Äcidification modeis
aim at estimating the year-to-year trend of surface water acidity. Water quality
modeis attempt to describe the short-term fiuctuations of different state variabies.
The time span of several decades or more of the acidification modeis implies that
hardly any water quality data is available for testing the model behavior against
observations. Other means of reconstructing the history of acidification have to be
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esed for testing the model. Paleolimnological data such as diatom remains
preserved in the lake sediments or pH measurements of fresh sediment cores
together with dating of the sediments provide a historical record of lake acidity,
which allow a basis for examining the dynamics of acidification. Such lake pH
reconstructions obtained from the diatom stratigraphy or from the sediment chem
istry provide independent evidence by which the reconstructions obtained from the
model applications can be tested.
Ä formal approach to hypothesis testing, based on numericai simulation and
Monte Carlo methods, has been proposed by fedra (1983). The analysis allows
conclusions to be drawn on the adequacy of both, the uncertain model structure
and the uncertain inputs. The method provides some guidance on how to improve a
certain conceptualization, even in the presence of a high degree of uncertainty
(Fedra 1983). The logical structure of testing a proposed model (a hypothesis), i.e.
comparison of outcomes with observations, is retained but at the same time a way
of describing uncertain inputs as well as somewhat uncertain expected outcome is
inciuded. Instead of giving the inputs and outputs as specific values, these two data
points are extended to regions in their respective spaces. In the presence of uncer
tainty, one has to deal with a set of vectors instead of one vector in the n
dimensional input and output vector spaces.
The Monte Carlo method is a trial-and-error procedure for the solution of the
inverse probiem, i.e. for estimating poorly known input and parameter vahies from
comparing model outputs with available measurements (Fedra 1983). To this end
performance criteria (constraints on the output) are formulated describing the
expected satisfactory behavior of the model. Next, probability distributions are
defined for ali unknown input and parameter values. The Monte Cario program
then randomly sampies the parameter vectors from these distributions, runs the
simuiation model through a selected period of time and finally tests for violations of
constraint conditions. This process is repeated for a large number of trials.
To test a specific model, it is thus examined whether, for a set of ranges of mi
tial conditions and parameters, aliowable outcomes can he produced. The model
has to he rejected, if no allowabie outcome can he generated from a statisticaliy
sufficient number of trials. If a simple model version fails to give an acceptable
behavior over the allowabie input ranges, it can he modified by adding more com
piex process descriptions to the model. Two slightly different modei versions of the
lake acidification model were subjected to the testing procedure. The lst modet ver
.sion included ali model equations except the description for the in-iake suifate
retention (Equation 3.17b) and for the forest fiitering effect (Equation 3.3). It was
tested, by adding these formuiations to the .2nd modet version whether the model
performance improves due to the new modei features.
The model versions were incorporated into the Monte Cario framework, which
randomiy sampied a parameter vector from the assigned aiiowabie ranges. The
modei was run with a historicai deposition pattern through a period of 140 years,
from 1850 to 1990. Ali information about the run was stored. This process was
repeated for 1000 times for each modei version and lake. Finally, the set of runs
obtained was analyzed for violations of the constraint conditions in the course of
the simuiations. A Monte Carlo simulation was thus performed to investigate
whether realistic parameter regions existed for which the model structure gives
resuits that coincided with a predefined behavior derived from the paieolimnoiogical
data and recent observations.
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The model was tested for six individual catchments in Fennoscandia, for
which there was paleolimnological diatom data available. The lake acidification
model requires data for catchment characteristics, soil characteristics, weathering
rate, runoff and suifur and base cation deposition patterns. It was decided to vary
practically ali poorly known parameters, and initial conditions in the Monte Carlo
simulation. Only those parameters and variabies were not randomized that can he
considered well known (e.g. lake and catchment area) or strongly dependent on
other variabies being varied (e.g. hydrauiic conductivity). Allowable input ranges
were formulated for the studied catchments based on various data sources listed
below.
Four of the studied catchments were located in Finland. Two catchments,
lake Orajärvi and Siikajärvi, are acidic clearwater lakes on granitic bedrock with
thin soils and a forested catchment area. Lake Orajärvi is iocated in the coastal
area of southernmost Finland, west of Helsinki, and lake Siikajärvi in the south
western Finland, north of Tampere. The paleolimnological history of lake Orajärvi
has been studied by Tolonen and Jaakkola (1983), Lake Sonnanen is in turn a fairly
large seepage lake in south-eastern Finland. The paleolimnological reconstruction of
pH-history of both lake Siikajärvi and lake Sonnanen is based on Simola et al.
(1985). Lake Mäkilampi, Iocated in the south-eastern corner of Finland, is a head
water lake on rapakivigranite bedrock. Its p11 reconstruction obtained from the dia
tom stratigraphy has been given by Liukkonen (1986). Soils data for all Finnish
catchments were obtained from Nuotio (1986) and Nuotio et al. (1985) and water
chemistry data from the Water Quality Data Bank of the National Board of Waters
and Environment.
The two catchments outside of Finland were lake Gårdsjön, a recently limed
clearwater lake on granitic bedrock on the west coast of Sweden, and lake Hovvatn,
a clearwater lake on granitic bedrock with extremely thin soil cover in southern
most Norway. Similar inputs for soil and catchment characteristics were used as in
model applications by Wright et al. (1986). The paleolimnological data has been
provided by Renberg and HeHberg (1982) for lake Gårdsjön and by Davis et al.
(1985) for lake Hovvatn. The lake and catchment properties used in the model
are shown in Appendix 2. The chosen aliowable input ranges, from which parame
ter vectors were randomly drawn for each model run are iisted in Äppendix 3.
The uncertainty in the pH reconstructions was considered when assigning the
constraint ranges giving the behavior definition. The paleoiimnological reconstruc
tion is a result of two independent measurements. First, inferring the p11 of a lake
from diatom occurrence using a pH index, invoives some uncertainty. Additional
uncertainty is introduced when the age of the sediment sample to be inferred is
determined. Äccording to Renberg and Hellberg (1982) the ancient lake p11 can be
inferred with a mean accuracy of ±0.3 p11 units by using their pH index B. This
uncertainty has been considered quite reiiable also by other authors (Tolonen and
Jaakkola 1983). For the uncertainty of the dating of the sediment sample there was
no good estimates avallable. A range of ±10 years was used here, together with the
above uncertainty for inferring the pH, for calculating the cumulative uncertainty
range for each reference year. For recent pH observations an uncertainty of ± 0.3
pH units, and for alkalinity measurements, an uncertainty of ± 0.02 meq/l was
assumed. The actual measurement error might he smaller than that but the iimited
knowledge on the representativity of the few samples for refiecting the state of one
model time step, one year, allows no better constraints to be formulated.
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The historical deposition patterns, used to drive the model, were constructed
by assuming they were strictly proportional to European total suifur emissions
given by Fjeld (1976). Based on that historical emission information, a relative
deposition pattern was derived (Figure 6), which was then used to calculate the
deposition patterns for each individual lake. The suifur deposition was assumed to
reach background values by the year 1850, which was the starting year of the simu
lations. The suifur deposition was scaled according to the relative deposition pat
tern such that the values reached by the year 1980 corresponded to results of a sul
fur transport model (Suifur Commission of Finland 1986). The historical deposition
pattern for base cations was constructed in a similar way. In 1850 the deposited
base cation equivalents were assumed to equal those of suifates. From that value on
the base cation deposition was scaled so that the value used for 1980 corresponded
to the observed base cation deposition at each location (Järvinen 1986), defined
the base cation deposition equivalents exceeding the cloride deposition equivalents.
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Shape used to scale the historical deposition sequence for the study lakes.

Between 1900 and 1960 the curve is constructed from historical European
emissions information (Fjeld 1976), and it is linearly extrapolated to the
sumed background value for 1850.
The two different model versions were subjected to the Monte Carlo
hypothesis testing procedure described above. The model was expected to predict
correctly the observed from year to year development of lake water acidification.
Än allowable outcome was produced in the Monte Carlo runs if none of the con
straint conditions was violated. This is to say that the model output had to he
within the p11 envelope, as defined by the diatom data, and within the p11 and aika
linity windows, as defined by the recent water quality observations, for each
seiected reference year. In principle, every historical year could be a reference year,
where the program checks for violations, but in practice, only seven to ten reference
years were used. Since there was no strong fluctuations in the model outputs, a
greater number of reference years would not have affected much the number of runs
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to be accepted in the Monte Carlo runs.
Results of the Monte Carlo runs indicated that there were distinct differences
between the performances of the two model versions, Only the 2nd modet v€rson,
which inciuded process descriptions for both the forest filtering effect and the sul
fate retention in the lake, couid fuifihi at the same time ali the assigned constraint
conditions imposed on its behavior for ali six lakes tested. For three lakes,
Orajärvi, Mäkilampi and Gårdsjön, the lst modet version couid not reproduce the
historicai lake p11 pattern, i.e. not one run yielded the required behavior. For the
rest three lakes, both versions could find parameter vectors that gave rise to the
behavior. However, in every case a greater fraction of the total number of Monte
Cario runs vioiated the constraint conditions using the lst version without the addi
tional processes, than the 2nd model version. For example, for iake Siikajärvi 165
out of 1000 runs fuifiuled the constraint conditions using the 2nd modet version,
whereas with the lst version only 22 of 1000 gave rise to the acceptable behavior
(Tabie 4).

Tabie 4.

Number of runs out of 1000 giving rise to the behavior for each of the six
catchments using the two model versions described in the text.

Lake
Orajärvi
Mäkilampi
Siikajärvi
Sonnanen
Gårdsjön
Hovvatn

Number of accepted runs
Location
lst version
2nd version
Lat. (°)
80
0
60.2
8
0
60.5
165
22
61.5
3
12
61.3
1
0
58.5
726
59.0
595

Long. (°)
24.4
28.0
24.1
26.2
12.0
7.0

The lst model version thus seemed to be able to generate the general trend in
lake acidity for three out of six lakes, but most of the runs had to be rejected,
because the modei generaliy gave too low time histories for the iake water p11. The
parameter statistics of the behavior giving model runs presented in Appendix 3
showed for lakes Siikajärvi and Sonnanen that when the lst version was used the
two modei inputs, proven to he inftuential for the outcome (see Kämäri et al. 1986),
the weathering rate and the mean catchment soi! thickness, had to assume values
ciose to the upper boundary of the ai!owabie ranges in order to arrive at acceptabie
modei outcomes. It was interesting to observe that the 2nd modet version could pro
duce the required pH dynamics with a subset of parameter vectors that clustered
c!oser to the mean point in the n dimensiona! parameter space. This is to say that
aiso the average parameter set was at !east close to a behavior giving parameter set.
This can be considered promising since these prespecified mean vaiues and the
ranges around them were assigned on the basis of some, although quite uncertain, a
priori knowiedge of the catchments.
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Monte Carlo simulation of lake pH of the six study lakes driven by historical
deposition pattern. The minimum-maximum pH envelopes as weIl as the
mean obtained from the accepted Monte Carlo runs (thin lines) are
displayed together with the pH history inferred from the diatoms (thick
lines). The widest envelope (broken lines) represents the total variability in
the model output due to uncertainty in the inputs (see text for further de
tails).
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To illustrate the resuits for the individual catchments, the modeled historical
time evolution of lake pH is displayed in Figure 7 together with the corresponding
time evolution inferred from diatoms using the better performing 2nd modet ver
sion. The displayed three thin lines represents the minimum-maximum envelope
and the mean of ali behavior giving individual runs. The thick lines represent the
calculated uncertainty range for the lake p11 inferred from paleoiimnoiogical diatom
remains for the preselected seven to ten reference years. This pH envelope was
used as the performance criteria, constraint conditions, that the model output was
expected to meet in order to give rise to a behavior. The variability of the indivi
dual runs can be interpreted as the uncertainty in the model resuits due to the
uncertainty in the input data as weil as in the measurement of the pH history. This
means that some of the initial uncertainty is taken into account throughout the
long term simulation. If there would not be any information to constrain the output
with the uncertainty band would become extremely wide. This is shown in Figure
7 as the widest envelopes (broken lines), which thus denote the total level of uncer
tainty iii model output due to uncertainty in model inputs.
Both independent sources of information, the model and the diatom analyses,
suggest a similar lake acidification pattern for ali example lakes. For four lakes,
Orajärvi, Siikajärvi, Mäkiiampi and Gårdsjön, a quite steep decline in p11 during
the last three decades is pointed out by diatoms and reproduced aiso by model
results. However, for lake Gårdsjön the very abrupt decrease in iake pH was
difficult for the model to meet. Oniy one run out of 1000 gave rise to the required
behavior. For lakes Sonnanen and Hovvatn a more stabie p11 history is suggested.
It is quite obvious that lake Sonnanen is not very sensitive to acidification and has
not acidified. Moreover, it is obvious that lake Hovvatn is extremeiy sensitive to
acidification and acidified aiready a long time ago. This pattern could be repro
duced by the model with even quite wide input ranges considered reaiistic for the
catchments. In fact, for lake Hovvatn some 70% of Monte Carlo runs fulfiuied the
constraint conditions,

3.4. Concluding Remarks on the Model Development
Modeis analyzing acidification have proven useful. They have quantified some
aspects of the problem that have eariier been described in qualitative terms. More
oveT, acidification modeis have provided a method for assessing the potential
environmental consequences of future emission patterns. The two above objectives
for model applications, research and management, are by no means competing ways
to use modeis. Research modeis and their applications are required in order to
increase our knowledge on various processes and in order to develop better and
more reliable modeis for practicai appiications.
The model deveioped in this paper for describing the long-term lake
acidification processes is a very simpiified representation of the system under con
sideration. The model attempts to aggregate the variability of the system in every
respect in order to obtain a structure that aiiows the estimation of regional long
term impacts, and stili maintain the fiexibility and usability of the modei. First,
process descriptions have been aggregated so that the processes considered are
represented by simple conceptuaiization. Secondiy, the model is aggregated in time
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and space. It provides mean estimates for a certain period of time and for a certain
region.
A simplified approach was chosen; the basic rnle for management modeis was
thus followed that the model should not he any more complex than really needed.
Simple modeis have advantages that the more complicated modeis can never
achieve. Being understandable for model users, having a fast computer response
and being testable are benefits that have been considered valuahle. Moreover, sim
plicity in the case of designing a model for regional surface water acidification
assure that a balance between data requirements and data availability as well as
between the level of understanding on the phenomenon and the level of sophistica
tion in the model formulation is maintained. Further sophistication should of
course be irnplemented if it appears that the prediction accuracy is improved and
that the management decisions being made on the basis of model results may be
influenced.
The target systems for the acidification modeis are forests, forest soils and
forested catchments. Än attempt to estimate the Iocal proton fluxes to the forest
fioor and to the lake surface from regional average depositions has been described in
this paper. Many questions remain, however, unanswered. Äcidification due to
biomass accumulation, i.e. the so-called internal proton production, has a special
role in Northern Europe where low temperatures retard biomass decomposition.
High internal proton production increases the susceptibility of the environment to
the acidification due to air pollutants. Secondly, the counteracting part of deposi
tion, the fallout of base cations, is a quite poorly known subject. Problems arise
when estimating the external load of base cations to the system considered. Unlike
for suifur, for base cations the investigation of throughfall data overestimates the
load of base cations, because much of the base cation fluxes originate from the same
system, i.e. they are internal of their origin. This is to say that the biocycle, uptake
and release of cations, should he separated from the external loads. The biocycle is
not considered in the model since in the long run, a balance can be assumed with
good reason between the uptake and mineralization. The above additional aspects
concerning the driving forces need to be addressed in future research.
The model, although considered simple, consists of numerous mathematical
descriptions, each of them being a hypothesis by itself. Their dynamic nonlinear
interactions make it difficult to relate the overail performance of the model to any
of the individual modules used. Based on the scientific evidence, however, several
improvements are being investigated. The effect of organic matter in the cation
exchange reactions of the soil is studied how it could he taken into account. Also
possibilities to include equilibrium equations for describing the cation exchange
reactions are investigated. Moreover ways to simultaneously solve these several
complex equilibrium equations for bicarbonate, cation exchange and aluminum
solubility are tested for finding the most efficient and fastest method.
Ä model which is intended for use in decision making merits a vigorous testing
program to strengthen the confidence of users in its estimates. Part of the task
involves conventional model validation and verification. Validation is taken to
mean examining the reasonableness of model behavior in a qualitative sense.
Verification normally implies testing the model against data. Acidiflcation modeis
assessing Iong-term responses are extremely difficult to verify. In fact, there is
strong doubt whether a true verification can be performed on a model with a time
horizon of 200 years. Strict verification of these types of modeis requires Iong time
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series records to determine whether the model estimates match the observed catch
ment responses. Unfortunately very few, if any, such records exist. The question
whether the iong term responses estimated by the model are true projections of real
systems’ responses remains therefore somewhat uncertain (cf. Cosby et ah 1985a,b).
Nevertheiess some comparisons should be and has been made of model calcuiations
versus time series data,
The iong-term p11 records constructed with aid of paleolimnological diatom
data were taken as a independent data source against which the model, viewed as a
hypothesis on the overail lake acidification phenomenon, was tested using the
Monte Cario hypothesis testing procedure. A hypothesis can be accepted as valu
abie working tool with expianatory value and predictive capabiiities only if it fulifiis
ali the constraints one can formulate as defining the systems behavior (Fedra 1983).
The required systems behavior was defined as the p11 history of a given lake.
Several constraints along the history till recent observations were formulated.
Based on the resuits of the Monte Cario runs, one can conclude that there is good
reason to reject the lst modet version since it was not possible to find for ali lakes
from a sufficient number of triais parameter sets that gave rise to the prespecified
behavior. Using the 2nd modet version, in turn, a quite high percentage of the ran
domiy drawn parameter vectors fulfiuled the behavior definition. Only if one is
prepared to increase the credibiiity of the diatom data and constrain the output
more, deficiences in the model versions could show up that cali for model
refinement.
The End modet uersion thus gained much more confidence during the process
of hypothesis testing than the lst version. First of ali, oniy the 2nd version gave
the required behavior for ali six test lakes. Secondly, using the 2nd modet version, a
greater percentage of ali runs resulted as behavior giving runs. Thirdly, with the
2nd modet version the random selection procedure of input combinations resulted in
a set of input vectors that corresponded much better to the a priori understanding
of the parameter ranges existing in reality. There is therefore a quite definite
answer to the question which one of the two model versions tested is a better one.
The 2nd modet version is selected to he used in the regionai applications presented
in the next chapter.
Generaily, due to the iack of reiiable input information, constraint conditions
have to be formuiated so broad, that there necessarily exist severai possible concep
tuaiizations of lake acidification, which are able to reproduce the required systems
behavior. This fact was also shown in the hypothesis testing procedure. For three
lakes both model versions were abie to reproduce the p11 histories with same ailow
able input Tanges. The differences between the model versions may oniy arise when
the models are applied for future projections (Fedra 1983). The fact that the 2nd
modet version was quite nicely able to reproduce the required behavior is thus by no
means to say that the model has now gone through a validation process. Rather,
one couid say that the model could not be falsified yet. Meanwhile one can use this
model, representing one interpretation of the current understanding of long-term
lake acidification, cautiousiy for scenario analysis. Model vaiidation is considered as
a continuous iterative process, which is expected to provide guidance on how to
improve the model.
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4. REGIONÄL ÄPPLICÄTIONS 0? THE LAKE
ÄCIDIFICÄTION MODEL

4.1. Framework for Integrated Änalysis of Äcidffication

4.1.1. Model System Structure
Descriptions on quantitative consequences of alternative scenarios can assist
in formulating policies for emission control. Unfortunately to date, there has been
only a tenuous 1mk between political decisions and scientific evidence concerning
acidification. For example, the most common policy discussed in Europe for con
trolling acidification impacts is a 30% reduction of suifur emissions by 1993 relative
to their 1980 level. Although this policy wiIl be costly to virtually every European
country, the actual benefits of this policy in protecting the natural environment are
rarely investigated. But even augmenting scientific information about the probiem
will not necessarily lead to identification of suitable policies for controlling
acidification of the environment. This information must also be structured in a
form usable to decision makers. Integrated simulation modeis attempt to provide
such a structure.
Ässessment of effectiveness of different air pollution control strategies require
predictions of the environmental responses to atmospheric input patterns over large
geographical regions. In this Section a method is described for utilizing synoptic
data for the model inputs to allow such an analysis.
Design of any model system depends very much on the temporal and spatial
dimensions of the probiem it describes as well as on the users of the model system.
Some of the dimensions of the acid rain probiem in Europe most relevant to the
model system design are:
1.
It is transboundary in nature. Closely related to this feature is the fact that
different countries produce different leveis of air pollutants and acidifying
compounds and diifer in susceptibility to air pollution deposition.
2.
The probtem is poorly understood. There is much uncertainty in the underly
ing scientific processes of acid deposition and its environmental impact. More
over there are conflicting scientific views of these processes.
3.
Different time scales are important. The travel time of air pollutants from one
country to another may be a few hours to a few days; snowmelt releases aci
dity to lakes over a few weeks; it may take years or decades for soil to acidify;
some air pollution control policies may be applied within a year or two, others
may take decades.
4.
Many different disciplines are needed to understand and solve the probtem.
These range from economics and political science to meteorology, water chem
istry, biology, and others.
5.
New information about the probtem is continuousty avaitable. With growing
awareness of the probiem, more and more funds are being invested in acid
deposition research. Results of this research sometimes invalidates past under
standing of the probiem.
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Since the model is designed for the use of decision makers it should be both
comprehensible and easy to use. In addition it should incorporate past and current
research in the field of acid deposition research yet deal with the most important
issues first. In other words, the model builders should act as neutral interpreters of
the existing state of knowledge. Other desirable characteristics are fiexibility in
incorporating new information as it becomes available, and explicitness in treating
uncertainty.
The RAINS (Regional Acidification INformation and Simulation) model of
IIÄSÄ (see e.g. Älcamo et al. 1985, 1987) consists of linked submodels which
describe pollutant generation, atmospheric processes as well as environmental
impacts (Figure 8). Älthough many different submodels can be and actually have
inserted into these compartments, only the submodels used in this study as
been
upstream modeis for producing deposition scenarios are briefly descrfbed in this
Section.
--

--

Opfimizntion

Scenario AnQtysis

[Grot
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Figure 8:

Schematic diagram of the RAINS compartments and the general ways to use
the model system (from Älcamo et al. 1987).

The first submodel, the Suifur Emissions submodel, computes suifur emissions
for each of the 27 European countries based on a user-selected energy pathway for
each country. The model user has a choice of a number of possible pathways for
each country, which are based on published estimates from for example the
Economic Commission of Europe (ECE 1983), the International Energy Agency
(lEA 1986). Each energy pathway specifies how much energy will be used by four
fuel types in a country: oil, coal, gas and other. The sulfur-producing fueis, oil and
coal, are broken down further into 11 sectors including among others the conversion
sector, conventional power plants, low suifur power plants, industry, domestic, and
transportation sector. The model can compute suifur emissions for each country
with or without pollution control. To reduce suifur emissions any combination of
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the following four pollution control alternatives may be specified: (1) fuel cleaning;
(2) ftue gas control devices; (3) low suifur power plants, and (4) low suifur fuel.
The suifur emissions computed for each country are then input into the
second submodel, the EMEP Suifur Transport submodet. This submodel computes
suifur deposition in Europe due to the suifur emissions in each country and then
adds the contributions from each country together to compute the total suifur
deposition at any location in Europe. The submodel consists of a source-receptor
matrix (see Alcamo et al. 1985) which gives the amount of suifur deposited in a grid
square (150 by 150 kilometers) due to sulfur emissions originating from grid squares
in each country of Europe. The source-receptor matrix is based on a more compli
cated model of long range transport of air pollutants in Europe developed under the
Organization of Economic Cooperation and Development (OECD) and the Co
operative Program for The Monitoring and Evaluation of Long Range Transmission
of Air Pollutants in Europe (EMEP). This model accounts for the effects of wind,
precipitation and other meteorologic and chemical variabies on suifur deposition
(Eliassen and Saltbones 1983). The source-receptor matrix was made available to
IIÄSA by the Institute of Meteorology in Oslo, Norway. In this paper, a new
source-receptor matrix produced by the recently modified EMEP model (Lehmhaus
et al. 1986) was used.
The suifur deposition computed by the second submodel is then input to the
submodels estimating environmental impacts, the forest soil acidification submodel
and the lake acidification submodels. The forest soil acidification model describes
the key processes regulating the long-term dynamics of soil acidification, and the
lake acidification submodel incorporates these longterm processes and computes
lake acidity leveis as a function of catchment characteristics and local acidic deposi
tion. Details of the lake acidification model are presented in Section 3 of this report.
The time horizon of the RAINS energy-emission submodel is 1960 to 2040.
For the environmental impact submodels a longer emission history has been con
structed. In the lake acidification submodel, termed the RÄINS Lake Module
(RLM) from here on, the simulation period begins eighty years in the past so that
this long-term model can be initialized properly and that the model can be tested
against historical data trends. The long time horizon of the RÄINS model to year
2040 permits examination of possible long term impacts. In addition this period
encompasses the turnover time of a country’s energy system which permits the pos
sibility of modifying a country’s energy system to control air pollution. The time
resolution of RÄINS is one year. The model covers ali of Europe including the
European part of the USSR. At the moment, however, the Lake Module covers
only Fennoscandia, where also most of the sensitive surface waters in Europe are
located.

4.1.2. Scenario Änalysis
When creating scenarios the model user essentially moves from top to bottom
through the model as depicted in Figure 8, and first specifies an energy pattern and
an emission control strategy. This information is input to the modeis which calcu
late and display the sulfur emissions of each country, the suifur deposition
throughout Europe resulting from these emissions, and the resultant environmental
impact. After the model has been run, implications of the policy assumptions are
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carefuliy examined both for the performance of the scenario and for the adequacy of
the model. The first refers to the degree to which the scenario produce appealing
results. The user has the option of evaluating output from any of the submodels,
e.g. suifur emissions in a particular country or group of countries, costs of control
on a country basis, suifur deposition or $02 concentration at different locations in
Europe or mapped for ali Europe, pictures of leveis of soil acidification, lake
acidification, forest dieback due to $02 concentration at different locations or
mapped for ali Europe. The second criterion, the adequacy of the modei, refers to
the model validity and the uncertainties associated with the produced scenarios.
A model offers a choice of both entry points and impact indicators. Entry
points refer to the place where the model user begins an analysis. The analysis can
begin by either specifying an energy pathway and a pollution control program for
each country and having the modei compute suifur emissions, or bypassing the
energy systems of each country and instead prescribing suifur emissions for each
country.
A consistent set of energy pattern, suifur emissions, sutfur deposition and
environmental impacts is called a scenario and the type of analysis is termed
scenario analysis. Scenario analysis permits fiexibility to the model user. Several
pollution control programs may be evaiuated that are optimal or desirabie to the
user because of the user’s unexpressed cost or institutional considerations. The
whole procedure of constructing scenarios is done in an iterative interactive fashion.
Based on subjective evaluation of the output an alternative emission control stra
tegy for comparison can be seiected. In this way, impacts of different policies can he
analyzed.
Three exampie scenarios were introduced using the RAINS energy-emission
model, and the long range transport model supplied by the EMEP programme.
From 1900 untii 1980 ali the scenarios were identical. From that on the scenarios
departed so that the scenarios assumed a different energy deveiopment and
different measures taken to controi suifur emissions. The following energy-emission
scenarios, created usiug the RAINS upstream modeis, are evaluated in subsequent
sections:
(1) Reference scenario is based on the iatest estimates of energy use up to the
year 2000, given by the International Energy Ägency (lEA 1986), ieveied off
to 2040.
(2) Current reduetion plans scenario has been constructed by bypassing the
energy system and prescribing the suifur emissions of each country on the
basis of their most recent pians to reduce suifur emissions. The reference year
for the given reduction percentages is 1980 and the stated reductions in emis
sions are assumed to take place between 1985 and 1995.
(3) Major pottution controts scnario assumes lower rates of energy use than the
Reference scenario and, in addition, effective measures taken for the control of
the suifur emissions. These controls are defined as 1) poliution controi devices
on ali power plants and 2) fuel cleaning in the domestic energy sector.
The time evolution of total suifur emissions in Europe for the example scenarios are
displayed in Figure 9.
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4.2. Materiais and Methods for the Regional Äppllcations

4.2.1. Regionalization of the Lake Äcidification Model
In an ideal case, if there would be correct a priori information on the shape of
the distributions of ali parameters, initial conditions as weil as on catchment
characteristics, and if the model would be a perfect description of ali interactions in
the catchment, no calibration would be necessary. The modei would produce reli
able output distributions in the future projections even without any caiibration pro
cedure. In simulation modeis of environmental systems, however, the model struc
ture, the model inputs, the initial conditions as well as the parameter values ali
necessarily inciude uncertainties. The same applies to the water quaiity observa
tions that are used to constrain the model output.
The spatiai variabiilty provides a second dimension to the probiem. The data
available on a large regional scaie is characterized by a high degree of heterogeneity
and generalization. Even though the actual measurements would be reliable and the
measurement error would be smali, the observations are stili only sampies of the
systerns under consideration. In a regional analysis, one can never be certain what
the sample Tepresents. It has therefore been emphasized in several studies that the
analysis of models shouid concentrate on identifying ranges of inputs, rather than
on traditional parameter estimaton (e.g. Fedra 1983; Hornberger and Cosby 1985);
Hornberger and Cosby (1985) have namely suggested that
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it is appropriate and, in a sense, easier to predict conditions relating to
distributons of uncertain systems than it is to predict conditions for an indivi
dual example of the system.”
Two basic kinds of methods to regionalize the model structure have been
introduced. Both methods attempt to modify the rather uncertain a priori parame
ter distributions such that a satisfactory fit with observed model output distribu
tions is obtained. The first method draws on the use of Monte Carlo techniques.
Model parameters and variabies having uncertainty are assigned frequency distribu
tions. In the regional application, besides the uncertain parameters, also parameters
that exhibit spatial variability are randomized within feasible a priori ranges. The
criteria for accepting or rejecting model postdictions, and thus parameter vectors
used, are based on synoptic surveys of lake chemistry. The accepted Monte Carlo
runs produce a set of theoretical lakes which are assumed to be representative for
that region (Kämäri and Posch 1987). Regional lake acidification scenarios are then
constructed by running the model for the desired deposition scenario once with
each of the accepted parameter sets. This technique for selecting parameter vectors
is referred to as the Monte Carlo Filter Procedure (MCFP) in the sequei.
The other technique uses a priori criteria to select a satisfactory set of model
parameters to create future distributions. This approach intends to modify the
most important parameter distributions, as defined by the model sensitivity
analysis, and to produce reiiable parameter distribution estimates for a few most
critical parameters (e.g. Gardner et al. 1988) This paper continues on the first path
and presents the regional application of the RAINS Lake Module to Fennoscandia.
The MCFP approach for regionalizing scenarios for surface water acidification
has two distinct leveis. At the first level the catchment model is able to analyze
changes over time in the chemistry of a specific lake. The model can he run for any
known system for which relevant lake, catchment and soil information is available
(see Section 3.3). When the catchment model is regionalized the model is incor
porated into a Monte Carlo parameter sampling program which scales the scenarios
from individual catchment up to a regional level.
In the regional application, the Monte Carlo simulation is used to determine
the combinations of inputs and parameters that produce an acceptabie distribution
of output values observed in the study region. For ali inputs and parameters, even
those that are spatially varied, ranges are chosen broad enough so that any reason
able value for an input can be selected. Monte Carlo simulations are then carried
out by randomly seiecting a set of input values from these designated ranges and
integrating the equations from a suitable starting time. A subset of ali input vec
tors, producing the actual observed frequency distribution in 1980 in each lake
region, is filtered out in the procedure. The accepted Monte Carlo runs thus pro
duce a set of theoretical lakes which are assumed to be representative of real catch
ments for that region. These accepted ensembles can then be used for the scenario
analysis of the response of lake systems to different patterns of fiature acidic deposi
tion.
Mathematically this procedure can he described as foilows: The adopted
model structure can he represented by a vector function f = (fi,...,fm). The argu
ments of this function are the input and parameter values driving the model, say
etc.) and time t. With
z = (z1,. ,xj (e.g. z1 = lake size, z2 = catchment size,
alkalinity, lake
the
run,
e.g.
Iake-water
denote
of
a
model
output
we
.,y)
(y,.
=
water pH,
etc.
...,

. .

.

...,
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y

=

(4.la)

f(z,t)

or, writing Eq.4.la for each component,
y

f1(z_,...,x,t)

=

(4.lb)
Ym

=

fm(i,n,t)

Instead of taking fixed input values x and running the model once to obtain the
output (prediction) at time t, one allows the input values to vary within an interval,
zrm z
zrx, k = 1,...,n, where the lower and upper bounds are estimated from
the catchment characteristics of the region studied. To put it precisely, each input
parameter is randomized with a distribution Pk k = 1,...,n, obeying
pk(zk)
and

0

=

if z <

(4.2a)

or

1 pk(x)dx is the probability that zk lies in the interval [a,bj.
J
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Pk()’

=

1
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k

Obviously

1,...,n

=

(4.2b)

The frequency distributions ?k represent the distribution of the parameters xk in the
region as close as possible; and in case of a poorly known input parameter a uni
form distribution over [z?i,zrx] is chosen, where the boundaries are wide enough
to encompass any feasible value in the region under consideration. To be able to
apply the Monte Carlo procedure the distributions of the output values y at a cer
tain point in time t1, say g1, 1 = 1,...,m, have to be known from measurements. For
the description of the procedure used to solve the inverse probiem, Le. to determine
the input parameter distributions for future projections of the model, we assume
that the measured distribution at t1 of the m output variabies y, Y2,
is a m
dimensional discrete distribution (i
number of classes of t-th output value, ,/)
class boundaries of t-th output value; t= 1,...,m)
...

for
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Äctually, the assumption of a discrete distribution is not very stringent, since (a)
measurements are aiways given as histograms, and (b) any continuous distrfbution
can be approximated by a discrete one.
In order to derive “acceptable” input parameter distributions the model is run
many times, each time with a new randomiy seiected input vector x, where the ran
dom seiection is performed according to the distributions Pk Let P = {z(),.
be the set of these random vectors z and 0 = {(1),, .,(‘)} the set of output values
of these runs at time t1. These N output values are classified according to the
be the number of reaiizations with
classes defined in Eq.4.3a. Let
,(m)
with y=(y17...,y,)E 0 (obviously
< Y
<Ym
Monte Cario runs are performed untii
= N).
NO0ii.,im for
ali i = 1,...,I and t=1,.,m, where N0 is a preselected number of runs to he
accepted. In this way a subset G = {Yj,.,YN0} of 0 is selected, so that there are
, (i1= i,...,I and t=1,...,m) with yEG0.
Nt0i,ajm output values with
To this subset G, corresponds a subset P0 = {zJ,...,zN0} of P of accepted input vec
tors z. From this set of accepted input vectors modified input parameter distribu
tions p, k = 1,..,n are derived; and these distributions are used for future projec
tions, i.e. for computing y-values for t> t1.
“,

4.2.2. Data for Regionalization
Data requirements. The data available on a large regional scale is charac
terized by a high degree of heterogeneity and generalization. Three basic methods
are used to determine the regional inputs to the model. The first method involves
the use of the Monte Carlo methods for randomly drawing inputs for some poorly
known modei variabies and parameters. This method for scaling the catchment
model up to a regional level, changes the shape of the input distributions to enabie
more accurate input information to he generated from availahle observations. The
inputs being randomiy varied need necessariiy to be independent and not correlated
to each other. For this reason, in the second method, some variabies are reiated to
other characteristics of the catchments fwhich in turn are are randomly varied)
using so cailed transfer functions. The third method simply implies assigning con
stant literature values which can be assumed to be vaiid over the whole region.
The MCFP has several preparatory steps. First of ali, ranges or distributions
for unknown inputs are estimated. In the estimation procedure, best available infor
mation and best guesses for these a priori distributions are used. Then for the
model output, a target distribution is specified on the basis of a large number of
water quality observations. For the MCFP, frequency distributions are estimated
independentiy for the foliowing fourteen input variabies and parameters as well as
for two output variabies.
1.
Lake surface area in Fennoscandia can vary anywhere from close to zero to
over thousand km2. Usually freshwater reservoirs are termed a lake only if
their surface area exceed 0.01 km2.
2.
Lake catchment area to take surface area ratio is used in the regional applica
tion as an input instead of the catchment area in order to account for the
dependence between the lake area and the catchment area. The ratio
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provides an estimate for the proportion of precipitation and air pollutants
being deposited directly on the lake surface. The ratio can range from 1.2 to
several hundreds, being, however, most commonly between 2 and 15.
3.
Mean take depth is a morphometric parameter that for individual lakes can be
determined from bathymetric maps. Lake volume is calculated from the mean
lake depth simply by V1 = Z1.A,. The mean lake depth can have a large range
of variation, but in Fennoscandia it usually ranges froml m to 20 m.
4.
Catchment so:t thickness is used to determine the volumes of the two soil
reservoirs, and the capacities of the soil buffering processes. In most areas of
Fennoscandia it has the range from a few decimeters to several meters.
5.
Surface siope of the terrestrial catchments vary from even terrains (Om m’) to
terrains varying in altitude, undulating catchments (10.. .20m m), and finally
to mountainous catchment areas with steep siopes (>30 m
6.
Weathering rate of base cations from silicate minerais depends on the rock
type as well as on the physico-chemical conditions in soil. Literature values for
the long-term sllicate weathering rate range from 0.02 to 0.2 eg m3 yr (e.g.
Ulrich 1983).
7.
Totat cation exchange capacity refers to the maximum capacity of positively
charged cations the soil can adsorb to its negatively charged colloids or
mineral particles. Cation exchange capacity thus depends largely on the tex
ture as weII as on the humus content of the soil, being the order of 10. eq m3
for coarse sandy soils and several hundreds eq m for clay.
8.
Base saturation in A-tayer determines the fraction of the total cation exchange
capacity being occupied by base cations (Ca2, Mg2, K, Na). The top layers
of silicate solls are usually within the range of 0.05
0.15.
9.
Base saturation in B-tayer. The initial base saturation distribution is given
independently for both soi! Iayers A and B. Deeper soil Iayers usually have
higher base saturation.
10. Sotubility constant for the sotid atuminum phase is a catchment specific pro
perty, experimental values ranging from 1081 (synthetic gibbsite) to 1010.8
(amorphous gibbsite)(see Cosby et al. 1985a).
11. forest coverage fraction varies from zero, with no forest, to almost one, hun
dred percent of Iand area covered by forests.
12. Forest filtering coefficient is a multiplier, which expresses how much deposi
tion in the forested area exceeds the deposition to open land. The filtering
coefficient can have values between 1.1 and 3.9 (see Kämäri 1986b).
13. Partiat C02-pressure in surface water has a large range of variation; it prob
ably most often varies hetween
and 102.5, which impiles that surface
waters are oversaturated by C02 with respect to the atmospheric partial pres
sure.
14. Sutfate in-lake retention rate coefficient defines the amount of alkalinity being
generated in the lake due to suifate retention in the sediments. Baker et al.
(1986) have reported a range of variation from 0.11 to 1.25 for this coefficient.
Lake pH and take atkatinity are the state variabies to which the model output is
constrained. These variabies, which provide information on the acidification status
of the lake, are commonly measured in the survey programs.
The remaining inputs besides those listed above are not randomly varied. The
variabies hydraulic conductivity at saturation, which determines the maximum
potential water fiow rate through the soil, and soil moisture content at field
...
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capacity, i.e. the amount of water the soi! can retain against the puu of gravity, are
functions of soi! properties. They are both ca!culated with aid of transfer functions
from the tota! cation exchange capacity, which reflects the grain size distribution
and thus the hydraullc conductivity and porosity of the soil. The catchment width
is taken to represent the sum of widths of an infinite niimber of subcatchments. The
magnitude of the catchment width obviously depends on the size of the catchment.
The catchment width is ca!culated from the lake and catchment areas by assuming
a circular catchment around a circu!ar lake. Ali the above simplifications are
justified since, based on the model analysis presented by Kämäri et al. (1986), these
inputs do not significant!y affect the output.
Those inputs that are kept constant in the regiona! applications are thermo
dynamic equilibrium constants in the equations for the inorganic carbon equilibria.
Data sources. At present, map and survey information has been imple
mented for the use of regional modeling from three Nordic countries, Finland, Nor
way and Sweden. Ali the relevant lake and catchment information is interpreted
for 14 lake regions considered in this application (Figure 10). Part of the required
input data has been obtained from common sources for ali three countries. Much of
the required input information has been made avai!able by research institutes in
each of the individua! countries. For example, a large number of water qua!ity
observations has become available in nationa! survey programs investigating the
present extent of lake acidification.
For Finnish !ake regions, data of 8 900 lakes from the years 1975 1984 was
made available by the Finnish National Boarä of Waters and Environment, Water
Quality Data Bank. For more in depth description of the data see Forsius (1987).
The lake information was divided into five parts to form lake acidity distributions
for the five distinct lake regions. The lake depth distribution was obtained from
these data set by approximating from the observed maximum lake depths. Infor
mation on the lake size distribution was provided by the Hydrological Office of the
Finnish National Board of Waters and Environment and by the University of
Jyväskylä. This data is based on an inventory, determining the number and the
size distributjon of !akes for the whole of Finland.
An extensive lake survey was conducted in Sweden in 1980 and reported by
Johansson and Nyberg (1981). The lake p11 and alkalinity distributions were given
separately for each of the 24 provinces in Sweden. The distributions were based on
measurements from about 8 000 of the total 85 000 lakes greater than 0.01 km2.
The 24 data were aggregated at IIASA to form six !ake regions. The frequency dis
tributions of lake surface area and lake mean depth for Sweden were obtained from
the Swedish Lake Register of the Swedish Meteorological and Hydrological Institute
(SMHI).
Regional lake surveys were conducted in Norway in October 1974, March
1975, March 1976 and March 1977 (Wright et al. 1977). The survey in 1974
inc!uded also information about the catchments, e.g. vegetation, catchment size and
geology. Ali survey information was made availabie to IIASA by the Norwegian
Institute for Water Research (NIVA). Distributions for lake p11, lake size and
catchment size to lake size ratio were interpreted at IIASA for three separate
regions. When eva!uating simu!ations for Norway, it should be kept in mmd, how
ever, that the survey 1974-1977 concentrated on sensitive high elevation catchments
and therefore the lake set is not representative for the whole of Norway.
-
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Ali the soii information for the Finnish lake regions was obtained from a soil
suvey of 100 catchments conducted in 1984 and 1985 by the Geoiogical Survey of
Finiand. Results of the 1984 survey have been reported by Nuotio et al. (1985).
Whenever a catchment contained different soil types in their terrestrial catchment
areas, sampies were taken from ali major soii types. Altogether, about 200 sampies
were analyzed and the total cation exchange capacity and the base saturation for
both Ä- and B-iayers were caiculated for ali samples. Frequency distributions for
these inputs were formuiated by summing up the coverage fractions of each CEC
and bs ciass within aIl the catchments. For Swedish and Norwegian lake regions no
survey information was available. Äs first estimates, CEC and bs were assigned
broad ranges to aiiow any realistic vaiue to be chosen in the Monte Carlo runs.
The International Ceologicai Map of Europe and the Mediterranean Region
(UNESCO 1972) was used for assigning distributions for the weathering rate of the
siiicate parent material. The same classification of different rock types into weath
ering rate classes was appiied as in Kauppi et ai. (1986). The Soii Map of the
World (FÄO-UNESCO 1974) provided information on the distributions of typical
surface siopes.
To caicuiate the annual runoff, data for mean monthly temperature, Tm, and
precipitation, 1dm’ were utiiized. The mean monthly evapotranspiration, Em, WaS
computed by setting it to be linearly dependent of the mean monthly temperature
in months when the mean temperature exceeds 0 °C, Le. Em = Tm, when
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Tm>O °C (c.f. Christophersen et al. 1984). The annual runoff is obviously given by
Em). Ranges for the mean monthly temperature and precipi
Qtot = Emm
tation of each district were derived from climatic data of about 200 observation sta
tions in Europe, North-Africa and West-Asia (Mtiller 1982). The minimum and
maximum monthly values for each district were obtained by interpolating the
observed mean monthly values over the whole of Europe. The ranges used for each
region, therefore, refiect the climatic variability within the region.
Ranges for the parameter, which determines how much the local deposition
on forest exceeds the deposition on open land, have to be assigned on the basis of
ecosystem scale studies. Ävailable information on long term monitoring programs
of several European forest ecosystems has been reviewed by Kämäri (1986b). By
assuming that the bulk deposition measurements represent the input on open land
(fields, bare rock, etc.) and the throughfiow and stemflow measurements the input
to forest fioor, it has been possibie to derive values for the p parameter; a range of
variation from 1.1 to 3.9 has been caiculated (Kämäri 1986b). Based on the above
two sets of measurements a typicai cp range was assigned. Distributions for the
forest coverage, f, were determined on the basis of Weitforstatlas (1975).
For some input parameters, there was not much a priori information available
to allow detailed distributions or narrow ranges to be formulated. In those cases the
input variabies, e.g. the mean catchment soil thickness, were designated ranges
broad enough so that any reasonable value for an input could be selected from the
rectangular distributions.
The adequacy of the data (and the model used) could he cleariy seen when the
Monte Carlo Fiiter Procedure was applied. The capability of the model, driven
with the prespecified input distributions to produce observed regional lake acidity
patterns varied from region to region. For some regions it took over 10 000 runs to
get 500 runs accepted. For some regions number of required runs was only just
above 1000. This suggests that there was for some regions better a priori informa
tion for the critical inputs than for others. For ali regions it seemed, however, that
the model output adequately covered the whoie range of observations. This in turn
suggested that the prespecified parameter distributions were defined broad enough
so that any realistic combination of parameters couid be sampled in the Monte
Carlo runs,
Examples of the prespecified cumuiative frequency distributions for some
parameters as weii as the cumuiative distribution functions obtained as a resuit of
MCFP for one region in Finland are displayed in Figure 11. The greatest difference
between the input and the output distributions could he observed in the case of the
mean catchment soil thickness. It well iliustrates the main resuit of the sensitivity
analysis that the the soii thickness is important in determining the behavior of
catchments.
—
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4.3. Scenarios for Lake Acidification
The model regionalized with the Monte Carlo Filter Procedure is applicable
for providing estimates of the time patterns of regional lake acidification for any
energy-emission scenario and year between 1980 and 2040. The model is run for the
preselected number of times there is accepted parameter sets stored. An estimate
of the mean annual lake p11 or lake alkalinity frequency distribution is produced as
the output. lii the following, three example energy-emission scenarios, produced by
the upstream submodels of RAINS, are compared. These examples, constructed in
Section 4.1.2, are only intended to demonstrate the model behavior as well as the
model display. No conclusions is to be drawn on the effectiveness of the selected
control strategies.
By the year 1980, lake acidification has been reported to he an observed
phenomenon practically throughout Fennoscandia. In the worst acidified areas, in
southern Scandinavia, oveT 30% of the total number of lakes are acidified having
summer p11 values less than 5.0. Tri the west-coast of Sweden, about 50%, and in
southern Finland, about 10% of the lakes water are that acidic. In spring, when the
annual minimum p11 in the surface waters occurs, the acidity of the lakes is even
greater.
There is a variety of ways to display results of the regional model runs. To
provide an overview on the general status of lake acidification either pH or alkalin
ity distributions can he displayed. Comparisons of the state of lake acidification
can he made between different reference years of one selected scenario or alterna
tively, between different scenarios in one selected reference year. The time develop
ment of the regional lake acidification situation can he displayed by, this time not
displaying the complete distribution, but the time pattern of the proportion of lakes
in one class. For the biology of the lakes it is interesting to determine the fraction of
lakes with p or alkalinity below a certain critical value.
The frequency distributions for the mean annual lake alkalinity in 1980, used
as the starting state of lake acidification for future scenarios, are shown in Figure
12. The predicted frequency distributions of lake water alkalinity in 2040 are
displayed in Figure 13 for the Reference scenario and the Major po11uton controls
scenaro. When the latter was assumed, the model estimated ari improvement of
the situation for some regions, although considering the whole of Fennoscandia the
situation remained almost at the 1980 level. The few shifts in the frequency distri
butions towards higher p11 values implied that the deposition had lowered so much
that for some catchments the alkalinity production was estimated to exceed the
deposition, and consequently, the model runs resulted in recovery. No recovery,
however, was estimated for any of the three Norwegian lake regions. There is good
reason to believe that the lakes sampled in the Norwegian regional surveys in 19741977 were extremely sensitive with low weathering rates and very shallow soils.
Therefore it was no surprise that the filtering procedure selected such parameter
combinations that no recovery, not even with the lowest scenario, was produced for
Norwegian lake sets. The question of how representative these lake sets are remains
to he evaluated.
The time developments of the fraction of strongly acidic lakes for the three
different scenarios were displayed separately for each lake region of Finland (Figure
14). Ä general rule that the greater measures there were assumed to he taken to
control suifur emissions the fewer strongly acidic lakes were predicted by the model.
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Figure 12.

The lake alkalinity distributions in 1980 in Fennoscandia. A summary of
the situation in the whole area displayed in the map is given iii the frequen
cy distribution on the right hand side of the map.
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Figure 13.

The lake alkalinity distributions in 2040 in Fennoscandia assuming the
(shaded bars) compared with the situation for the Major
pottution controts scenario (white bars).
Reference scenario
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When the Reference scenario with no emission reductions was assumed, the model
estimated a steady increase in the fraction of strongly acidic lakes for ali lake
regions. The energy-emission scenario assuming the current plans to reduce suifur
emissions in Europe seemed to nearly stop the acidification process of the water
courses. For that scenario, the cumulative effects of the acid deposition were, how
ever, to he seen especially in Regions F2 and F4 of Finland. In those regions, the
proportion of strongly acidic lakes was estimated first to decrease and then after a
few decades to turn again into a slight worsening of the acidification situation.
The regional model runs cleariy pointed out that it is feasihle to expect an
improvement in the state of the lake acidification as resuit of major emission cuts.
When strong reductions were assumed to both energy use and emissions, a recovery
was predicted for practically ali Finnish iake regions (curve 3 in Figure 14). It was
impossible to say, however, whether the predicted recovery was permanent or
whether the cumuiative effect of soi! acidification would in the iong run deteriorate
the lake water quaiity. Ä longer time horizon for the model runs would have been
desirabie in this respect.
lii Southern Finland, the reductions in suifur emissions had the greatest effect.
In Northern Finland, where the deposition ievel is somewhat lower than in the
South, the model runs suggested no major changes to the yearly average acidity lev
els of iakes. Some possible reasons can he found to these distinct differences in
modei behavior of different lake regions. In the RAINS model the measures to con
trol suifur emissions can influence only that fraction of suifur deposition for which a
source-receptor relationship has been identified in the EMEP transport modei. In
Northern Finland the proportion of ‘unidentified’ deposition out of total deposition
is quite large, upto 30%. Therefore, changes in emissions have a relatively weaker
response in the deposition in Northern Finland. Ali in ali, the results for northern
parts of Fennoscandia probably include a great deal of uncertainty due to the wide
iincertainty in the driving force as weil as in the inputs.
When evaluating the results of this study one has to bear in mmd that only a
iimited number of scenarios can be discussed in the report. The number of possible
combinations of different control options is practically infinite. Therefore, the model
resuits for different scenarios should he considered as example model runs. None of
them should he seen as a serious attempt to construct policies for emission control.

4.4. Target Load for Lake Äcidification

4.41. Concept of Critical Load and Target Load
The environmental probiems associated with acidic deposition have initiated
research that has an objective of providing knowledge on which air poliution abate
ment programs and iegislative controls can he based. This research aims at formu
lating limits for acidic deposition, critical ioads, required for protecting the environ
ment from damage to biota.
Effects of acidification are often indicated by a deviation from an unaffected
ionic composition, i.e. from the composition of fresh waters in simiiar geologic and
hydrologic settings not subjected to acid inputs. These chemical changes explain
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the ecological effects of acidification on ali trophic leveis, including iosses of fish
popuiations, that have been widely observed. The concept criticat toad of sulfur
and nitrogen has been defined as (Niisson 1986):
“The highest ioad that will not cause chemicai changes leading to iong-term
harmfui effects on the most sensitive ecological systems.”
Criteria for the critical ioad of suifur for surface waters has been defined as (Niisson
1986):
“The highest load that will not iead in the long-term to harmfui effects on bio
logicai systems, such as decline and disappearance of natural fish popula
tions.”
The examination of the criticai Ioad thus has to be based on findings on tolerance
leveis of aquatic organisms. The cliosen tolerance leveis, expressed with aid of water
quality variabies, then have to he reiated to the actual deposition level, which iii
turn is termed the critical Ioad.
For the evaiuation of a critical load, criteria has to be defined for what is con
sidered harmfui for the lake systems. As a first step, decision has to be made on
the choice of the water quality variabies that most reaiistically reflect the damage
to aquatic iife. A substantial number of studies have demonstrated that the biologi
cai effects mainly depend on two key variabies, pH and inorganic aluminum concen
tration. Toxic effects from decreased p11 and increased Al occur on ali trophic iev
eis in both iakes and streams (e.g. Almer et al. 1974; Grahn et al. 1974). Out of
these two variabies, p11 is more explanatory since aiuminum concentrations have
been shown to depend on pH in data sets of both Europe and North America (e.g.
Wright et al. 1980). Moreover, it has been weli estabiished that surface waters sup
porting good popuiations of fish are characterized by pH-values higher than 5.0 (see
e.g. Sevaidrud and Skogheim 1986).
Surface water p11 is therefore chosen to indicate the risk for damage to
aquatic biota. Practicaliy ali modeis, empirical and deterministic, produce estimates
on the acidity or the alkalinity of the surface waters. Also the model for lake water
acidification described in this paper produce this information as output. But what
is the value defined as a critical p11? In summary, there is no particular p11 value
above which an aquatic ecosystem can he said to be protected from the harmful
effects of acidic deposition. Acidic deposition and the consequent decline iii surface
water p11 and increase in A1-concentrations are refiected in reduced diversity and
reduced number of taxonomic groups of both aquatic fiora and fauna (see e.g.
Kenttämies et ai. 1985). Thus, there is a gradual deterioration of surface water
ecosystems with successive decrease in p11.
Therefore, the definition of the criteria for what might he considered as harm
fui is a matter of subjective decision. One has to decide what he wants to protect.
Most commoniy, the critical p11 has been designed for protecting fisheries produc
tion. For doing this, the Nordic working group on critical loads has proposed that
in areas presentiy experiencing damage a p11 of at least 5.3 in ciearwater iakes
should be ensured (Nilsson 1986). This impiies that ciearwater lakes with a present
p11 below 5.3 should he returned above that ievei. The criterion is designed more
over to ensure that surface waters will not he dominated hy strong acids, i.e. they
wiIl have aikalinity vaiues greater than zero.
Two major approaches can he identified for detecting the criticai ioad: the
empirical and the process-oriented. A presupposition for using the empirical
approach is that there exist a sufficient number of observations, which demonstrate
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that the actual load to the systems and the important water quality variabies are
significantly correlated. Values of the water quaiity variabies can then be used to
assess the value for the critical load. The empirical approach can he applied
quickly, even with very limited amount of information. There does not have to he
any knowledge about the processes behind the cause-effect relationships. Due to
this simplicity, quite a few studies to set the deposition limits empirically have
aiready been conducted (e.g. Newcombe 1985, Dickson 1986, Henriksen et al. 1986).
The process-oriented deterministic approach attempts to develop mathemati
cal descriptions for the mechanisms underlying the relationship between the atmos
pheric deposition pattern and the observed development of the water quality.
Process-oriented approaches take into account also the most important long-term
processes, e.g. the dynamics of soil acidification, which are not considered in the
empirical studies. In principle, any one of the deterministic modeis, listed in Section
3.1, couid provide an instrument for estimating critical loads. Many of the modeiing
approaches, however, have been regarded as tools for data evaluation rather than
tools for assessing long-term responses.
When using information provided by model applications for deriving critical
load values there generally remains two major shortcomings. First, the acidification
modeis have, to date, been applied mostiy to single individual catchments. An
assessment based on model results of single catchments is of course not representa
tive for a whole country or continent. Conciusions on population dynamics should
never be hased on behavior of an individual. Secondly, a snapshot of the situation
in time does not give any information on the speed and direction of change in the
state variabies. The cumulative effects of acidic deposition imply that one might
expect the lower criticai load values the longer the time span of the analysis is.
Applications of several methods have suggested that the deposition in various
locations should he very low, lower than 20 kegkm2 yr1, in order not to harm for
example fisheries production (see Niisson 1986). The deposition should, thus, he
pushed below background values iii order to protect every singie most sensitive
stream or lake, This is in practice not possihle and thereby not a feasible goal. The
question arises, what is the fraction of the most sensitive small catchments that the
society chooses not to protect. The decision about whether to protect ali but some
of the most sensitive surface waters or to define some other acceptable ievei of
environmental damage has a significant effect on the load to he chosen. It is impor
tant to realize, however, that the ioad value that includes some acceptable damage
can not by definition he called a criticai ioad. Ä new concept has to he introduced,
a target Ioad, that has the definition:
The highest load that will not cause chemical changes leading to long-term
harmfui effects on a iarge number of ecological systems.”
The target ioad naturally has the same objective as the critical load, i.e. to provide
guidance to decision makers on the possibie extent of damage associated with each
deposition pattern and within the time span chosen. A safe deposition level is
determined on which air poliution abatement programs and legislative controls can
he based. There is one major difference between the critical load and the target
load. Ali kinds of scientific constructs, inciuding criticai loads and simulation
modeis, are considered as scientific hypotheses that are in many respects ‘value
free’. Standards can he derived form facts only by taking also human vaiues into
account. Therefore, at the end it is the duty of the decision makers to keep track of
values prevailing in the society and, based on them as well as on the evidence of the
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consequences of the different loading alternatives on the environment, to derive
preferences for the level of protection and finally, to construct technical standards.
In the next Section, the kind of evidence needed for constructing such a target load
is provided.

4.4.2. Regional Target Load

Ä regionalized model structure, like the RLM, allows the examination of
responses for a large lake group on an extensive geographical scale. Some prelim
mary model applications for determining the regional target ioad for Swedish
regions has been presented earlier (Kämäri 1986c). In this section, the model is
further applied to determine whether a target load for Finnish lake regions can he
proposed. The method for the regional scenario analysis, described in section 4.2, is
used also in this application. The search of the target load involves several model
ruris, each one assuming a different time evolution of acidic deposition. As an out
put the model runs produce a frequency distribution of pH and alkalinity for the
selected deposition scenario and year. The output information is then interpreted
to decide whether any deposition level could he on the basis of the definitions he
declared a target load. In a way, this model appiication is a procedure for the solu
tion of an optimization probiem. The objective is to find the highest acceptable
value for the driving variahle, suifur deposition, from the required output.
The model was driven with alternative low deposition patterns, starting from
the combined pH-alkalinity frequency distributions in 1980. Ä total number of 500
ensembles of parameter combinations were obtained in the Monte Carlo Filter Pro
cedure for each lake region. The deposition patterns used as the driving force for
the model assumed that the deposition went gradually down within a period of 15
years, 1980-1995. From 1995 on the deposition was kept constant to the end of the
simulation (2040). The deposition values that were reached by the year 1995
between 0.0 and 1.5 g S m2 yr. Thus, the whole procedure determining the tar
get load invoIved 500 model runs for 60 years, ali of them repeated for each of the
16 Ioading patterns, and the whole procedure repeated for the 5 lake regions in Fin
land.
The model output is displayed in Figure 15 in a three dimensional form. The
fraction of lakes in each lake region with p11 or alkalinity beiow a predefined criteria
are dispiayed as a function of ioad and time. The results of the model runs sug
gested that different regions had a similar behavior under a different level of atmos
pheric loading. Generally, in southern Finland there was first a recovery following
the reduction in loading in the first 15 simulation years. Slowly, however, the cumu
lative effects started to show and a deterioration of the water quality resulted even
with low deposition values. Deposition had to he as low as to 0.3 g S m2 yr1 in
order not have an increase in the number of lakes with negative alkalinities.
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In Figure 16, the information from the model runs for individual regions was
aggregated to one figure. The fraction of lakes in Finland that according to the
model results were not being protected with each of the assumed loading level in
each year were displayed. The results pointed out that protection of the aquatic
environment is to a great extent a possible goal, suggesting that major reductions in
deposition are likely to reduce the nnmber of lakes experiencing damage.
From the results it was obvious that in a number of lakes the water quality
after 60 years will stay below the proposed criteria for critical load even with the
lowest deposition scenarios. Sensitivity to acidic load is a function of biogeochemi
cal properties of each catchment. Different sensitivity leveis require different leveis
of loading in order to protect aquatic systems. In other words, the critical load
value is practically different for each individual lake of the region. Following strictly
the definition of critical load, that even the most sensitive ecological system should
be protected, it is here concluded that the critical load for Finland is very close to
zero, between 0. and 0.1 g $ m2 yr1.
The target load value can have a wide range depending on the level of protec
tion. Since it is as much a political decision as a scientific one to decide about what
is acceptable damage, or a large number of ecological systems, it is not scientifically
sound to declare any specific value a final resuit, a target load value. The target
load can be stated to range anywhere between 0.1 and 0.8 g S m2 yr1 depending
on the sensitivity of the region.

4.5. Concluding Remarks on the Regional Application

4.5,1. Uncertainty iii Model Results
Uncertainty inherent in environmental modeling is inevitable. It seems
unlikely that any complex envirorimental system can be well described in the tradi
tional physico-chemical sense (Hornberger and Spear 1981). The credibulity of the
modeis results is, however, a key issue in using mathematical modeis for decision
making. An essential aspect of the credibility is how well the user of the model
nnderstands the uncertainty.
In regional applications, there remains uncertainty in the accuracy of the data
in two levels. First, measurements from the study area, forming the input data
used, always include some measurement error. The second level has to do with the
interpretation of the regional properties. Measurements can only he viewed as sam
ples of the regional system under consideration. It is definitely impossible to sample
every one of the catchments in Europe. The aggregation and interpretation of
aggregated information together limit the utility of regional data as such. In some
cases measurements are completely missing and the inputs have to he chosen from
the best possible experts opinion or even guesses. A filtering procedure is therefore
chosen to restrict unrealistic input ranges from producing an unrealistic output.
In some cases the quality of input data clearly limits the accuracy of the
model predictions. Before 1987 very little data has been available from lakes in Lap
land. Preliminary results on the lake survey conducted in Finland in 1987 have
revealed that there are more acidic lakes in Lapland than estimated from earlier
data of the National Board of Waters and Environment. The incorporation of this
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new data into the MCFP would definitely have an effect on the number of lakes
being estimated to be affected in the future.
The regional application itself forms an additional source of uncertainty,
which iii fact may resuit iii systematic errors. When determining the input ensem
bies that produced acceptable distributions for output variabies, a fixed historical
deposition pattern from 1900 to 1980 was assumed. ff this deposition pattern was
altered, a new different set of inputs would be obtained from the allowabie distribu
tions. The importance of the length of the caiibration period to the long-term pred
ictions wiIl he tested by comparing the model outcomes obtained with parameter
ensembles from Monte Carlo Filter Procedure using different initialization periods
(Posch and Kämäri 1988).
Terms error analysis, uncertainty analysis and sensitivity anatysis have been
used to describe similar approaches with similar objectives in many fields (see e.g.
Gardner et al. 1980; Beck and van Straten 1983; Hoffman and Gardner 1983).
Many definitions can he given depending on scope and purpose of the application.
Information concerning parameter sensitivities and distributional changes is impor
tant because it provides a means of evaluating the suitability of model simulations
to represent a particular region. Moreover, it provides a basis for identifying those
variabies for which additional data will most improve model results.
Monte Carlo simulation has been used for the RÄINS Lake Module to quan
tify both the parameter sensitivity and the effect that uncertainties in model
parameters have on model predictions (Kämäri et al. 1986). Estimates of the
diiferential sensitivity (Tomovic and Vukobratovic 1972) of model predictions to
changes in the model inputs have been estimated by Monte Carlo methods by set
ting the variance of ali input variabies and parameters to 1% of their nominai value
(Gardner 1984). The uncertainty in predictions due to parameter uncertainty has
been determined by varying ali uncertain model inputs simultaneously within
prespecified frequency distributions. Ä version of the lake acidification model,
including descriptions for seasonal snow accumulation and release (see Kämäri et
al. 1985b) and no descriptions for forest filtering effect and in-lake alkalinity genera
tion (see section 3) has been subjected to the analysis. The analysis has been per
formed on data of Region 1 of Finland.
In the sensitivity analysis the importance of each variable or parameter has
been ranked based on the proportion of model variance explained by that particular
input. Model predictions are most sensitive to the mean catchment soil thickness,
Z8, with this variahle explaining over 35% of the variability in predicted 1980 p11
levels. Predictions are less sensitive to B-layer base saturation, bsö, and weathering
rate of base cations, ur, with these variables explaining 15% and 14%, respectively,
of the total variability. Parameters melting rate coefficient, evapotranspiration rate
coefficient, soil moisture content at field capacity, and hydraulic conductivity at
saturation explain Iess than 10% of the variability of model results. The remaining
38 input variabies and parameters are relatively unimportant, each of them
affecting model predictions by less than 1%.
The differences between importance ranks obtained from sensitivity and
uncertainty analysis are primarily due to the large differences in variability of the
inputs. The Z8 has a moderately large coefficient of variation (53%) and this com
bined with a high sensitivity resuits in that variable producing nearly 60% of the
variance in predicted pH leveis iii 1980. Differences in the relative variability of wr
and bsb also explain why their effect on model uncertainty is not the same as their
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sensitivities. Älthough they have similar sensitivities, wr is more than six times as
variable as the bsb. The resuit is that over 9% of the uncertainty in model predic
tions is due to uncertainty in wr, whiie the bsb 18 estimated to cause less than a 1%
change in model results. The sensitivities of variabies like the catchment to lake
area ratio, lake mean depth, Ä-layer base saturation are ali relatively smail (<1%),
but when combined with rather large uncertainties, these variables explain from 3%
to 4% of the variability in the predicted p11 levels.
The analyses have pointed out, although a somewhat outdated modei version
has been used, that in order to improve the resuits and reduce the uncertainties
associated with scenarios, effort shouid be put to defining more accurate input dis
tributions for the by far most criticai parameters; the mean catchment soil thick
ness, and the weathering rate of base cations in the region. There is a large poten
tiai improvement in predictions resuiting from reductions in the variability of these
two variabies. For instance, a 50% reduction in the variability of Z3 wiii cause the
variability in simuiated p11 values in 1980 to drop by at ieast 25%, whiie the same
degree of improvement in wr would improve modei estimates by less than 5%.
Reductions in uncertainties of other parameters wiil have quite iittle effect on
results uniess the variabiiity of Z8 and wr are reduced. Reiativeiy little emphasis
has been given to these two properties that together largely determine the iong
term behavior of the catchments. Current research is, however, continuousiy
expanding the knowledge on them and more realistic a priori distributions may he
incorporated in the future.
True validation of modeis anaiyzing long-term responses is practically impos
sibie. The validity of regional behavior remains therefore even more uncertain.
Given, however, the best avaiiabie data and using parameter values that are within
the ranges appropriate for naturai soils in Fennoscandia, the regionalized model
seems to produce piausibie results. The validation process in the case of a model
examining iong-term chemical changes has to viewed as a stepwise process of gain
ing credibility. Ultimate validation wili never be established. Instead, uncertainty
involved in both the model structure and the modei application shouid he carefuiiy
assessed. It is hoped that the model structure would act as a tool for organizing
data and for identifying research needs. Even in its present stage the model might
appear useful in evaiuating poiicies to combat the acidification of the environment.

4.5.2. Model Äpplications
The Monte Carlo Filter Procedure for finding an acceptable subset of parame
ter combinations is by no means a final soiution to the probiem how to deai with
uncertain and unknown regional input data. The MCFP, selecting the best subset
of simulations, is based on the rational that modei simulations which begin in 1900
and produce unsatisfactory resuits in 1980 (i.e. fail to meet the pre-estabiished cri
teria) shouid not he used to make future predictions of effects of suifur deposition.
However, the information provided by the subset of accepted simuiations may pro
vide a means of reducing the variances of critical parameters and thus reducing the
uncertainty associated with the modei resuits.
The technique using a priori criteria to seiect a satisfactory subset of model
simulation has resulted in some improvements in the predicted resuits (see Kämäri
et al. 1986). These investigations are going to he continued with data from severai
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Tegions in Fennoscandia. The aim is to develop a method for producing reliable
estimates of input variabies and parameters for each region. These parameters wiii
then provide the basis for estimating the expected environmental impacts and asso
ciated uncertainties of different deposition scenarios.
Tntegrated large-scale modeis 11mk results from atmospheric long-range tran
sport modeis with submodels which on one hand describe the production of air p01lutant emissions, and on the other hand describe the acidification processes of
different parts of the environment. The quantitative 1mk between the iong range air
poiiutant transport and the actual acid load to an environmental system has not
been weli established. One aspect of this probiem is that outputs from atmospheric
modeis often do not coincide with inputs to environmental modeis.
The filtering effect of forest canopy is important in areas where deposition
largely occurs as dry deposition. The factors playing a decisive role in this process
are the tree species, i.e., the surface characteristics of the capturing vegetation, and
the fraction of dry deposition from total deposition. These and other factors
affecting the geographic distribution of fiitering are going to be addressed in future
research.
The base cation deposition varies markediy spatially. The spatiai distribution
of base cation deposition, however, tends to follow the spatial suifur deposition pat
tern. It is evident that close to the emission sources there occurs high suifur deposi
tion together with high deposition of dust and other particulate impurities rich in
base cations. Therefore at present, the resulting suifur/base cation deposition ratio
seems to he quite constant. This is probably a consequence of intensive human
activity of ali kind occurring in the same areas, and probably the future base cation
deposition shouid he independent of suifur deposition. If that is the case, the depo
sition of buffering eiements wili not decrease even though measures wouid he taken
to controi suifur emissions. Ä constant base cation deposition patterm in the future
was assumed in ali model runs of this paper. The question how the suifur/base
cation deposition ratio changes in the future has a significant effect on the rate of
recovery for the acidified soils.
Results of the model runs assuming alternative scenarios suggest that it is
indeed possible to prevent acidification of the environment by controlling emissions.
The rate and rnagnitude of recovery is dependent on the characteristics of the
regions. lii most regions, clearly, the siow cumuiative acidification processes con
tinue if the reductions in emissions have not been strong enough. The current
reduction plans of suifur emissions in Europe seem to he sufficiently powerfui to
slow down and stop the deterioration of lake water ecosystems. A ciear improve
ment in the situation, a recovery, is obtained, however, only if suifur emissioms are
controlied beyond these commitments.
Accordimg to model results the ultimate “safe” ilmit for the deposition, the
critical load, is practically zero. The deposition should probably be pushed beiow
background values in order to protect every single most sensitive stream and lake.
Nevertheless, to conclude from the model runs assuming several altermative
scemarios: the more the emissions and deposition are reduced the lower is the
number of iakes experiencing damage. The actuai target ioad for deposition
depends strongly on the sensitivity of the region and on the level of protection
decided hy the society.

64

5. EXECUTWE SUMMÄRY

Introduction
Long-range air pollution is transboundary in nature; its geographic dimen
sions are very difficult to define. The effects of air poliutants inciude numerous
changes iii the biotic and abiotic environment. Perhaps, the most severe of the
chemicai changes is the acidification of the environment. Äcidification is a resuit of
several factors, natural and man-made. The series of chemical reactions starting
from the emissions of suifur and nitrogen oxides to the depietion of the natural acid
neutraiizing capacity of fresh waters has been weli established in extensive research
programs of Scandinavia and North America.
The magnitude of the effects of this acidic deposition depend on both, the
amount of deposition and the sensitivity of the recipient. In sensitive catchments,
harmfui effects of freshwater acidification have been observed in ali trophic leveis.
These ecological changes are the resuit of an indirect action of suifur and nitrogen
compounds, as they influence living organisms through the changes they bring
about in water and soil.
The main objective of the study is to deveiop and apply methods for analyzing
the present state of water acidification as well as the potential future responses of
catchments on a large regional scale. The main intention is to identify and describe
in the simplest possible way the key processes controlling surface water acidification
mathematicaily, so that the time evolution of soil and water acidification assuming
alternative patterns in atmospheric ioading can be estimated. These methods are
then applied as part of larger model structure for anaiyzing the dynamic behavior
of surface water regions in response to different scenarios of energy development
and air poliutant emission controi. The purpose of the overail framework is to pro
vide a tool to assist decision-makers in their evaluation of control strategies for
acidification in Europe.

Sensitivity of Regions
Determining the regional sensitivity to surface water acidification aims at
identifying geographicai areas where fresh waters vulnerable to acidic deposition
may exist. A method incorporating availabie regionai data is appiied in this section
to evaluate the sensitivity of different regions to surface water acidification in Fin
land.
The method utilizes ciassified information on rock types, soil properties, runoff
and terrestrial reiief. Ali the data is stored in a computerized grid based forinat. As
a resuit, a map of the whole of Finland is produced which indicates the relative sen
sitivity of surface waters in each of the 10 by 10 km grid squares to acidic deposi
tion. When comparing this map with a map showing the spatial distribution of
acidic clearwater lakes, it is observed that in areas with higher deposition the lakes
with low pH are mainiy located in most sensitive areas, as defined by the sensitivity
map. Large areas of northern Finland are aiso rated as sensitive by the sensitivity
map but evidentiy deposition has been so iow that impacts have not been detected.
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Model Development for Lake Äcidification
Äcidification causes a risk of both aquatic and terrestrial damage. Soil
acidification reduces the soil acid neutralizing capacity which leads to an increased
risk for freshwater acidification. A dynamic model has been developed for describ
ing the processes Ieading to acidification of surface waters. The modeling philoso
phy has been to use a simplified approach, which is warranted for a broad geo
graphical scope.
In the model the annual suifur deposition, computed by the air pollutant tran
sport model, is transformed into acid load to various sectors of the catchment. To
provide a method for simulating the routing of internal flows a simple two-layer
structure is applied. The terrestrial catchment is vertically segmented into two soil
layers f Ä- and B-reservoir). The total annual runoff is routed into quickfiow and
basefiow. The quickflow is thought to he mainly in contact with humus and the
upper mineral Iayer. The B-reservoir in the model provides the baseflow, which is
assumed to come from the saturated zone. The physicai description for the rate of
discharges is simplified from the ILWAS model. The computation of the fiow com
ponents is based on runoff and catchment characteristics such as soil depth, surface
siope and hydraulic conductivity.
To compute the ion concentrations of the internal flows, the same analyticai
approach is applied as in the RAINS soil acidification model. Ideal mixing is
assumed in the reservoirs and equilibrium is assumed to be reached according to
computed H-concentration. Depending upon the acid load to the soil there is
either a net production of base cations or there is an exhaustion of cation exchange
capacity. lii case the deposition rate of strong acids is Iower than the weathering
rate of base cations, supply of base cations to the surface waters occurs. The contri
bution of the soil reservoir to the alkalinity of the surface water is assumed to equal
the fiux of these excess base cations. The leaching of acidity to surface waters is
simuiated on the basis of hydrogen jon concentrations in the soil solution and the
discharges from both reservoirs.
lii the lake the key variable is alkalinity, which is determined by equilibrium
reactions of inorganic carbon species based on the jon loads. Älkalinity originates
from mineral weathering in the soil as weli as from in-lake processes such as the
suifate retention in the lake. The carbonate alkalinity can he assumed to be the
only significant buffering agent in the studied clearwater lakes. The ion loads to the
lake are assumed to he mixed within the whole water body. The change in lake aci
dity is calculated according to equilibrium reactions of inorganic carbon species.
The risk for aquatic impacts are be estimated on the basis of simple threshold pil
and/or aikalinity values. These characteristics are most likely to indicate damage to
fish populations and other aquatic organisms.
The long-term p11 records constructed with aid of paleolimnological diatom
data are taken as a independent data source against which the model, viewed as a
hypothesis on the overail lake acidification phenomenon, is tested using the Monte
Carlo hypothesis testing procedure. It is investigated whether combinations can he
produced from the uncertain input and parameter ranges that can reproduce
predefined acceptable model behavior definition derived from available data, when
the model is driven with historical deposition pattern. Ä hypothesis can be accepted
as valuable working tool only if it fuifihis ali the constraints one can formulate as
defining the systems behavior. The required systems behavior is defined as the pH
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history of a given lake. Several constraints aiong the history till recent observations
are formulated. Based on the results of the Monte Carlo runs, one can conclude
that there is no reason to reject the model described in Section 3 since a quite high
percentage of the randomly drawn parameter vectors gave rise to the prespecified
behavior. Only if one is prepared to increase the credibility of the diatom data and
constrain the output more, deficiences in the model versions could show up that call
for model refinement.

Regional Model Äpplications
Framework to Ässist Decision Making
The efforts to build a model for freshwater acidification has been part of a
larger framework, which has had the principai objective to provide a tool to assist
decision makers in their evaluation of strategies to control acidification of Europe’s
environment. The RAINS (Regional Äcidification Information and Simulation)
model attempts to structure the scientific information about the acidification prob
lem in a form usable to decision-makers. Model design therefore emphasizes user
comprehension and ease of use. The overall framework of RAINS consists of linked
submodels describing pollutant generation, atmospheric processes and environmen
tai impacts. The four submodels currentiy availabie are Suifur Emissions, EMEP
Long Range Transport, Forest Soil Äcidification and Freshwater Äcidification.
Submodels which deal with NO emissions and deposition and other environmental
impacts are presently being added to the model.
To operate the model, a user must select an (1) energy pathway, (2) pollution
control strategy and (3) environmental impact indicator. This information is input
to RAINS and yields a scenario which is a consistent set of energy pathway, sulfur

emissions, forest soil acidification and lake acidification, In an iterative fashion, a
model user can quickly evaluate the conseqiiences of many different alternatives to
control acidification in Europe.
Several example scenarios are introduced using the RAINS energy-emission
model, and the long range transport model supplied by the EMEP programme.
From 1900 to 1980 ali scenarios are identical. From that on the scenarios depart so
that the highest energy-emission scenario assumes present rates of energy develop
ment throughout Europe. The lowest scenario assumes iower rates of energy use
and in addition to that effective measures to he taken to controi emissions. The
third scenario takes into account the current plans of the European countries to
reduce suifur emissions. These three scenarios are used as exampies to iilustrate
the behavior of the iake acidification model.
Materiats and Methods for Regionat Apptication
Because of the very sparse input data avaiiabie on a iarge regionai scaie, a
new so called Monte Carlo Filter Procedure (MCFP) is applied for estimating unk
nown inputs. The model is calibrated to present-day conditions by selecting input
combinations from feasible ranges. Monte Carlo techniques are used to determine
those combinations of inputs that produce the observed present-day lake acidity
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distribution, when the model is driven by a specified historicai deposition. The
ensembles obtained in the callbration procedure for each lake region are used for
the scenario analysis.
This scaling up the catchment model up to a regional level, has several steps.
First of ali, ranges or distributions for unknown parameters are estimated. In the
estimation procedure, best available information and best guesses for the input dis
tributions are used as a starting point. Then for the model output, a target distri
bution is specified on the basis of a large number of water quality observations.
Finally, the above filtering procedure is appiied.
As an input for the filtering procedure, frequency distributions are estimated
independently for the following fourteen input parameters: 1) Lake surface area, 2)
Lake catchment area to lake surface area ratio, 3) Mean lake depth, 4) Catchment
soil thickness 5) Surface siope, 6) Weathering rate, 7) Totai cation exchange capa
city, 8) Base saturation in A-iayer, 9) Base saturation in B-layer, 10) Solubility con
stant for solid aluminum phase, 11) Forest coverage fraction, 12) Forest filtering
coefficient, 13) Partial C02-pressure in surface water, 14) Suifate in-lake retention
rate coefficient. Tn addition, lake pH and aikalinity distributions are given for ali
regions for the target distributions. Few variabies for the regional modei runs are
estimated with help of so cailed transfer functions from otlier better known van
abies. Some thermodynamic constants are kept constant in the regional runs. The
regionalized model is appiicabie for providing estimates of the time patterns of
regionai lake acidification for any energy-emission scenario and year between 1980
and 2040.
Scenaros for Lake Acidification
The lake acidification model is applied for examining the impact of policies on
an environmentai system. Muitiple simulations of different poiicy alternatives will
give information on the effectiveness of chosen poiicy options. Each simulation
represents a set of assumptions on the energy deveiopment and on the measures
taken to control emissions. A consistent set of assumptions (a policy set) is in this
context called an energy-emission scenario and the type of analysis is termed
scenanio analysis.
Resuits of the model runs assuming alternative scenarios suggest that it is
indeed possible to prevent acidification of the environment by controliing emissions.
The rate and magnitude of recovery is dependent on the characteristics of the
regions. In most regions, clearly, the slow cumulative acidification processes con
tinue if the reductions in emissions have not been strong enough. The current
reduction plans of suifur emissions in Europe seem to be sufficiently powerfui to
slow down and stop the deterioration of lake water ecosystems. Ä ciear improve
ment in the situation, a recoveny, is obtained however only if suifur emissions are
controlled beyond these commitments. These shifts in the frequency distributions
towards higher p11 values imply that the deposition would have lowered SO much
that for a number of lakes the aikalinity production exceeds the deposition, and
consequently, the model estimates a recovery.
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Target Load for Lake Acidification
The concept target load of suifur and nitrogen has been defined as the
highest load that wlll not cause chemical changes leading to harmful effects on a
large number of ecological systems”. The examination of the target load thus has to
be based on findings on tolerance leveis of aquatic organisms. The chosen tolerance
leveis, expressed with aid of water quality variabies, then can be related to the
actual deposition leve] by investigating the consequences of a large number of
different loading leveis.
Surface water p11 has been chosen to indicate the risk for damage to aquatic
biota. The Nordic working group on critical loads has proposed that in areas
presently experiencing damage a p11 of at least 5.3 in clearwater lakes should be
ensured This implies that clearwater lakes with a present p11 below 5.3 should be
returned above that level.
The application of the regionalized model to the search of the critical load
involves several model runs, each one assuming a different time evolution of acidic
deposition. As an output the model runs produce a time pattern of the fraction of
lakes below a certain p11 and alkalinity criteria. The output information can then
be interpreted by the decision makers for deciding about what deposition leveis
cause harmful effects and what do not. In away, this model application provides a
solution to an optimization probiem. The objective is to find the highest acceptable
value for the driving variable, sulfur deposition, from the required output.
This kind of scientific information can provide guidance to decision makers on
the possible extent of damage associated with the choice of each target Ioad value.
Model estimates are shown for the “stock-at-risk” when each of the low scenarios is
assumed.
The model runs suggest that most reductions in deposition are likely to reduce
the number of lakes experiencing damage. From the results it is moreover obvious
that in a number of lakes the p11 will stay below the proposed criteria even with the
Iowest deposition scenarios. Äccording to the model runs the deposition should he
pushed below background values in order to protect every single most sensitive
stream or lake. This is in practice not possible and thereby not a feasible goal. The
decision about the level of protection has a significant effect on the resulting target
load. This decision is a political one and should he taken on the basis of the values
prevailing in the society.
“...
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ÅPPENDICES
Äppendix 1.

Symbol

List of symbols

Unit

c
ic3

m

ef
r

m2
m2
eq m2yr1
eq m2yr1
eq m3
eq m2

A
acf
ac0

atk
BC
b8
CEC
dso4

Definition
evapotranspiration rate coeffieient
class boundaries of frequency distributions
hydTaulic conductivity at saturation
soil moisture content at field capacity
time step index
forest filtering coefficient
lake area
terrestrial catchment area
acid Ioad rate on a forested area
acid load rate on an open field
total alkalinity
actual cation exchange capacity
base saturation

1

total cation exchange capacity
total suifuT deposition
deposition of suifur to forest
deposition of suifur to open land
deposition of base cations
monthly evapotranspiration
forest coverage fraction
flux of hydrogen ions to lake
flux of bicarbonate ions to lake
distribution of output variable k
set of output values in MC runs
accepted output values; subset of G
number of classes in frequency distributions

Kff

first dissociation constant for carbonic acid
constant of Henry’s law

eq m2
eq m2yr1
eq m2yr1
eq m2yr
eq m2yr1
m mo1

d0
Em

f

eq yr1
eq

FH
FHcO3
G

solubility constant for solid phases of aluminum
suifate in-lake retention rate coefficient
total number of random parameter vectors
preselected number of MC runs to be accepted

kso
N

Iii this list of symbols the subscripts a and b
the indices of soil reservoirs
and the superscript T
the time step index
are suppressed. The unit is not given when the variable is unitless or when the
unit is not commonly used.
--

--

--

--
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List of symbois continued

Symbol

Unit

P

P

m yr1
m mo1
atm

Pk

Qa
Qb

m3yr1
m3yr1
m3yr1
m3yr1
m3y,1
m3yr1

S

m m1

SZY
8:

s

1 8jmaX
Tm
VI
w
wr
W
Z

[At3+j
[H+1
[HCO
[H2C03]

m3

eq m3yr1
m
m
m
m
eq m3
eq m3
eq m3

Definition
set of random parameter vectors
accepted random parameter vectors; subset of F
annual precipitation
monthly precipitation
partial pressure of C02 in surface water
distribution according which k is randomized
quickflow from the catchment
lateral flow from the 3-layer
runoff from the terrestrial catchment
precipitation onto the lake
percolation flow from A- into 3-layer
total runoff
ratio of catchment area to lake area
surface siope
sensitivity index at location x,y
sensitivity value for variable i
max absolute value of ali sensitivity variabies
max absoiute value ofsensitivity variable i
monthly temperature
lake volume
weighting coefficient for variable i
weathering rate of base cations
catchment width
thickness of A- or B-iayer
total soil thickness; sum of A- and 3-layers
lake depth
aluminum ion concentration
hydrogen ion concentration
bicarbonate ion concentration
sum of [C02] and [H2C03J
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Appendix 2.

Lake and catchment properties used in the Monte Carlo runs. For
those variabies that were randomly varied the mean is given. The
actual ranges of variation around that mean are given in Appendix
3. Description of symbols is given in Appendix 1. Values for the
equflibrium constants are given for units eq m3. ORA = Lake

Orajärvi, MÄK = Lake Mäkilampi, SII = Lake Siikajärvi, SON
Lake Sonnanen, GSJ = Lake Gårdsjön, HOV = Lake Hovvatn.
Variable

Unit

A1
A

ha
ha

b8a

bs6

CEC

eqm2

f

,c3

m81

atm

p

ej
wr
W
Z1
Z3

SII

SON

GSJ

22

12

90

175

31

110

54
0.40
0.40
300
0.0

51
0.12
0,50
50

210
0.45
0.30
36
0.0
10
10”
948
0.46
201498.0
0.00123
2.0
0.270
0.01
0.4
0.028
4752
15.3
0.90

275
0.80
0.80
46

180
0.15
0.15
135
0j5

470
0.35
0.35
465
0130
10
1.5

,

Of
10

,

101.5

Qtot

S

MÄK

io

K1
Kff
K30
kso

Pco2

Lake
ORÄ

m

m
m’

eqm3yr1
m
m
m

946
0.22
8.7
0.00123
2.0
0.314
0.06
0.4
0.035
2376
3.9
0.70

948
0.46
96133.4
0.00123
2.0
0.332
0.03
0.4
0,050
1751
7.1
0.80

95

10
1O1’5
948
0.25
117990.9
0.00123
2.0
0.270
0.01
0.4
0.022
6105
9.3
4.30
,

,

;o

101.5
948
0.15
2416.5
0.00123
2.5
0.442
0.07
0.4
0.051
3562
5.0
0.75

HOV

948
0.46
0.1
0.00123
2.0
1.200
0.15
0.4
0.015
6128
5.1
0.30
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A priori input ranges and statistics of the a posteriori accepted
Monte Carlo runs for the six lakes studied. For the description of the
symbols and units used see Appendix 1.

Appendix 3.

End version

Lake Orajärvi,
Variable

bs
CEC

f

K30
kso

9f
zco2

Qtot
S

wr
Z1
Z3

Ä priori range
max
min
0.30
0.25
240.0
0.32
125.9
0.11
0.28
2.5’lO -4
1.60
0.28
0.042
0.024
3.15
0.49

Lake Mäkilampi,
Variable

Ä

bs6
CEC

f
kso
K0
9

Pco2
p
QM

9
wr
Z1
Z

0.05
0.35
40,0
0.44
0,23
125.9
0.21
2.5’lO
1.60
0.30
0.021
0.035
5.65
0.56

0.30
0.25
240.4
0.33
126,7
0.11
0.28
-4
2.7’lO
1.60
0.28
0.043
0.025
3.19
0.61

0.50
0.55
359.3
0.48
488.9
0.43
0.52
3.5’lO -3
2.39
0.34
0.076
0.045
4.68
0.91

mean

st.dev.

0.40
0.41
299.3
0.41
301.3
0.25
0.40
-3
1.510
1.97
0.31
0.060
0.036
3.97
0.80

0.059
0.081
32.29
0.046
110.98
0.088
0.069
7.6210 -4
0.222
0.018
0.011
0.006
0.418
0.073

End version

priori range

min

bsa

0.50
0.55
360.0
0.48
501.2
0.44
0.52
6.210 -3
2.40
0.35
0.078
0.046
4.72
0.91

Ä posteriori statistics
max
min

max

0.22
0.65
60.0
0.66
0.92
501,2
0.39
6.2’lO
2.40
0.37
0.039
0.065
8.48
1.04

Ä posteriori statistics
min

0.08
0.43
40.1
0.48
0.40
128.5
0.27
4.6’lO
1.70
0.31
0.023
0.036
6.63
0.63

max

0.21
0.64
58.5
0.64
0.92
392.8
0.38
6.1’lO
2.26
0.36
0.039
0.043
7.94
0.94

mean

0.14
0,55
47.2
0.55
0.78
224.5
0.34
5.7’lO
2.00
0.34
0.029
0.040
7.30
0.84

st.dev.

0.037
0.067
5.96
0.060
0.178
86.40
0.041
5.56’lO
0.203
0.022
0.006
0.003
0.545
0.108
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Lake Sfikajärvi,
Variable

b8a
bsb
CEC

f

K30
kso

e
Pco2
p

Q0
S

wr
Z1
Z3

2nd version

Ä priori range
min
max
0.35
0.15
28.8
0.32
125.9
0.23
0.28
2.5’10
1.60
0.24
0.007
0.020
12.26
0,63

0.55
0.45
43.2
0.48
501.2
0.92
0.52
6.2’10”
2.40
0.30
0.013
0.036
18.40
1.17

Ä posteriori statistks
min
max
0.35
0.15
28.8
0.32
126.5
0.23
0.28
1.1’10
1.60
0.24
0,007
0.020
12.32
0.64

0.55
0.45
43.2
0.48
497.1
0.92
0.52
6.1’10”
2.40
0.29
0.013
0.036
18.39
1.16

mean

st.dev.

0.44
0.31
35.9
0.40
301.7
0.54
0.40
3.7’10

0.059
0.099
4.50
0.047
108.46
0.198
0.071
1.30’10”

1.97
0.27
0.010
0.028
15.39
0.88

0.235
0.015
0.0018
0.0046
1.859
0.131

mean

st.dev.

0.47
0.33
38.0
343.2
0.39
4.7’10
0.27
0.010
0.034
15.58
1.11

0.055
0.081
3.58
110.97
0.076
7.26’10
0.017
0.0017
0.0023
2.06
0.044

Lake Silkajirvi, lst version
Variable
bsa

bsb
CEC
K30
8
?co2

Q
S
wr
Z1
Z3

Ä priori range
min
max
0.35
0.15
28.8
125.9
0.28
2.510
0.24
0.007
0.020
12.26
0.63

0.55
0.45
43.2
501.2
0.52
6.21cf3
0.30
0.013
0.036
18.40
1.17

Ä posteriori statistics
max
min
0.37
0.18
30.5
128.0
0.29
3.5’10
0.24
0,007
0.029
12.59
1.02

0.54
0.44
42.3
497.1
0.51
5.7’10
0.30
0.013
0.036
18.40
1.17
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Lake Sonnanen,

Variable

f2nd version

Ä priori range
max

min
bsa
bsb
CEC

f

K30
kso
0f
ico2

Q
5
wr

Z1
Z3

0.70
0.65
36.8
0.20
125.9
0.13
0.18
-4
2.510
1.60
0.24
0.007
0.015
7.46
3.01

Lake Sonnanen,
Variable

bs
bs6
CEC
K30
0
Pco2

Q

5
ur
Z1
Z3

0.90
0.95
55.2
0.30
501.2
0.50
0.33
-3
6.2l0
2.40
0.30
0.013
0.029
11.20
5.59

0.70
0.65
37.4
0.20
130.1
0.13
0.18

i.rio -3

1.68
0.24
0.008
0.016
8.32
3.12

0.88
0.93
55.1
0.29
481,7
0.40
0.30
2.O’lO -3
2.30
0.30
0.013
0.023
10.81
4.08

mean

st dev.

0.80
0.76
45.5
0.25
290.1
0.25
0.24
l.6’lO -3
1.97
0.27
0.010
0.019
9.62
3.51

0.060
0.090
6.99
0.030
105.95
0.094
0.048
-5
3.11’lO
0.214
0.016
0.0018
0.0023
0.771
0.320

mean

st.dev.

0.87
0.80
47.7
315.8
0.24
1.9’lO
0.27
0.011
0.024
8.59
3.86

0.020
0.011
2.68
144.46
0.065
6.14’lO
0.018
0.0017
0.0028
1.14
0.316

.

lst version

Ä priori range
min
max
0.70
0.65
36.8
125.9
0.18
2,5’lO
0.24
0.007
0.015
7.46
3.01

Ä posteriori statistics
min
max

0.90
0.95
55.2
501.2
0,33
6.2’lO
0.30
0.013
0.029
11.20
5.59

Ä posteriori statistics
min
max
0.85
0.70
45.0
150.9
0,18
1.8’lO
0.25
0.009
0.021
7.63
3.50

0.89
0.90
50.4
419.7
0.31
2.0’lO
0.29
0.012
0.026
9.85
4.09
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Lake Gårdsjän,

2nd version
Variable

bs0
bsb
CEC

0.05
0.05
108.0
0.44
125.9
0.08

f

K50
k50
9,

wr
Z3

Variable
bsa

b3b
CEC

f

K30
kso

0.61
2.23
3.8’10

0.40
0.049
0.036
0.53

0.49
0.091
0.066
0.97

0.48
0.049
0.052
0.94

0.25
0.20
372.0
0.08
125.9
0.23

e

Lake Hovvatn,
Variable
bsa
bsb

CEC
K50
0
?co3
S
wr
Z1
Z5

2nd version
Ä priori range
min
max

?co2
o
S
wr
Z1
Z3

0.23
0.22
129.8
0.59
311.1
0.26

0.65
3.00
6.2’10

?co2
S

0.25
0.30
162.0
0.66
501.2
0.30

0.35
2.00
2.5’l0

io

Lake Hovvatn,

Accepted value

Ä priori range
min
max

0.45
0.50
558.0
0.12
501.2
0.92

Ä posteriori statistics
min
max
0.25
0.20
372.1
0.08
126.3
0.23

0.45
0.50
558.0
0.12
500.0
0.92

mean
0.36
0.35
464.6
0.10
276.4
0.57

st.dev.

0.050
0.086
54.18
0.012
100.58
0.197

0.28
2.5’lO

0.52
6.2’lO

0.28
2.6’lO

0.52
6.1’lO

0.40
3.3’lO

0.072
1.6T10

1.60
0.105
0.011
4.05
0.21

2.40
0.195
0.019
6.08
0.39

1.60
0.106
0.011
4.06
0.21

2.40
0.195
0.019
6.08
0.39

2.01
0.150
0,015
5.09
0.30

0.237
0.0260
0.0027
0.579
0.053

mean

st.dev.

0.37
0.36
464.8
281.5
0.40
3.3’lO

0.048
0.090
53.308
102.20
0.071
1.71’lO

1sf version
Ä priori range
min
max

0.25
0.20
372.0
125.9
0.28
2.5’lO
1.08
0.105
0.011
4.05
0.21

0.45
0.50
558.0
501.2
0.52
6.2’lO
1.32
0.195
0.019
6.08
0.39

A posteriori statisticR
min
max
0.26
0.20
372.1
127.0
0.28
2.6’lO
1.08
0.105
0.011
4.06
0.21

0.45
0.50
558.0
501.1
0.52
6.1’lO
1.32
0.195
0.019
6.08
0.39

1.20
0.151
0.015
5.02
0.30

0.072
0.0270
0.0025
0.591
0.051
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