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Abstract
Forests on the Kola Peninsula in Northern Russia grow close to the northern tree line. They

are subjected to both natural and anthropogenic stress factors. The Cu-Ni smelter 'Severonikel'
(Lat. 67°55'N; Long. 32°57'E) near Monchegorsk is one of the two major sources of sulphur
dioxide and heavy metals emissions on the Kola Peninsula. These emissions have caused
significant deterioration of the surrounding vegetation.

The thesis demonstrates how methods of Remote sensing, ground survey and mathematical
modelling can be integrated for monitoring of the smelter's environmental impact on the
surrounding vegetation: ground truth data are used for calibration of remote-sensed data, which
further serve to verify mathematical models.

The study aims were:
• to estimate the scale of airborne sulphur pollution from the smelting industry on the Kola

Peninsula and its effect on vegetation;
• to assess spatial extent of the forest decline in the 'Severonikel' smelter impact zone;
• to display dynamics of the forest damage area in spatial and temporal perspective;
• to validate the Gaussian plume sector model and the IIASA forest impact model as

components of the analysis of forest damage.
The Regional Acidification Information and Simulation model (RAINS) was applied to

calculate sulphur deposition and loads in Fennoscandia in order to assess the contribution of the
Kola sources to the deposition pattern in the region. The percentage of the ecosystems where the
critical load had been exceeded was calculated. For more detailed assessments, calculations based
on local and meso-scale models were made.

Landsat-MSS summer images from 1978, 1986 and 1992 and a Landsat -TM image from
1996 were used for change-detection analyses. The methods applied were bandwise histogram
matching and subsequent differencing. An unsupervised classification of land-cover was made
using the 1996 Landsat-TM image. In situ observations of vegetation type and degradation levels
on permanent field plots were used for labelling the classes.

Multispectral changes observed between 1978 and 1992 were used to evaluate the relevance
of the Gaussian plume model (Baklanov & Rodyushkina 1993) as a component for assessment of
forest decline.

The IIASA model (Makela et al. 1987) for accumulated impact in forests under long-term
exposure to airborne sulphur was applied for the period of 1960-1996. The input data used were
plant sensitivity parameters and SO2 ambient concentrations predicted at a previous stage. The
model was validated by ground truth data and the results of the 1996 classification. Effects of
topography and episodes of high concentrations were additionally investigated by a 3D numerical
modelling (Baklanov et al. 1996).

Results:
•Comparative analysis by the RAINS model showed a significant, but local impact of the Kola
sources on adjacent parts of the Nordic countries.
•Remote sensing has revealed vegetation decline in large areas around the 'Severonikel'. The
damaged area expands more north than south of the smelter due to a dominance of southern winds
during the vegetation period, and a sheltering role of topography as revealed by 3D modelling.
•Multispectral changes detected between 1978 and 1992 were found to have a statistically
significant correspondence to the modelled long-term SO2 concentration levels in ambient air. This
validates the Gaussian plume model.
•The impact model was validated by in situ field data and by the classified 1996 scene.
•Both Remote sensing analysis and the impact model show a rapid expansion of the degraded area
during 1978-1992 and its stabilisation since that time which is consistent with the reduced
emissions.
•An exceptional expansion of forest damage south of the smelter in 1992 is likely to be
linked to an episode of high concentration prior to the image acquisition or extreme climatic
conditions.

Key words: sulphur and heavy metals, smelter, change detection.
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Abbreviations and definitions

TM - Thematic Mapper

MSS - Multi-Spectral Scanner

PCA - Principal Component Analysis

NIR - Near-InfraRed

NDVI - Normalized Difference Vegetation Index (NDVI=(pNIR-pR)/(pNiR+pR))

MNDVI - Modified Normalized Difference Vegetation Index to minimize soil

and atmospheric noise (MNDVI= NDVI(1-C2H2)/(1+C,H1),
where Hi= (CnpR-pB+CI2)/( pVp2

R), H2= l/(CnpR-pB+CI2),
C[ - coefficients correcting for soil and atmospheric noise (Solheim et al. 1995).

SR - Simple Ratio (SR = p M /pR)

EMR - ElectroMagnetic Radiation

RAINS - The Regional Acidification Information and Simulation model

ETS - Effective Temperature Sum (degree*days)

3D - three dimensional

GIS - Geographical Information System

GPS - Global Positioning System

IIASA - Institute of Applied Systems Analysis

Impact zone - a zone around a polluting source where its impact is dominating

Critical level/load - the highest concentration/deposition of a pollutant that will
not cause harmful effects on ecosystems according to present knowledge

Episodes - episodes of high concentrations (SO2 > 350 |xg/m3) of a short
duration - from several hours up to a couple of days

Industrial barren - a desert-like area around a polluting source with dead forest
and eroded soil



1. Introduction into the environmental problems
in the Kola Peninsula

/./. Study areas
The Kola Peninsula or Murmansk region of the Russian Federation
(~100,000 km2) is the most north-western part of Russia. Paper I is
focused on regions of different sizes: Fennoscandia (A), the Kola
Peninsula (B) and the impact zones of the Kola smelters 'Severonikel' (C)
and 'Pechenganikel' (D) (Figure 1). The study area in papers II-III is the
impact zone of the 'Severonikel' smelter, a 112 by 76 km region in the
central Kola Peninsula (Figure 1C). The smelter 'Severonikel' is located 5
km south of Monchegorsk, close to the northern tree limit. Topography is
rugged and mountainous with elevations ranging from 127 to 1200 meters
above sea level. Average air temperature is -0.5 °C. Meridional winds
dominate in the study area.

68°27'

67°26' 32°04'

Figure 1. The study areas used in paper I: Fennoscandia (A), Kola Peninsula (B) and the impact
zones of the Kola smelters 'Severonikel' (C) and 'PechenganikeP(D) and in papers II-III (C).

The study area (C) belongs to the northern boreal zone, mostly covered by
12-16 m high coniferous forests. The forest-forming species in the region
are: Scots pine (Pinus sylvestris), Siberian spruce (Picea abovatd) and
birch {Betula pubescens). Pine-dominated forest is generally associated



with dry sandy podzol soils with low nutrient content, whereas spruce-
dominated forest is mostly confined to wet illuvial podzols with high
content of nutrients. At altitudes of 320-350 m above sea level the
coniferous forests are gradually replaced by subalpine birch forests mixed
with rowan (Sorbus aucuparia) and aspen (Populus tremula). The tree
line in this area is approximately 350-400 m above sea level. Above this
different types of tundra dominate. In the higher alpine regions barren
rock and stony areas are frequent.

1.2. Main pollution sources
Despite the presence of areas with the undisturbed nature in its eastern
parts, the Kola Peninsula is the most industrially developed and urbanised
region in the Russian North. Until 1991, 170 industrial enterprises of the
region annually emitted into the atmosphere approximately 700,000 tons
of pollutants (Baklanov 1994). Since 1991 the emissions have decreased
because of the economic crisis.

The risk to the environment on the Kola Peninsula can be divided in two
types:
1. actual risk of industrial pollution
- from the metallurgical smelters (airborne);
- from the mining and concentration activities (both air- and waterborne);

2. potential risk of radioactive pollution from hypothetical accidents at
the Kola Nuclear Power Plant and numerous nuclear units of the Northern
Navy and Murmansk Fleet (air- and waterborne).

The main sources of actual pollution in the region are the gigantic non-
ferrous metallurgical enterprises: the smelters 'Severonikel' near
Monchegorsk and 'Pechenganikel' in Nikel and Zapolyarny contribute
approximately 80% of the SO2 emission in the region (each at the average
rate of 200,000 tons annually) and practically 100% of nickel and copper,
whereas the Kandalaksha aluminium plant is the main source of emission
of fluorine hydrogen and insoluble fluorides (Kalabin & Evdokimova
1993) (Figure 2).

1.3. Main effects on the environment
As for the smelting industry, the most environmentally dangerous are the
emissions of sulphurous gas, heavy metals and combinations of fluorine
(Kryuchkov & Makarova 1989). Their influence can be manifested as
deterioration of forest ecosystems (Lukina & Nikonov 1993, 1996),
acidification of soils (Kalabin & Evdokimova 1993) and surface waters
(Moiseenko 1994) at considerable distances from the smelters.

9



For example, sulphurous gas mainly exerts direct foliar damage (Litinsky
1996, Makela et al. 1987), because alkaline dust mitigates acidification
processes in soil (Alexeyev 1990, Litinsky 1996). In contrast, heavy
metals mainly have an effect via soil toxification (Norin & Yarmishko
1990, Alexeyev 1990, Tikkanen & Niemela 1995), cause nutritional
disturbances (Lukina & Nikonov 1997) and greatly complicate forest
regeneration (Selikhovkin 1993). Among the pollutants, SO2 appears to be
the dominating toxicant for forest ecosystems in the area (Boltneva et al.
1982, Kryuchkov 1988). The share of industrial pollution in the process of
forest decline was estimated to be 50-70%, followed by fellings and wild
fires in promoting forest degradation (Selikhovkin 1993).

Figure 2. Principal sources of pollution in the Kola peninsula:
Murmansk - naval shipyards, nuclear vessels;
Zapolyarnyy - open pit Ni mine, Cu-Ni ore roasting;
Monchegorsk - the 'Severonikel' smelter;
Nikel - the 'Pechenganikel' smelter;
Lovozero, Revda - mine (U etc.);
Kirovsk - open pit apatite mine, apatite processing;
Apatity - coal-fired power station, nepheline waste, apatite processing;
Severomorsk - military base, nuclear vessels;
Olenegorsk - open pit iron mine; mica mine;
Kandalaksha - Al smelter;
Polyarnye Zori - nuclear power plant.

Due to high-sulphurous ores (30 % S) and primitive protection measures,
the past sixty years of smelter operation have caused severe
environmental degradation in the area (Pozniakov 1993). Within a 100-
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km gradient from the smelter a transition from the industrial barren to
undisturbed ecosystems is displayed (Lukina & Nikonov 1996).
Unnatural changes have occurred in both the structure of the forest and
in the species composition (Tsvetkov 1993, Kozlov & Haukioja 1995).
Declined primary forests are mostly replaced by deciduous shrubs
(Selikhovkin 1993). Transformation of dominant microgroups,
appearance of new pollution-induced microgroups containing D.
flexuosa, and increase in the frequency of microgroups resistant to
pollution (those containing Empetrum) are observed (Lukina et al. 1993).

1.4. Scale of pollution
The airborne pollution from the Kola sources has caused an international
concern, since the Kola Peninsula is a neighbour of the Nordic countries.
The 'Pechenganikel' smelter is situated only 7 km away from the Russian-
Norwegian border and has a considerable impact on Northern Norway.
Both smelters were believed to also influence Finnish Lapland (Tikkanen
&Niemelfil995).

The total territory of the Kola Peninsula where the critical depositions of
sulphur (0.3 gS/m2yr) is exceeded occupies more than 90,000 km2

(Tuovinen 1993). As a result, visible damage to forest takes place in a
territory of over 39,000 km2 and forest death occurs over 1,000 km2

(Rigina & Kozlov 1998). Although metal depositions are generally
confined to smaller areas (within 40 km radius, Tikkanen & Niemela
1995) than depositions of anthropogenic sulphur, metal concentrations in
lichens in late 1980s exceeded the background level by a factor of 2-5
over one-half of the Kola Peninsula (Evseev & Krasovskaya 1990).

1.5. Objectives
The objectives of the study were:

• to estimate - by means of mathematical modelling - the scale of
airborne sulphur pollution from the smelting industry on the Kola
Peninsula and its effect on vegetation;

• to assess - by means of Remote sensing and mathematical modelling-
the spatial extent of the forest decline around the 'Severonikel' smelter
in 1996;

• to display the dynamics of the forest damage area in spatial and
temporal perspective (1978-1986-1992-1996) by analysis of multi-date
satellite data and mathematical modelling;

• to validate the Gaussian plume sector model and the IIASA forest
impact model as components of the analysis of forest damage.

11



2. Literature Review

2.1. Detection and mapping of forest damage
The impacts of airborne sulphur pollution on northern forest ecosystems
have received much attention during the last decades (Kryuchkov &
Makarova 1989; Norin & Yarmishko 1990; Alexeyev 1990; Lukina &
Nikonov 1993, 1996; Tikkanen & Niemela 1995). The results of these
studies, however, are difficult to compare since they are based on different
approaches towards the problem. Besides, ground-based studies in the
area have spatial limitation due to the mountainous relief, sparse network
of roads and a restricted access to some territories.

Coupled with the ground survey, satellite Remote sensing possesses
several advantages and provides a potential tool for detection of forest
decline, in particular due to aerial pollution (Nilsson & Duinker 1988).
Remote sensing images over the Kola Peninsula exist since the 1960s,
when the American spy satellite series Corona (2 m resolution) were
operating. Later on, pictures were taken, among others, by the Landsat-
MSS (80 m pixel size, from 1972), Landsat-TM (30 m pixel size, from
1982), Russian COSMOS (2 and 10 m resolutions, from 1979) and
RESURS-01 (45 m [MSU-E] and 175 m [MSU-SK] pixel sizes, from
1989), SPOT (10 and 20 m pixel sizes, from 1986) and IRS-1C (6 m pixel
size, from 1996).

On the Kola Peninsula, Remote sensing has been successfully applied for
detection and mapping of forest damage around both 'Pechenganikel'
(T0mmervik et al. 1991, 1993, 1995, 1998; Roberts et al. 1994; Johansen
et al. 1995) and 'Severonikel' smelters (Mikkola & Ritari 1992; Kravtsova
et al. 1995, 1997; Mikkola 1996; Solheim et al. 1995; Rees and Williams
1997) and in the Lapland biosphere reserve (Buznikov et al. 1995). It was
possible to distinguish spectral signatures of damaged and healthy forests
(Kravtsova et al. 1995; T0mmervik et al. 1991, 1993, 1995, 1998; Solheim
et al. 1995; Buznikov et al. 1995; Mikkola 1996; Rees & Williams 1997).
Confusion between classes, for example, damaged spruce and healthy pine
(Rees & Williams 1997) can be reduced by extensive ground truth data and
slope correction based on data from a digital elevation model (Ekstrand
1993). Around both smelters, based on extensive ground truth data, it was
possible to stratify six zones of pollution impact, from industrial barren to
undisturbed areas (T0mmervik et al. 1995; Mikkola 1996). Buznikov et al.
(1995) based on the content of metals and ions in the snow cover and
spectral reflectance from a summer 1990 image registered by Cosmos-
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1939 (MSU-SK) and spectroscopy of ground vegetation, discriminated
five damage classes along a certain gradient in the Lapland biosphere
reserve.

2.2. Earlier Remote sensing based change detection studies on Kola
The 'Severonikel' smelter impact zone
For the surroundings of the 'Severonikel' smelter various change detection
methods were used by Solheim et al. (1995), Mikkola (1996), Rees and
Williams (1997), Kravtsova et al. (1997). Solheim et al. (1995) applied a
multi-date unsupervised clustering algorithm for land-cover classification
using images from 1978-1986-1992-1994 followed by post-classification
comparison for all the scenes; and PC A method for Landsat-MSS and
MNDVI for Landsat-TM scenes. They estimated that the industrial barren
and the area of partly damaged vegetation around the smelter were tripled
between 1978 and 1994.

A hybrid unsupervised-supervised classification was used by Rees and
Williams (1997). For a Landsat-MSS time-series from the years 1978-
1980-1985-1986-1989-1992, they found that the most changes had
occurred since 1989 and attributed the variability in the expansion pattern
to a change in local meteorological conditions.

Mikkola (1996) used NDVI trends and unsupervised classification for
change detection when analysing a Landsat-MSS time series from the
years 1978-1980-1986-1989. He concluded that the barren area nearly
doubled between 1978 and 1989.

Kravtsova et al. (1997) successively applied a supervised maximum
likelihood classification separately for tundra and forest areas for a
Landsat-MSS time series (1978-1986-1992) with subsequent post-
classification comparison based on extensive ground truth data.

The 'Pechenganikel' smelter impact zone
T0mmervik et al. (1995), and H0gda and T0mmervik (1996) used a time
series from the years 1979-1985-1988 of Landsat-MSS summer images
together with Landsat-TM data from the years 1985-1988-1992-1994 for
detection of multi-date alteration in forest state around the 'Pechenganikel'
smelter. The change detection methods used were unsupervised, post-
classification comparison for all images; MNDVI for Landsat-TM and
PC A for Landsat-MSS; and, a change detection image composited of NIR
MSS channels from different registrations. As a result, they revealed an
expansion of damaged area around the 'Pechenganikel', estimated the
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annual increment of damage and made a conclusion about a stabilisation
after 1988 coinciding with a decrease in SO2 emissions.

2.3. Correlation between pollution and forest health
Some attempts were undertaken to determine the degree of correlation
between air pollution and the vegetation conditions in the impact zones of
emission sources. T0mmervik et al. (1992, 1998) compared the average
annual SO2 concentration in 1992 with Remote sensing based change
detection maps for the 'Pechenganikel' smelter. Since the reflectance of
common moss and lichen species is effected by the concentrations of
metal pollutants accumulated in tissues, lichen (Cladina spp.) was used by
T0mmervik et al. (1991, 1993, 1995) and Ifegda et al. (1996) as a
remotely sensed bioindicator in the 'Pechenganikel' impact zone. They
reported a high correlation between an increase in SO2 emissions and a
decrease of the area covered by lichen-dominated vegetation.

Odasz-Albrigtsen and T0mmervik (1998) compared photosynthetic
capacity in situ to modelled ambient SO2, canopy damage, and heavy metal
content and NDVI from the 1994 Landsat 5-TM scene along a gradient
from Kola to Norway. They found a high correlation between the
photosynthetic capacity in many species and NDVI. Although mixed forest
appears to mitigate SO2 influence on understory species, the more exposed
plants in the birch forests showed a high correlation with modelled SO2

and NDVI.

Mikkola (1996) found a positive correlation between SO2 level and
thermal radiation (Landsat-TM, band 6) around the 'Pechenganikel'
smelter. He compared Landsat-TM images with the modelled SO2

concentration pattern for both 'Pechenganikel' and 'Severonikel' smelters
and concluded that severely damaged area corresponded to annual average
SO2 concentration of 40-60 jJ.g/m3.

Some attempts were made to model pollution-induced forest decline for
individual trees, compartments, or regions (Boltneva et al. 1982; Makela
et al. 1987; Alekseev 1995; Tarko et al. 1995). However, most of the
estimations provided in these publications are rough and thus advisable to
be used in combination with data of ground and/or remote surveys.

2.4. Studies on pollution-induced forest decline outside the Kola
Pitblado and Amiro (1982) used Remote sensing for mapping of damaged
vegetation around a similar Cu-Ni smelter in Sudbary, Canada based on
Landsat-MSS dataset from 1977. The pollution source in consideration
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was similar to the 'Severonikel' smelter with respect to major pollutants,
emission rates and long-term impact. They tried both supervised and
unsupervised classifications, and stated a problem linked to overlapping
between spectral classes. In contrast, the best results were obtained with
Simple Ratio (NIR/R), and nine vegetation classes were successfully
distinguished.

Litinsky (1996) applied Remote sensing data from the Russian scanner
MSU-E from 1992 to detect boreal forest decline around the Kostomuksha
ore-dressing mill in Karelia. This study is somewhat similar to ours
because of climatic conditions, polluting source, major pollutants (SO2and
heavy metals), and long-term impact (since 1982). He applied the Simple
Ratio (NIR/R) and was able to separate the pine forest in three groups
regarding damage level and attributed the damage area shape to the local
wind pattern. He also revealed a high correlation between the Simple Ratio
and defoliation index observed in the field.

Bochenek et al. (1997) studied spruce forest in the Sudety Mountains, a
heavily polluted area on the border area between Poland, Germany and the
Czech Republic, called the 'Black Triangle'. Multiple polluting sources
form a complex pollution pattern, however, the major pollutant being SO2

and the pollution load comparable with that in the Kola Peninsula (annual
mean exceeds 60 ug/m3 in the severely damaged zone). Landsat-TM
datasets from 1984 and 1990 coupled with Landsat-MSS from 1976 were
classified separately by means of supervised classification. The authors
were able to distinguish three classes of forest regarding damage level.
Based on post-classification comparison, they stated that the area of
healthy forest decreased two times between 1976 and 1990.

Ekstrand (1993) also studied heavy forest decline at the Sudety Mountains
in Poland. The forest damage symptoms were chlorosis and heavy
defoliation. Based on a Landsat-TM image acquired in the summer of
1984, he tested several vegetation- and chromaticity indexes for detection
of forest decline and reported that TM 5/4 and TM 4/(4+5+7) performed
best. He also reported about a confusion between spectral classes of
heavily damaged spruce and pine that might be improved by extensive
ground truth data and a digital elevation model.

Ard0 et al. (1997) assessed an extent and rate of deforestation between
1972 and 1989 in the heavily polluted Krusne Hory mountains, a border
area between the Czech Republic and Germany. Despite certain
similarities with our study, there the main pollutants are both SO2 and
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NOX. Datasets registered by Landsat-MSS in 1972, 1979 and 1982 as well
as by Landsat-TM in 1985 and 1989 were used for change-detection
analysis. Supervised classification was applied for each dataset, and
coniferous forest was discriminated in three classes regarding damage
level. Post-classification comparison revealed that coniferous forest area
decreased by 52 % between 1972 and 1989. Because of multiple polluting
sources, the authors were unable to find a correlation between a damage
level and a distance from the sources.

Donchenko et al. (1998) monitored boreal pine forest in an area near St-
Petersburg, along the Russian-Estonian border, heavily polluted by
sulphur, which is similar to our study. ERS 1/SAR and Landsat-MSS
datasets covering the period of 1989-1995 were used in the analysis. Each
SAR image was separately interpreted by supervised classification. For the
Landsat datasets NDVI and both supervised and unsupervised
classifications were tested. As a result, the authors concluded that the best
results were attained by supervised classification of the Landsat datasets
and the worst results were from the SAR technique. NDVI was capable of
discriminating spectral signatures of damaged and healthy trees. Moreover,
NDVI showed a correlation with ground monitored heavy-metal pollution
in mosses and humus horizon.
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3. Some concepts

3.1. Spectral changes in forest
Two fundamental assumptions for using digital sensors for change
detection in forest ecosystems are (modified from Coppin & Bauer 1996):
1. Major changes in the forest canopy dynamics cause a local change in
electromagnetic radiation (EMR) values that can be remotely sensed.
2. Any major local variations over time in the remotely sensed EMR
values for a particular forest area can be associated with an alteration in
biophysical properties of the surface.

Proceeding from this, stress to boreal forests, often displayed as chlorosis,
necrosis and premature defoliation, can be detected by Remote sensing
methods because it effects the spectral signatures. It mainly manifests as a
decrease in NIR and an increase in visible wavelengths (Colwell 1983;
Hame 1991; Ekstrand 1993, Litinsky 1996). However, these trends can be
camouflaged by influence of understory, field layer and barren soil,
especially for sparse forests without a closed canopy.

Forest canopies are subjected to inherent long-term (growth) and
phenological changes. These changes effect the spectral analysis
negatively. Assessing forest decline attributed to aerial pollution is also
complicated by vegetation disturbances due to short-term natural
phenomena such as insect infestation, and by man-made changes of
longer-duration, e.g., logging, as well as factors subsequent to air
pollution, e.g., recurrent forest fires. The causes of a stress should be
checked during a ground survey. The proper understanding of the nature
of change and the principles that enable its detection and categorisation
are usually more complex than the simple detection of the change event
itself.

3.2. Image acquisition
For change detection, the appropriate selection of imagery acquisition
dates is important, along with the choice of the sensors and the change
detection algorithms. The problem has two dimensions: the calendar
acquisition dates and the change interval length (temporal resolution).

Because local seasonal effects are especially confusing during leaf-off and
autumn coloration, Hame (1991) concluded that summer and winter are
the best seasons because of their phenological stability. Coppin and Bauer
(1995) recommended a periodicity of four to six years for human-induced
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and natural canopy disturbances. Because of different snow conditions
and low sun angle during winter in the Kola North, we preferred summer
imagery at peak green (from approximately 10 June to 10 August - on the
Kola Peninsula) for disturbance monitoring on Kola. Periodicity of the
data acquisition was determined according to the availability of satellite
data of acceptable quality (four to seven years).

Image data were acquired for the study area from three occasions: a 1978
image registered by Landsat 2-MSS, and 1986 and 1992 images registered
by Landsat 5-MSS. Additionally, a Landsat 5-TM image from summer
1996 was used in the analysis. The first registration (dated 1978) is only 3
years after a major increase in emission level (due to processing of high-
sulphurous Norilsk ores), the 1986 image was taken three years after a
peak of emission, and the 1992 data set coincides with the beginning of
emission fall, and the 1996 scene reflects the recent situation. The
technical quality of the data was considered satisfactory, although a
striping due to insufficient detector calibration was apparent in the visible
bands of all the Landsat-MSS registrations. Despite the biggest
phenological difference between the last two images (10 June 1992 - just
after leaf-flush - and 8 August 1996 - later in the vegetation period), the
1996 image was not yet affected by autumn discoloration.

3.3. Multitemporal calibration
Pre-processing for change detection includes: multi-date image
registration and radiometric relative calibration. Accurate geometric
registration of the multi-date imagery is absolutely essential to digital
change detection. The second critical requirement for successful change
detection is that a common radiometric response is required for
quantitative analysis of multiple images acquired on different dates. Prior
to change detection, one has to account for variations due to different
angles between illumination source, canopy and sensor; atmosphere;
signal registration and processing.

Geometric correction
The MSS scenes were separately georeferenced to the map co-ordinate
system in the Gauss-Krueger projection adopted in Russia with a
registration error of about 0.5 pixel size (< 1.0 pixel between the images)
and then resampled to 70 m x 70 m pixel size by means of bilinear
interpolation. In the latest study (Rigina et al. 1998), the Landsat-MSS
satellite scenes were separately rectified to the Landsat-TM scene in UTM
projection with a registration error of less than a pixel size. Prior to this,
the Landsat-TM scene was corrected by GPS measurements.
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Correction for atmosphere
The atmosphere effects EMR by scattering, absorbing and refracting light.
These atmospheric effects can be corrected for by two major methods:
•absolute calibration based on physical principles:
- atmospheric transmission models to remove the atmospheric effects for
each image (if atmospheric optical depth and sensor calibration data are
available);
- methods based on reflectance from invariant ground targets (asphalt and
concrete surfaces or clear water);
- in situ reference measurements of different land-use and vegetation
classes during each satellite overflight;
•image-to-image relative calibration based on statistical principles:
- using pairwise observations of pixel values for specific objects, such as
e.g. regression functions;
- distribution based methods, such as histogram-matching.

For change detection in paper II, an iterative histogram matching was
applied. The algorithm iteratively calculates a transformation function to
match the histograms of two images. Fractions of observations (normally
5-20%) with the currently largest residuals are discarded from the
calculations in each iteration step. All observations are reconsidered at the
start of the next iteration step.
This approach was preferred to absolute calibration and linear regression
techniques because of the following reasons:
•Absolute calibration techniques require very detailed information on
atmospheric conditions, sensor calibration, vegetation composition and
temporal dynamics to model the phenological differences correctly.
•It is robust to geometric displacements.
•It compensates for some differences in vegetation phenological stage.
•Regression methods tend to bias relatively dark (forest) and bright
regions and are also rather sensitive to geometric displacements.
•The errors for absolute calibration are considerable compared to changes
under study (Olsson 1994).

3.4. Change detection
There is a variety of analysis methods to detect forest canopy changes.
They basically can be separated in two broad classes: simultaneous
analysis of multi-temporal data versus comparative analysis of
independently produced classifications for different dates. Another way is
to classify them as linear procedures (differencing and ratioing of images),
classification routines (post-classification comparison, spectral change

19



pattern analysis, logical pattern change detection, radiance vector shift),
transformed datasets (vegetation index differencing, PCA) and others
(knowledge-based expert systems) (Coppin & Bauer 1996).

As it is clear from the literature review, for analysis of multi-temporal
changes in the boreal forests on the Kola Peninsula, post-classification
comparisons have been applied frequently.

In our studies we tried three methods: PCA, post-classification analysis
based on supervised maximum likelihood classification and change
detection based on histogram matching and subsequent image
differencing. Whereas the first two approaches produced confusing
results, the latter analysis yielded results consistent with ground-based
survey.

3.5. Ground truth data
Ground truth data serve to aid in the analysis and interpretation of
remotely-sensed data. Since we studied forest decline, we tried to
discriminate not only different land-use classes, and subclasses within the
non-alpine vegetation class, but also tried to recognise different damage
levels in certain vegetation subclasses. The sampling design served this
aim. We used existing permanent plots established in 1978 by the Institute
of Northern Ecology Problems. In 1996 we measured the plot locations by
GPS. Prior to this, the plot positions were located on a basic topographic
map. Since monitoring results are available for the plots since 1978, they
can also be used for the earlier images in the change-detection analysis.

The principles of locating the plots were:
principle of uniformity - it is possible to correctly compare parameters
attributed to different pollution levels only for ecosystems of similar
types.
gradient approach - it is necessary to take into account the decreasing
effect of airborne pollution as distance from the smelter increases.
Each plot has a description of:
- terrain conditions (type, relief, slope, aspect, cover type, percent barren);
- stand description (structure, layer, species composition, age, closure,
average height and diameter at the breast height, basal area);
- damage level.

3.6. Sensitivity and critical levels
Moss and lichen appear to be the species most sensitive to industrial
pollution, whereas shrubs and grasses are the most resistant (Kryuchkov
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& Makarova 1989). Foliate trees reveal more tolerance than coniferous
(Kozlov & Haukioja 1995). The sensitivity of spruce and pine is very
similar (Alexeyev 1990). Young and middle-aged stands are more
resistant (Tsvetkov 1993). In coniferous forest, old needles from the
upper part of the crown are most vulnerable (Lukina & Nikonov 1997).

It is necessary to distinguish two damaging mechanisms: long-term
exposure to pollution, and episodes when acute damage to vegetation
occurs. Degradation of forest ecosystems due to moderate pollution lasts
for several decades (Kryuchkov 1993). After episodes of high
concentrations, chloroses occur during several hours, and necroses occur
during 1-3 days (Alexeyev 1990). Earlier results indicate (Materna 1985)
that long-term exposure to SO2 better reflects damage pattern than peak
concentrations.

Critical levels are defined for both damage types. According to ECE
(1988), for spruce critical levels are 50 u.g/m3 - as daily average for the
vegetation period, and 25 |o,g/m3 as an annual average. However, the
damaging effect of SO2 can also occur under lower concentration
conditions if there are other stress factors present, such as, low
temperature (Sherbatyuk 1988). A critical level of 15 p.g/m3 is suggested
for forests in Northern areas (Convention 1985). But nevertheless, some
researchers suggest lower values: Tsvetkov (1993) recommended a
critical level of 7 ug/m3, and Manninen and Huttunen (1997) proposed a
critical level of 5 p.g/m3 for both the vegetation season and annual mean.

Acute damage may happen under SO2 exposure to 130-1300 |ag/m3

during 8 h (Mudd 1975) for sensitive species. Acute leaf damage to forest
(necroses) was reported at the SO2 level of approximately 1,000 |ig/m3

during 1 h (Baklanov & Sivertsen 1994).

In calculations we used SO2 critical levels of 15, 50 and 80 |J.g/m3 which
represent areas with different damage levels regarding coniferous - visible-
damage (level 2), severe damage (level 4) and industrial barren (level 5).
On the other side, the same critical levels explain health variability within
the visible-damage zone for different species: conifers - spruce, pine
(critical level is 15 u.g/m3), deciduous - birch (critical level is 30 |ig/m3)
and willow shrubs and grasses (critical level is 70-100 ug/m3).

3.7. Mathematical modelling of pollution pattern
There is a variety of atmospheric dispersion models developed. The
choice of a model is generally based on the following factors: spatial and
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temporal scales to be modelled; response time (averaging time); source
parameters - point/area, continuous/puff release; complexity of the terrain;
meteorological data available; and desired modelling accuracy and
available computer capacity.

Local scale (up to 10-50km)
The local-scale models may roughly be divided into four groups: Gaussian
type models; numerical models; puff trajectory models; and box models.

The simplest and the most commonly applied are Gaussian plume
dispersion models for prediction of pollution dispersion in local scale. The
models are based on the Gaussian probability distribution of
concentration in vertical and horizontal crosswind directions relative to
the plume centreline. The models represent a simple analytical solution of
the continuity equation.

In contrast, numerical models are based on numerical solution of the
equations of air flow and pollution transport. They overcome many
problems inherent for the Gaussian models, but being very demanding on
computer time, they are usually applied for analysis of certain episodes
and/or effects of topography.

Puff trajectory models estimate the spread of air pollution along a
trajectory of a simulated puff release. Concentrations over a certain
averaging time are estimated later on as a sum of a complex sequence
puffs.

Box models are based on the consideration of input and output within a
schematic 'budget-box'.

Meso-scale (50-300 km)
Beyond 50 km, topographical features and changing meteorological
conditions complicate the dispersion. Meteorological fields can be either
predicted by a complex model or obtained by interpolating available wind
measurements. Then concentration fields are obtained by integrating over
either a 3D grid or using an assembly of particles (statistical Monte-Carlo
simulation). Alternatively, trajectory models of pollutant transport can be
used based on real meteorological fields. Usually, a meso-scale model for
pollution transport is applied together with a meso-meteorological model
for a complex terrain.

Long-range (> 200 km)
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Over long distances, models of two types, Lagrangian and Eulerian, are
generally used, including:
• Lagrangian puff models which use horizontal wind-fields from

numerical weather forecast or observations and treat pollution
emissions as a series of puffs which are advected as columns of
polluted air along pre-calculated trajectories.

• Lagrangian particle models which are based on Monte-Carlo particle
simulations. The emission is treated as a sequence of particles which
are advected according to the evolving wind-fields in space and time,
with random perturbations in each time-step to represent the effects of
turbulent displacements with respect to the mean wind-field. However,
they are very demanding on computer time because of a large number
of particles to be tracked.

• Eulerian grid models which are based on calculated 3D wind fields
within Eulerian approach (^-theory).

In our study we used models of all types depending on scale and
objectives. For long-range calculations within Fennoscandia, a Lagrangian
grid model (Eliassen & Saltbones 1983) integrated with RAINS was used.
It is based on real meteorological data from the European Centre for
Medium-Range Weather Forecasts (ECMWF), Reading, UK.

To get the real meteorological fields in the study area is a problem,
because the meteorological network in the Kola Peninsula is too sparse,
and data from the European Centre for Medium-Range Weather Forecasts
(ECMWF), Reading, UK have too coarse resolution (50 km). Hence, a
numerical pollution transport model (Baklanov & Sivertsen 1994) was
used for meso-scale calculations in the Kola Peninsula.

Local-scale modelling of averaged annual concentration was based on a
Gaussian plume sector model adapted for the Monchegorsk area
(Baklanov & Rodyushkina 1993). For analysis of episodes of high
concentration and effects of the topography in the southern sector, a 3D
Eulerian grid model of local atmospheric dynamics and dispersion
(Baklanov et al. 1996) was applied.
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4. Summary of studies

•Airborne pollution from the Kola sources: regional and local scales.
In paper I we, within the bounds of mathematical modelling, assess the
contribution of the Kola sources in the S deposition pattern in
Fennoscandia and estimate a scale of influence of the Kola smelters.
Several mathematical models were used:
a. The Regional Acidification Information and Simulation model

(RAINS) was applied for a regional assessment of sulphur deposition
and loads in Fennoscandia. Different variants of sources were
considered: 1. all Europe, 2. north-west Russia (the Kola, Karelia and
Leningrad county) and 3. the Nordic countries. It allowed assessment
of their contribution to the deposition pattern of the region. The
percentage of ecosystems where the critical load had been exceeded
was calculated for each year. Comparative analysis of the calculations
for domestic and all European sources revealed a dominating effect of
sulphur deposition from west and central Europe (Europe minus
Fennoscandia) in general. The calculations revealed a significant, but
local impact of the Kola sources on northern parts of Fennoscandia.

b. For a more detailed delineation of the pollution pattern on the Kola
itself, estimations on the basis of a meso-scale Lagrangian model were
made taking into account only the 'Severonikel' and 'Pechenganikel'
smelters.

c. Calculations by the local-scale Gaussian plume sector model were
made for the impact zone of the 'Pechenganikel' smelter to estimate
pollution load along the Russian-Norwegian border. Calculations based
on the Gaussian plume sector model and the IIASA forest impact
model delineate the dynamics of the forest-damage area around the
'Severonikel' smelter.

•Forest decline in central Kola peninsula: local scale.
Proceeding from the conclusion of paper I about the local-scale influence
of the Kola sources (dominated by the smelting industry), in papers II and
III we focused on forest decline in the impact zone of the 'Severonikel'
smelter.

In paper II we analysed a Landsat-MSS summer time-series (1978-1986-
1992) to detect forest decline around the 'Severonikel' smelter. We first
made a major land-use classification and then further discriminated all
non-alpine vegetation by means of supervised maximum likelihood
classification with the help of ground truth data. In order to detect spectral
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changes in forest, we applied multispectral change detection techniques
based on iterative histogram-matching and subsequent bandwise
differencing for the Landsat MSS time-series. Then, we compared the
revealed multispectral changes in the forest with the spatial pattern of
modelled average annual SO2 for the whole period of 1978-1992 and also
for each sub-period.

In paper III we studied the interrelation between air pollution and forest
decline for the longer period of 1978-1996 by means of Remote sensing
and mathematical modelling. For this we compared the area of severely
damaged forest in 1996 revealed by Remote sensing with predicted
pattern of damage accumulated for the period 1960-1995 (earlier emission
data were not available), calculated by the IIASA forest impact model
(Makelaetal. 1987).

The model predicts damage caused by direct foliar impact. The input
information to the model was Effective Temperature Sums (ETS) and
annual averaged SO2 fields obtained for each year by the Gaussian plume
sector model (Baklanov & Rodyushkina 1993) based on the
corresponding meteorology and emission levels. Calculations by the
models were made for several SO2 critical levels: 15, 50 and 80 |ng/m3

corresponding to different degrees of impact: visible damage, severe
damage and forest-death with respect to conifers. Forest damage areas
corresponding to these critical levels were outlined for years with the
highest emission levels and for 1996 to compare with the damage pattern
revealed by the 1996 Landsat-TM data and field survey. Additionally,
calculations by the 3D model (Baklanov et all996) were made to explain
effects of topography and episodes of high concentrations not accounted
for in the Gaussian plume model.
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5. Conclusions

1. The calculations by mathematical models for several scales show that
environmental impact due to industrial activity on the Kola Peninsula
is, although heavy, of a local scale. Of acid emissions, NOX is not yet a
problem in the study area, and SO2 determines the environmental
situation. By calculations accounting for all European and only the
Kola sources we draw a conclusion that the domestic sources
practically determine the S deposition pattern on Kola.

2. Analysis of satellite data time series has revealed vegetation decline in
large areas around the 'Severonikel' smelter. The damaged area has a
shape of an ellipsoid expanded more north (34 km) than south (15
km) of the smelter. The unequal extents are due to some dominance of
southern winds during vegetation period, when the pollution effect is
most important, coupled with sheltering topographical effects.

3. The multispectral changes in non-alpine vegetation are found to have a
statistically significant correspondence to the modelled average annual
SO2 concentration in the surface layer. This validates the Gaussian
plume sector model as a component for assessment of forest decline.

4. The IIASA forest impact model was tested against the ground truth
data and the boundaries of different zones in 1996 coincide with the
corresponding damage level defined during the 1996 survey. The
isolines, superimposed on the classified 1996 Landsat-TM scene show
a reasonably good correspondence with the damage zone. The
difference is conditioned by a diversity within the forest class:
deciduous trees or young coniferous stands are more resistant and thus
belong to a different damage level.

5. Both the Remote sensing analysis and mathematical modelling show
an expansion of forest-damage area around the 'Severonikel' smelter
during the period 1978-1992 with subsequent stabilisation in 1996
consistent with the emission decrease.

6. The sheltering role of the Sopcha and Monchetundra mountains south
of the smelter displays in two ways as illustrated by the 3D numerical
model:
- the southern windward slopes of both mountains undergo the highest
exposure and thus mitigate the pollution concentration of the
streamlined current, and
- the pollution transport southwards is channelled through a valley
along the Imandra shore.
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The topographical effects aggravated by frequent temperature
inversions accumulate high concentration within 6 km from the
smelter.
Although in a long-term perspective, the annual average concentration
is better correlated with the damage pattern than peak concentrations
(Materna 1985), episodes might effect results of satellite-based
analysis. An exceptional expansion of forest damage south of the
smelter in 1992 is likely to be linked to an episode of high
concentration prior to the image acquisition or an effect of extreme
climatic conditions.
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8. Comparison of the conclusions versus the
earlier results

Conclusion 1 is supported by modelling results of Johansson et al.
(1989), and also by the final conclusions of the Lapland Forest Damage
project (Tikkanen & Niemela 1995) that forest decline in Finnish
Lapland is caused by overgrazing rather than pollution from Kola.

Conclusion 2 is in agreement with the earlier results of Kravtsova et al.
(1995, 1997), Mikkola (1996); Solheim et al. (1995); and Rees and
Williams (1997). However, they did not explain different extents to the
north versus to the south. Unlike other researchers we applied change
detection analysis based on histogram matching with subsequent image
differencing. Although Mikkola (1996) also used unsupervised
classification in his research, we run unsupervised classification for an
aggregated dataset to reveal a long-term trend: beside green, red and NIR
bands of the 1996 dataset, red and NIR difference-bands of 1978-1986,
1986-1992 and 1992-1996 were used in the clustering procedure. This
was made to account for the whole history since 1978.

Conclusion 3 is new, although is in agreement with findings of Solheim
et al. (1995) and Mikkola (1996) for the 'Severonikel' and T0mmervik et
al. (1998) for the 'Pechenganikel' smelters. I regard my results as a logical
continuation of the earlier results (a correlation between lichen-dominated
area and the SO2 emission rate revealed by Solheim et al. (1995); and a
correlation between the Landsat-TM thermal band, which outlined the
current heated plume of pollution at the moment of registration, and the
modelled annual average SO2 found by Mikkola (1996)). This also
supports the conclusion of Matterna (1985) that the mean annual SO2 is
more important than SO2 in high episodes.

Conclusion 4 is also new. The IIASA forest impact model was earlier
used with a long-term pollution model, but was here (Paper III) applied
for a local scale.

Conclusion 5 supports the earlier results (Kravtsova et al. 1997; Mikkola
1996; Solheim et al. 1995; Rees and Williams 1997) about an expansion of
the forest damage area until 1992. The conclusion regarding the
stabilisation since 1992 is new but is in a logical agreement with the
findings of H0gda and T0mmervik (1996) about a stabilisation around the
'Pechenganikel' since 1988, because of similar natural conditions, history
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and emission rates in both studies.

Conclusion 6 is new and explains the difference between modelled and
observed shape of the damage area.

Conclusion 7 is indirectly supported by Sivertsen et al. (1994) for the
'Pechenganikel' area. My hypothesis contradicts that of Rees and
Williams (1997). They attributed the exceptional changes between 1989
and 1992 to changes in the local meteorology, based on data from the
Murmansk meteorological station. Due to the near-shore location, this
station is non-representative for the in-land study area. Moreover, the
wind pattern from the Monchegorsk meteorological station for 1970-1990
(Berlin 1993) and that for 1957-1959 (Pozniakov et al. 1977) reveal a high
similarity, defined mainly by the local terrain. However, for a trustworthy
conclusion, additional meteorological and climatic data are necessary.
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Abstracts. Fennoscandia is subjected to a considerable anthropogenic load, where sulfur still is a
notable contributor. At the same time, the region is very sensitive to acidifying depositions. The Regional
Acidification Information and Simulation model (RAINS) was applied for a regional assessment of sulfur
deposition and loads in the Fennoscandia for the 1960-1995 temporal range. Different variants of sources
were considered: 1. all Europe, 2. the north-west Russia (the Kola, Karelia and Leningrad county) and 3. the
Nordic countries (Finland, Norway, Sweden). This allowed to assess their contribution to the deposition
pattern of the region. Percentage of the ecosystems where the critical load had been exceeded was calculated
for each year. For more detailed assessment of the influence of the sources of the Kola region, estimations
on a basis of local and meso-scale models were made.

Comparative analysis of the calculations for the domestic and all the European sources revealed a
dominating effect of sulfur deposition from west and central Europe (Europe minus Fennoscandia) in
general. The calculations showed a high, but local impact of the Kola sources on northern parts of the
Fennoscandia region.

Key words: Northern Europe, Fennoscandia, Kola Peninsula, sulfur deposition, critical loads, modeling.

1. Introduction

/446

Sulfur (S) together with N causes soil and water acidification and deterioration of
terrestrial ecosystems.
Fennoscandia (Norway,
Finland, Sweden, the Kola
Peninsula, Karelia and
Leningrad county) falls
into the most sensitive
category (Downing et al.,
1993). These areas are also
subjected to a considerable
anthropogenic load.
Although the emissions in
the region are multi-
component, SO2 appears to
be dominating fKismul et
al., 1992). Severe
acidification of freshwaters
and soils was reported to

The Leningrad
county, 340/281/169

Figure 1. The study area and the SO2 emissions in 1980, 1990 and
1995 (kt yv\ after the Eastern Center of EMEP and RF Ministry
of Environment data).



take place over large areas in southern parts of the Nordic countries (Norway, Finland,
Sweden) (Brodin and Kuylenstierna, 1992), and on the Kola Peninsula (Moiseenko,
1994). Acidification in the region is related mainly to S (Brodin and Kuylenstierna,
1992), because nitrogen (NOX + NFLJ is not yet a problem in most of these areas
(Downing et al., 1993; Lebersli and Venn, 1995), contributing 10 to 30 % of the
acidification in southern parts (Brodin and Kuylenstierna, 1992). The regions most
sensitive to S deposition include large parts of the Nordic countries and Kola Peninsula
with a critical load of less than 0.3 gSm^yr"1 (Downing et al., 1993). Contributions of
different countries and regions in the SO2 emission pattern in Fennoscandia are
presented in Figure 1.

Bulk SO2 emissions from the Kola Peninsula (Figure 2), and the location of the
Pechenganickel Cu-Ni smelter only 7 km from the Norwegian border and the
Severonickel smelter - 120 km from the Finnish border, have aroused international
concern. Three expert groups under the Joint Norwegian-Russian Commission on
Environmental Cooperation have considered local-scale atmospheric, water and
terrestrial aspects of acidification in the near-border areas (Sivertsen et al., 1992, 1994;
Lobersli and Venn, 1995). In connection with a concern about the effect of
transboundary emissions from the Kola to Finnish Lapland, the 5-year Lapland Forest

Damage Project was
launched in 1990
(Tikkanen and
Niemela, 1995).
Earlier results for
the Nordic countries
(Tuovinen et al.,
1993) showed that a
critical S deposition
was exceeded on an
area of 150,000
km2, including
32,000 km2 in
Finland and 19,000
km2 in Norway. The
relative contribution
of the Kola smelters
was estimated to
range from 40 % to
almost 100 %.

According to Aamlid et al. (1995), critical levels of SO2 for sensitive ecosystems (10-15
\xg m"3) were exceeded within a region including 2,376 km2 in Russia and 869 km2 in
Norway. Earlier results (Anttila et al., 1995) estimated that Kola's sources had a distinct
impact over a radius of 200 km and about half of the S deposition in central Lapland
originated from the Kola Peninsula. According to results of the Norwegian-Russian
terrestrial expert group (Sivertsen et al., 1994), areas with severe vegetation damage
occupied 1,270 km2 in Norway and 3,433 km2 in Russia.

Sensitivity to acidification depends on the type of ecosystem. In general, lake
ecosystems seem to be more sensitive to acidification than forest ecosystems (Brodin
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data).
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and Kuylenstierna, 1992). Bedrock lithology, soil type, land use and rainfall are factors
that determine local sensitivity (Kamari et al., 1989). For rough estimations of complex
effects of acid deposition on multiple ecosystems, the critical load approach was
elaborated in late 1970s. A critical load was defined as 'the highest deposition of a
pollutant that will not cause harmful effects on ecosystems according to present
knowledge' (Nilsson and Grennfeld, 1988). However, recently this approach was
revised and a new method based on combined assessment of the acidifying effects of S
and N was introduced (Hettelingh et al., 1995).

The purpose of the study was to assess the relative contribution of emission sources
in north-west Russia (the Kola, Karelia and Leningrad county), especially the Kola
Peninsula, to acid deposition in Fennoscandia and, thereby, to acidification of its
ecosystems.

2. Materials and methods

Regional-scale modeling. The 'Regional Air Pollution Information and Simulation
model (RAINS) was developed at the International Institute of Applied Systems
Analysis (Alcamo et al., 1987) for integrated assessments of alternative strategies to
reduce acid deposition in Europe. A sub-module within the acid deposition and
ecosystems impact computes the S deposition caused by the emissions in each country.
Contributions from each country are summed to the total deposition in any grid sell.
The model uses transfer matrices based on a Lagrangian model of long-range transport
of air pollutants in Europe, developed under the European Monitoring and Evaluation
Program (EMEP) (Eliassen and Saltbones, 1983). The EMEP model accounts for the
effects of wind, precipitation, and other meteorological and chemical variables on acid
deposition and air concentrations. The use of a transfer matrix assumes that there is a
linear relationship between the pollutant emission and deposition. The model contains a
database on critical loads of S for 14 different European ecosystems calculated by the
steady-state mass balance method compiled for each EMEP grid cell (Downing et ah,
1993). These critical loads are further compared with calculated pollutant deposition, to
determine which areas currently receive deposition levels exceeding the critical load,
and to derive for each grid the percentage of ecosystems where the critical load is
exceeded.

To estimate the contribution of the emission sources of north-west Russia to the
acidification of Fennoscandia, transport and deposition were computed for all European
sources for 1960-1995 and separately for the sources of the Nordic countries (Finland,
Norway, Sweden) and north-west Russia (the Kola, Karelia and Leningrad county) for
1980-1995. The emission data used in the calculations for the last years were updated
after the Eastern Center of EMEP and the Russian Ministry of Environment. The
percentage of ecosystems, for which the critical loads had been exceeded was calculated
for 1960-1995. The resulting maps were presented in the 150 x 150 km2 EMEP grid.

Local and meso-scale modeling. In order to examine local dispersion in more
details, a calculation of a pollutant transport and deposition for the Kola Peninsula was
performed by Gaussian plume sector model for local scale (Baklanov and Rodyushkina,
1993) and numerical trajectory model for the meso-scale (Baklanov and Sivertsen,
1994). The models take into account the locations and parameters of emission sources;
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the vertical structure of wind (high and low sources might be transported by different
winds); and the influence of topography and atmospheric stability.

A model for local-scale assessment of influence of atmospheric pollution on the
Kola ecosystems was realized, based on region-oriented critical levels and loads for S
elaborated by the expert groups on terrestrial ecosystems within the Russian-Norwegian
cooperation (L0bersli and Venn, 1995) and a regional forest impact model (Makela et
al., 1985). The model was applied for the Severonickel impact zone as an example for
1960-1995.

IIASA
BAINS 6 1

3. Results and discussion

Our calculations by RAINS for all the European sources (Figure 3) show that NOX

deposition was 0.1-0.3 gm"2yr"' across most of Fennoscandia for 1980-1995. Of them,
the northern regions have the lowest deposition and the southern areas - the highest. It

reveals no significant
contribution into NOX

deposition pattern from
northern domestic
sources. Besides, N
deposition in the
southern areas is about 3
times lower of that in
central Europe. This
means that the main
contribution in
acidification in Fenno-
scandia, especially in its
northern part, is still
mostly attributed to
sulfur. This is consistent

with the conclusions of earlier studies (Brodin and Kuylenstierna, 1992; Downing et al.,
1993; L0bersli and Venn, 1995).

The calculations for the period of 1960-1995 reveal a trend of increasing total S
deposition in Fennoscandia until 1980. From 1980 to 1990 (Figures 4b, 5b) S
deposition decreased in the southern part of the Nordic countries (owing to the west and
central European as well as domestic sources), in contrast to no change in the Kola,
northern Finland and Norway. During 1990-1995 (Figures 5b, 6b) the decreasing trend
still took place, but it covered also northern areas of the Nordic countries and the Kola
Peninsula (mainly due to a production volume decrease since 1991).

The calculations for all the European sources (Figures 4b, 5b and 6b) show three
main maxima in the deposition pattern in Fennoscandia during the whole period. The
two maxima: in southern Sweden and Norway (up to 1.2 gS m"2yr"' in 1990) and in
southern Finland, Estonia and the Leningrad county (up to 1.5 gS m"2yr4) both are
attributed to the domestic as well as west and central European sources, whereas the
third maximum in the north of Fennoscandia (up to 1.8 gS m"2yr"') is influenced only by
the Kola sources. These results are consistent with data of Nordlund et al. (1985) that

Figure 3. NOX deposition in Fennoscandia in 1990, calculated for all the
European emission sources.
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the total deposition of S in Finland is highest along the coastal area of southern Finland
(1.5 - 1.8 gS m"2yr"') and decreases northwards.

Exceedance of critical loads of S is greatest in the southern part of the Nordic
countries, mostly owing to the very low critical loads there (0.04 - 0.14 gm"2 in northern
Norway in contrast to 0.30-0.45 gm"2 in the adjacent areas of the Kola Peninsula;
Downing et al., 1993) and transboundary fluxes from west and central European
sources. Thus, in 1980 an area with exceedance of critical loads by 87.5 - 100 %
accounted for about 180,000 km2 in the study area. In the 1990 pattern there was no
such class and an area with exceedance by 75 - 87.5 % amounted only 67,000 km2.

The calculations for the sources of north-west Russia (Figures 4a, 5a, 6a) are
consistent with a local scale of transboundary flux from the Kola Peninsula to limited
areas of northern Norway and Finland (up to 70-85 % of the total S deposition). Even
for areas of northern Sweden, central and north-west Finland the influence of other than
Kola S sources is dominating (up to 75-85 % and 60-80 % of the total S deposition,
correspondingly). The conclusions of the Lapland Forest Damage Project (Tikkanen
and Niemela, 1995,) suggest that the emissions from the Kola Peninsula are not
expected to cause significant damage to forests in the Finnish territory, excluding only a
small area in Lapland (at Inari). They also recognized that as a whole the annual acid
deposition in Lapland is moderate, around half of that in southern Finland. Our results
also show a deposition pattern analogous to that of Tuovinen et al. (1993). However, in
comparison with ours (both the regional- and meso-scale modeling), their result of the
Kola relative contribution seem to be overestimated, probably due to application of a
Gaussian-type model for regional scale.

The separate calculations for emissions from the Nordic countries (although not
shown here) reveal a considerable share of domestic sources (in 1980 only in southern
Finland up to 0.6-0.8 gS m"2yr"' and in coastal Sweden up to 0.4-0.6 gS m^yr"1, and in

1990 - in southern Finland
up to 0.3-0.6 gS m^yr"1 (up
to 30 % of the total S
deposition), whereas the
Swedish maximum
disappeared after
reconstruction of the
ROnnskar smelter in
Skeleftea in 1989/1990, and
in 1995 S deposition in the
Nordic countries is less than
0.2 gS m-2yr').

The contribution of the
sources of Karelia and the
Leningrad county on the
north-west Russia was 0.4 -
0.8 gS m-2yr' in 1980
(Figure 4a), 0.2-0.6 gS m"2

yr1 in 1990 (both up to 40
- 45 % of the total S
deposition) (Figure 5a) and

Figure 7. Sulfur deposition, gS n v V 1 in 1990 on the Kola Peninsula
based on meso-scale modeling.
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0.2-0.5 gS m"2yr"' in 1995 (Figure 6a). In southern Finland the north-west Russian
sources contributed with 0.2-0.3 gS m"2yr' (both up to 10-20 % of the total S
deposition), whereas other sources contributed from 0.6 to 1.2 gS m"2yr"' (Figures 4b,
5b, 6b). The domestic sources practically determine the S deposition pattern on the
Kola and the neighboring areas of northern Norway and Finland, up to 1.8 gS m^yr"1 in
1990 and in 1995 up to 1.5 gS m"2 yr'1. However, comparison of calculations for the
Kola sources (Figure 6a) and all the European sources (Figure 6b) reveals in 1995
considerable contribution of the transborder pollution from west and central European
sources (0.1-0.4 gS m"2yr"') into total pollution on the Kola Peninsula.

A shortcoming of the model is the smoothing local maxima and local-scale features
of the deposition pattern, due to the coarse resolution. To assign a share of the Kola
sources in transborder transport and deposition on a basis of the regional-scale
calculations only is not correct enough due to a local scale of influences and the near-
border locations of the large emission sources. This may alleviate the overestimated
Kola contribution by Anttila et al. (1995). For more detailed estimation of local
transborder S transport and deposition it is advisable to apply local and meso-scale
models that also account for local topography, inhomogeneity of meteorological fields
and contribution of low and high emission sources. The calculation by the meso-scale

model for the Kola smelters
(giving over 80% of the Kola
emissions, Figure 2) gives a
more detailed pattern of S
deposition on the Kola
Peninsula (Figure 7).

Two maxima are clearly
delineated: from the
Pechenganickel in the north and
from the Severonickel in the
central Kola. Of them, the
Pechenganickel exerts main
influence on the neighboring
areas, giving SO4 deposition up
to 1.0-2.0 gS nr2yr-' in northern
Norway and up to 0.5-1.0 gS m"
2 yr"1 in northern Finland. The
Severonickel gives up to 0.5 gS

m"2yr' in a near-border area of northern Finland. The SO4 deposition predicted by the
model showed a good correlation with monitoring data of SO4

2" in surface water
(Moiseenko, 1994) across the Kola peninsula (r=0.813, n=283, p=0.000). The pattern is
similar to the results of the Finnish HAKOMA model (Johansson et al., 1989). Figure 8
presents total SO4 deposition from the Pechenganickel in the impact zone in further
details. This calculation is based on the local-scale Gaussian plume model and verified
by local monitoring data (Figure 9) from the both sides of the Russian-Norwegian
border (Baklanov and Sivertsen, 1994; Rodyushkina, 1994).

As it is seen, deposition of >1.0 gS m"2yr'' covers a very limited Norwegian territory
in the near-border Finnmark (about 860 km2) and 2350 km2 of the Russian territory.
However, along the border areas deposition up to 2 gS m^yr'1 occurs (about 6 km2 at

Figure 8. Sulfur deposition from the Pechenganickel smelter
in the near-border area in 1990, gS m"2yr' based on local-
scale model.
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Figure 9. Month-mean SO2 concentration (\ig m"3) at the monitoring
station Maajarvi in the Russian-Norwegian border area in 1992:
• - modeled; o - measured (after Rodyushkina, 1994).
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Svanvik). A trend of
decreasing S load in the
Pechenganickel area since
1980 up to now is observed.
Deposition level of SO4 was
decreased by 37.5 % in 1995
relatively 1980. These results
were supported by
monitoring data on S air
pollution (Figure 10) of the

Russian-Norwegian expert
group on atmospheric
pollution (Sivertsen et al.,
1994).

Estimations show that
SO2 sources from the Kola
give in 1995 reduction of
about 32% relatively 1980
(including 37 % at the
Severonickel and 36 % at
the Pechenganickel).
Although the Helsinki
agreement about 30 %
reduction in SO2 emissions
was implemented, the
calculations of exceedance

of S loads on ecosystems show, that this was not enough, especially in the impact zones
of the Severonickel and Pechenganickel smelters.

The local-scale forest impact model (Figure 11) shows expansion of forest damage
area around the Severonickel smelter until 1992 due to accumulation of S load. The
isoline corresponding to the 1995-year damage area coincides with that of 1992,

implying a stabilization of the damaged area since
1992, that is consistent with a decreasing of
emission level.

4. Conclusions

1. The calculations indicate the highest
exceedance of critical loads on sulfur in the south
of Norway, Sweden and Finland, mainly owing to
the very low critical loads in the Nordic countries
and transborder transports from west and central
European sources.
2. The result of the meso-scale modeling shows
in more details the deposition pattern, and a high
level of sulfur deposition in the impact zones

Year

Figure 10. Annual average SO2 concentrations (\xg m"3) at the
monitoring stations Svanvik and Holmfoss in the Russian-
Norwegian border area and SO2 emission from the
Pechenganickel smelter (kt yr1) for 1980-1995 (updated after
Sivertsen et al., 1994).

Figure 11. Spreading of forest damage
area around the Severonickel smelter
in 1960 -1995.
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(over 2 gS m^yr"1), and a relatively short-range effect of the Kola sources.
3. The regional-scale calculations can not take into account local character of large
separate emission sources. Local-scale models can be used to enhance the analyses.
4. The calculations of relative contributions of different regions in acidification of
Fennoscandia show:

• a high, but local impact of the Kola sources on the northern parts of the Nordic
countries,
• a considerable impact of other Russian sources (Karelia and the Leningrad
county) in Fenno-Russian border area,
• a dominating share in the sulfur deposition in the south-west parts of Nordic
countries from west and central European sources.

5. Despite large reductions from the Kola sources in 1995 relatively 1980, calculations
of exceedance of loads on ecosystems show, that this is not enough, especially in the
impact zones of the Severonickel and Pechenganickel smelters.
6. Under recent decreasing of emissions from the Severonickel, a stabilization of
spreading of the damaged forest area takes place in its impact zone since 1992 as
predicted by the forest impact model.
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Detection of Forest Decline in
Monchegorsk Area

Olle Hagner* and Olga Rigina*^

]L orests on the Kola Peninsula in Northern Russia are
growing close to the limits of the northern tree line. They
are subjected to both natural (low temperatures and a
short period of biochemical activity) and anthropogenic
stress factors. The metallurgic industry complex Severo-
nickel close to the city of Monchegorsk in the central
Russian Kola Peninsula is one of the major sources of sul-
fur dioxide (SOi), nickel, and copper emissions in the re-
gion. The environmental impact on the surrounding area
is dramatic. In this study multispectral changes observed
in Landiat-MSS satellite image data from 1978, 1986,
and, 1992 are used, to evaluate the relevance of a mathe-
matical model of S02 concentration in ambient air as a
component for assessment of forest decline. The multi-
spectral changes detected were found to have a statisti-
cally significant correspondence to the modeled (SO2)
concentration levels in ambient air. ©Elsevier Science

Inc., 1998

INTRODUCTION

Forests on the Kola Peninsula are growing close to limits
of the northern tree line. They are subjected to both nat-
ural (low temperatures, a short period of biochemical ac-
tivity, and high altitudes above sea level) and anthropo-
genic stress factors. The Severonickel copper-nickel
smelter is one of the largest in the world. The annual
production of nickel and copper is about 140 and 100—
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120 kton, respectively (Pozniakov, 1993). The smelter
was established near Monchergorsk in late 1938 for pro-
cessing of the local ores, which contained 1.15% sulfur.
Since 1969, the smelter processes the Norilsk sulfide
copper-nickel ore, containing up to 30% sulfur. The re-
sult has been a dramatic increase in the sulfur emission
level. The average annual amount of pollutants emitted
(during 1970-1990) is 200 kton of SO,, 2.7 kton of
nickel, and 3 kton of copper with emission peaks oc-
curring in the years of 1975, 1983, and 1990 with about
the same magnitude (Pozniakov, 1993). Since 1991 the
emission levels have decreased (down to 98 kton in
1994), due to reduced production volumes.

Almost 60 years of smelter operation have markedly
degraded the natural environment. Previous estimations
have shown that the total area of industrial barrens
around the Severonickel smelter exceeds 200 km2 (Ka-
labin and Evdokimova, 1993). Among the pollutants, sul-
fur dioxide is regarded as the most severe toxicant for
forests ecosystems in the area (Lukina and Nikonov,
1993; Gytarsky et al., 1992). The impacts of airborne sul-
fur pollution on the Kola forest ecosystems have been
given much attention during the last decades (Norin and
Yarmishko, 1990; Kryuchkov and Makarova, 1989; Kry-
uchkov, 1992; Fedorkov, 1992; Tuovinen et al., 1993;
Alekseev, 1993). The results of these studies, however,
are difficult to compare since they are based on different
methodologies and approaches to the problem.

Stress and reduced vitality effect the spectral signa-
ture of green plants. It mainly manifests as a decrease in
near-infrared (IR) and an increase in the visible wave-
lengths (Colwell, 1983; Hame, 1991). Satellite remote
sensing provides a potential tool for detection of forest
decline. It enables assessments of vegetation change over
large areas and also in temporal retrospective (Nilsson
and Duinker, 1988).

For example, investigations have been carried out by
Pitblado and Amiro (1982), for a large copper-nickel

0034-4 257/9S/$19.00
PII S0034-4257(97)00113-2



12 Hagner and Rigina

smelter in Sudbury, Canada. They have found that for
classification of disturbed vegetation, a vegetation index
based on the red and near-infrared ratio is superior to
the untransformed Landsat-TM bands. Mikkola and Ri-
tari (1992) have mapped areas of forest decline around
the Severonickel smelter in Monchegorsk based on a sin-
gle Landsat-TM scene from 1985. They found a clear
correspondence between the shape of the area of se-
verely damaged vegetation and the long-term wind pat-
tern. In more recent investigations Mikkola (1995) has
detected an expansion of the "forest-death" area around
the Severonickel based on analysis of Landsat MSS im-
ages from 1978, 1980, 1986, and 1989. T0mmervik et al.
(1991; 1992) did similar research for a 15-year-period in
the vicinity of the Pechenganickel smelter in Nickel,
close to the Russian—Norwegian border. They applied a
hybrid supervised-unsupervised classification approach
to a multitemporal Landsat MSS image dataset from the
summers of 1973, 1979, 1985, and 1988 for revealing the
temporal dynamics of damaged lichen vegetation. The
same approach was chosen by Rees and Williams (1997)
to study vegetation damage expansion around the Sever-
onickel smelter based on a multitemporal Landsat MSS
dataset representing the period of 1972—1992. They found
that most of the increase in vegetation damage had oc-
curred since 1989 and attributed this to changes in local
meteorology. Solheim et al. (1995) used time series of
Landsat-TM image data to study biomass and vegetation
type changes in the same area. They found a qualitative
correspondence between the damaged area and change
images based on a modified vegetation index. Kravtsova
et al. (1995) mapped forest types and damage levels
around the Severonickel based on Landsat-MSS satellite
data from 1978, forestry inventory maps and additional
field observations.

Attempts to reveal a correspondence between air pol-
lution and the vegetation conditions in the impact zones
of emission sources have been made. T0mmervik et al.
(1992) compared average annual SO2 concentration in am-
bient air from 1992 with the change detection maps and
found a qualitative correspondence between air pollution
levels and deterioration of the lichen cover around the
Pechenganickel smelter. Solheim et al. (1995) found a
strong statistical correlation (—95%) between annual emis-
sion levels and frequency of lichen dominated vegetation
types in the vicinity of the Severonickel. Litinsky (1995)
assessed pine forest damage by using multispectral satellite
data (the MSU-E sensor on a Russian Resurs satellite)
from the summer of 1992 around the Kostomuksha
smelter in Karelia, Russia, and made a comparison with
air pollution monitoring data. He found a correspondence
between the damaged area shape and the long-term wind
pattern as well as a rather close qualitative correspondence
between the forest damage and the air pollution levels.
Mikkola (1996) compared an image mosaic of Landsat TM

with a large-scale SO2 distribution model and concluded
that the severely damaged areas corresponded to an an-
nual average SO2 concentration of 40-60 /ig/m3.

Among mathematical models for prediction of pollu-
tion dispersion in a local scale, Gaussian plume disper-
sion models are the most commonly applied (Smith,
1984; Weil, 1985; Miller and Hively, 1987). The models
are based on the Gaussian probability distribution in ver-
tical and horizontal crosswind directions about the plume
centerline. A Gaussian plume dispersion model specifi-
cally adapted for the Monchegorsk area was developed
by Baklanov and Rodyushkina (1993).

Vegetation Sensitivity
Different plant species are unequally sensitive to pollut-
ing substances. In tundra and taiga environments pol-
luted by SO2 and heavy metals, the first sign of deteriora-
tion is the decline of the lichen cover, and the second
sign, mosses, trees, shrubbery, and grasses (Kryuchkov
and Makarova, 1989; Pastukhova et al., 1992). Epiphytic
lichens seem to be the most sensitive plants (Kryuchkov,
1993). Foliate wood plants are more tolerant than conif-
erous (Vaichis et al., 1988; Daletzkaja et al., 1993; Kozlov
and Haukioja, 1995). Young and middle-aged trees ap-
pear to be more resistant than old trees (Tsvetkov, 1993).
The official Russian long-term critical level for SO2 is
currently 30 fig/m3 (Anon., 1984a). However, based on an
investigation of forests in the Monchegorsk area Tsvetkov
(1993) insists on a threshold level of 7 /ig/m3 for conifer-
ous forests in the Kola Peninsula.

The local topography, soil types, and hydrology also
play a considerable role. The impact of pollution on ele-
vated and exposed locations with shallow soils is gener-
ally more severe than in other locations. In general, ele-
vated and windward sites appear to be more effected
than depressed and leeward locations. According to Pas-
tukhova et al. (1992), the most vulnerable ecosystems in
this area are the mountain tundra with lichen-shrub veg-
etation and higher alpine communities, whereas the most
resistant ecosystems are found in bogs. A secondary ef-
fect of reduced vegetation vitality is the increased fre-
quency of fires due to buildup of dry woody debris.

Objective
The objective of this study is to validate the relevance of
the Gaussian plume model developed by Baklanov and
Rodyushkina (1993) as a component for forest impact as-
sessment. The validity is evaluated in terms of the corre-
spondence between modeled concentration of airborne
pollution and the multispectral change observed on the
forest vegetation surrounding the Severonickel smelter in
the Kola Peninsula.
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MATERIALS AND METHOD

Investigation Area
The area under study is a 112 kmX76 km region in the
central Kola Peninsula corresponding to one topographic
map-sheet in scale of 1:200,000, lat. 67°26'-68°27', long.
32°-34° (Fig. 1). The smelter Severonickel is located 5
km south of Monchegorsk at the center of the investiga-
tion area. About 14.5% of the area is covered by water
dominated by the Imandra lake. The topography is rug-
ged and mountainous with elevations ranging from 127
m to 1200 m above sea level.

The forest-forming species in the region are: Scots
pine {Pinus si/lvestiis), Siberian spruce (Picea abovata),
and birch (Betula pubescem). At altitudes of 300-350 m
above sea level, the coniferous forests arc gradually re-
placed by subalpine birch forests mixed with rowan (Sor-
hus aucuparia) and aspen (Populus tremula). The tree line

is approximately 350-450 m above sea level in this area.
Above this, different types of tundra dominate. In the
higher alpine regions barren rock and stony areas are
frequent.

Field Observations

Permanent Vegetation- and Soil-Monitoring Plots
In situ observations of forest damage levels are available
for 21 field plots 10 mXlO m in size. The plots were
established in 1978 by the Institute of the Northern
Ecology Problems (INEP) for annual long-term monitor-
ing of vegetation and soils (Lukina et al., 1992; Lukina
and Nikonov, 1993). The plots are located from 3 km up
to 110 km south of the Severonickel smelter in the pre-
vailing wind direction and represent different stages of
degradation ranging from total destruction to undis-
turbed background in both pine and spruce dominated

Figure 1. Map showing the region around of the Sevcronickel smelter close to the city of Monchegorsk in the central
Kola Peninsula, Russia. The study area corresponds to a topographic map sheet in tiie scale of 1:200,000. Mountains arc
shown in medium gray and lakes are shown in dark gray tones.

68 27', 33 51'

67 26', 32 04' 67 26', 33 51'
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Figure 2. Locations of long-term monitoring field plots. The plots were established in 1978 by the Institute of Northern
Ecology Problems (INEP) in Apatity.

forests (Figs. 2 and 3). The location accuracy is approxi-
mately 200 m.

The plots have detailed description of vegetation type
and composition, soil chemistry, and soil-water. The pa-
rameters of forest type—basal area, average height and di-
ameter, damage class, species composition and abundance
of field and ground layers, soil erosion—are monitored on
an annual basis. Some of the typical symptoms related
to increased pollution deposition levels observed on the
plots are:

• transition in species composition in the field
layer towards more resistant species [crowberry
(Empetrum) and grasses];

• degradation of the green mosses and epiphyte li-
chenoflora;

• reduced vegetation vitality (necroses, chlorosis
and defoliation);

• expansion of the patches with dead vegetation
(technogenic barrens);

• accumulation of the toxins in plants and soils, de-
struction of the organic soil horizon and erosion.

Vegetation Type Data
Documentation of forest type in broad classes (spruce,
pine, birch, mixed) is available for 49 points within the
investigation area. The positions are marked in a topo-
graphical map in 1:100,000 scale.

Meteorological Data
The network of meteorological stations is sparse on the
Kola Peninsula. They are located at the main population
centers or close to large polluting sources. Their records
show that the meteorological conditions differ widely
across the region, from maritime climate along the coast
to inland-type in the central parts. The conditions in the
study area are very influenced by the local topography
and hydrology dominated by the mountain massifs: Mon-
che-tundra and Volchji-tundra in the west, Khibiny in
the east and the large Imandra lake. There are three me-
teorological stations within the study area: Monchegorsk,
the Severonickel smelter, and the Chuna meteorological
station of the Lapland National Reserve (35 km SSW of
the smelter). The stations have been in operation since
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Figure 3. Example ol' different stages of forest decline in the Severonickel smelter impact zone: Spruce dominated forest
with minor defoliation 55 km south of smelter (upper left). Moderate defoliation 20 km south of smelter (upper right). Total
defoliation 7 km south of smelter (lower left). Severe erosion 4 km south of smelter (lower right).

Figure 4. False color infrared composites of racliometrically matched Landsat-MSS image data sets from: a) 28 June 1978;
b) 26 June 19S6; c) 10 June 1992.
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1936. The wind patterns in Monchegorsk and Severo-
nickel are rather similar but differ significantly from
those at the Chuna station. The 1970-1990 records from
the Monchegorsk station show a veiy constant annual
wind pattern in temporal retrospective (Berlin, 1993).

Atmospheric Pollution Monitoring
Until recent years, permanent monitoring of the atmo-
spheric pollution in the study area was operational only
at two of the meteorological stations, that is, Monche-
gorsk and the Severonickel industrial site. Additional mea-
surements of SO2 were acquired at the Chuna station dur-
ing the period of 1985-1990 (Berlin, 1993) and in the
Monchegorsk area by passive filters (Barkan, 1993). Regu-
lar regional monitoring of SO2 and heavy metals in the
surroundings of the Severonickel smelter was initiated in
1991 by INEP at the monitoring stations Kislaya, Profi-
lactorij (30 km and 35 km south of the smelter, respec-
tively) and Khibiny (33 km southeast of the smelter)
(Baklanov et al., 1994).

The concentration of atmospheric sulfur dioxide in
the vicinity of the smelter can occasionally exceed 1000
/ig/m3. These episodes represent a major problem, since
acute leaf damage can be caused. Monitoring data from
the stations, situated in the southern prevailing down-
wind path (Chuna, Profilaktorij, Kislaya, Khibiny) also
show that concentration peaks exceeding the critical level
for vegetation (30 /ig/m3) occur frequently (Baklanov et
al., 1994; Berlin, 1993). The daily average concentration
exceeded the critical level 44 times during 1993 at the
Kislaya and on IS occasions at the Profilaktorij. Such sit-
uations are more frequent in the autumn-winter period,
when the prevailing state of atmosphere is relatively sta-
ble. The average for 1993 SO2 concentrations were 28.7
/ig/m3 at the Kislaya and 16.4 /ig/nr1 at the Profilaktorij
(Baklanov et al., 1994).

Air Pollution Model
The Gaussian plume sector model adjusted to the Mon-
chegorsk conditions by Baklanov and Rodyushkina (1993)
was used for modeling of long-term average atmospheric
pollution. The model evaluates the average concentration
levels (C) in ambient air around emission sources for
long-term periods:

2Qf(8,s,n)P
exp (1)

vhere

.v=distance from the polluting source (m);
Q=release rate (ug/s);

f(9,s,n)=i\ frequency matrix of wind direction, class
of atmospheric stability and gradation of
wind velocity, respectively;

P=number of sectors;
<7=dispersion parameter (in);
H=effective plume height (m);
K,,=wind velocity in sector n (m/s);
u,,=velocity of gravitational settling (m/s).

In order to represent the cumulative long-term effect ol
pollution, the meteorological data used in this study are
mean values for a 20-year period. These values are basec
on monitoring records from the Monchegorsk meteoro-
logical station (Berlin, 1993). The parameters of the
emitting sources (height and location of stalks, release
temperature) are adopted from Baklanov et al. (1990).
The model predictions are based on the average sulfui
dioxide emission level since 1960s. Note that the spatial
pattern of pollution is completely determined by meteo-
rological factors and the release parameters. The emis-
sion level selected as input to the model effects only the
scale of the predicted concentrations. We consider the
SO2 concentration in ambient air to be proper indicatoi
of the general spatial pattern of airborne pollution im-
pact since it is the dominating agent. Besides, other pol-
lutants effecting vegetation (e.g., heavy metals, dust, Cl.
NO2, CO, H2SQ,, rLS) are expected to display similai
spatial patterns although with different scales attributed tc
gravitational settling and differences in release pattern.

Image Processing
Landsat-MSS image data were acquired for the stud)
area on three occasions spanning a period of 14 year.'
(Table 1). The first registration of 1978 is only 3 year;
after the major increase in emission level (due to pro-
cessing of high-sulfurous Norilsk ores), and the 1992 dati
set coincides with the reduction of smelter production
The satellite data were received and processed to sys-
tem-correction level (Anon., 1984b) by SSC-Satellitbild.
Kiruna, Sweden. The technical quality of the data was
considered satisfactory, although striping due to insuffi-
cient detector calibration was apparent in the visible
bands of all registrations.

The satellite scenes were georeferenced separate!)
to the local coordinate system by locating approximate!)
50 corresponding points in each scene and the topo-
graphical map with a registration error of approximate!)
1/2 picture element (pixel). The image data were subse-
quently resampled to 70 mX70 m cell size for subscene;
corresponding to the topographic map-sheet of the inves-
tigation area. Bilinear interpolation was used for the re-
sampling since it produces more accurate estimates ol
the intensity at the center of output pixels compared tc
nearest-neighbor resampling. Cubic convolution woulc
have been an even better option but was not available ir.
the software package used.

In order to produce comparable false-color IR com-
posites for visual interpretation, a linear stretch was ap-
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Table 1. Satellite

Sensor

Liindsiit-2 MSS
Landsat-5 MSS
Landsiit-5 MSS

Image Data Used

Date of
Acquisition

2S June 197S
26 June 1986
10 June 1992

Track/Frame

202/12
188/12
188/12

Bands"

4, 5, 7
1, 2 ,4
1 ,2 ,4

Instantaneous
Field of View (m)

60X80
60X80
60X80

" Bands 4-7 on Landsat-1 arc equivalent to Bands 1^4 on Landsat-5 (visible green, visible
red, near-infrared 1, near-infrared 2)

plied that sets the 1-50 percentiles to a band-specific
output range (Fig. 4):

DNout=A+B>DNin, (2)

where

A=DNin,,,-m-DNoutmim

B—output range/input range.

This approach was used since we found it to be more ro-
bust to variation in snow cover and cloud frequency than
the conventional 1-99 percentile. A 5X5 highpass filter
was applied to compensate for atmospheric blurring and
to smooth the DN-histograms.

A cover-type map was derived by means of visual in-
terpretation of the color composites and on-screen-dig-
itizing. The process was supported by information from
the topographic map in scale of 1:200,000. Water bodies
were identified by interactive thresholding in the near-
infrared bands of the 1986 registration. The cover-types
identified were: alpine and nonalpine vegetation, water,
urban/industrial, and roads.

The nonalpine vegetation class was further divided
into nine subclasses (including one damage class) by
means of supervised maximum likelihood classification.
The purpose was to provide a stratification into forested/
nonforested cover types and to map the area with severe
damages in the initial satellite scene from 1978. The
training area selection was based on vegetation type in-
formation from the 1:100,000 topographical map. The
classification result was generalized by 5X5 mode filter-
ing (Fig. 5).

Iterative Histogram Matching
Multispectral change images were derived for the r>eri-
ods of 1978-1986, 1986-1992, and 1978-1992 (Figs.
6a-c) by means of iterative histogram matching and sub-
sequent subtraction. Iterative histogram matching is an
adaptive method for bandwise image-to-image normal-
ization. For each iteration step the algorithm calculates
a transformation that maps the histogram of the input
image to a reference image histogram. The histograms
are based only on a specified proportion of the currently
best-matching observations, thereby automatically identi-
fying and discarding anomalities that might indicate land-
cover change, geometric distortions, or atmospheric differ-
ences (Algorithm 1). This approach avoids the problem

with conventional single-step histogram matching which
requires identical rank order of pixel intensities in the
two images. The main benefits of the method are:

• It does not require input on sensor or atmo-
spheric parameters.

• It is resistant to local change, sensor noise and
moderate geometric displacements.

• It does not bias bright or dark areas (unlike re-
gression matching techniques).

However, it should be noted that the method has a built-
in tendency to adapt to uniform differences affecting a
majority of the pixels. Thus uniform large-scale change
might not be detected with this method.

Algorithm I. Iterative histogram matching:

1. Initialize residuals to 0.0 for all pixels.
2. Set residual threshold to 1.0.
3. Calculate image histograms. Exclude pixels with

absolute residuals exceeding the current threshold.
4. Calculate a transformation to match the input to

the reference histogram.
5. Recalculate the residuals for all pixels based on

the current transformation.
6. Update the threshold to discriminate a specified

percentage of the largest residuals.
7. If the current transformation is significantly differ-

ent from the previous, then repeat from step 3.
8. End.

In order to minimize the effects of differences due to
water turbidity, phenological stage of nonforest vegeta-
tion, snow cover in alpine regions, agricultural crop rota-
tion, etc., only the nonalpine vegetation cover types were
used in the matching process. The proportion of large
residuals discarded in each iteration step was set to 20%.

Statistical Evaluation of SO2 Concentration
versus Spectral Change of Forest Vegetation
The correspondence between the modeled SO2 concen-
tration grouped into 10 classes and multispectral change
for forest vegetation was evaluated for the three periods
by means of linear regression analysis. The area initially
classified as degraded forest in the 1978 registration was
excluded from the analysis. Both bandwise differences
and two indexes—(green + red-IR) and (red—IR)—were
regressed as linear functions of the natural logarithm of
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Figure 5. Initial stratification of forest vegetation based on
the Landsat-MSS image data of 1978. The forest mask was
derived by means of visual interpretation in combination with
supervised maximum likelihood classification.

SOo concentrations. Both indexes were designed to indi-
cate reduced vegetation vitality. The first one integrates
the visible bands in order to reduce the effect of sensor
noise whereas the second is more specific to the bands
mainly effected by vegetation stress:

Y=&0+2>,°ln(SO2), (2)

where

Y=dependent variable,
£>o=offset term for bias at zero concentration level,
fc,=trend term reflecting the effect of increased

SO? concentration.

RESULTS

The spatial patterns of the multispectal change index
(visible bands-IR) for the three periods (f978-1986,
1986-1992, 1978-1992) are shown in Figures 6a-c. Iso-
lines showing the SO2 concentration levels derived bv the

pollution model are overlaid in Figure 6c. The spatial
distribution of SO? concentration reflects the general
wind pattern in the area with two distinct lobes ex-
tending to the north and south of the smelter. The
model calculates a maximum long-term average concen-
tration of 400 /ig/nr' close to the smelter. Most of the
study area is within the 5 //g/m' isoline.

The general shape of multispectral change observed
for the whole period (1978-1992) corresponds well to the
pollution model. The patterns ol the two subperiods are
rather different. It seems that the largest changes during
the first subperiod (1978-1986) have occurred in a re-
gion diroctlv north of the smelter, whereas in the second
period (1986—J992) the1 most evident dilferenccs are
seen in the south wind direction. According to the super-
vised classification, a large portion of the area north of
the smelter was already damaged in 1978 (Fig. 5).

Graphical plots of multispectral change versus SO,
concentration levels are shown in Figure 7, and the re-
sults of regression analysis are listed in Table 2. The de-
crease in near-infrared and increase in visible red and
green bands were found to have a strong correspondence
to the modeled SO2 concentration levels. The trends are
rather uncertain for the initial subperiod (1978-1986)
but stabilize during the second period (1986-1992) and
become close to linear for the long-term period (1978-
1992). The trend coefficients (/?i) are statistically signifi-
cant on the 0.1% error level for all bands and indexes
for the longer period (1978-1992) and on the 5% level
for the subperiods except for the visible green (1978-
1986) and IR bands (1986-1992). The significance levels
were generally lower for the visible green band com-
pared to the red and IR bands. The offset terms (?;,,)
were statistically significant on the 5% error level in
three out of six cases for red and IR bands and in none
out of three cases for the green band.

DISCUSSION

In this study we have assessed the spatial extent and dy-
namics of degraded forest vegetation in the vicinity of the
Severonickel smelter. We have also evaluated the corre-
spondence between an airborne pollutant (SO2) predicted
by the Gaussian plume model (Baklanov and Rodyushkina,
1993) and multispectral change observed in multitemporal
Landsat-MSS image data from three years (1978, 1986,
and 1992).

Although there were not sufficient ground truth data
to evaluate the classification accuracy of the area identi-
fied as degraded vegetation in the 1978 scene, the gen-
eral spatial pattern and extent found in this study corre-
spond well to the results reported in other investigations
based on remote sensing (Mikkola and Ritari, 1992; Sol-
heim et al., 1995; Kravtsova et af, 1995; Mikkola, 1996;
Rees and Williams, 1997).

The iterative histogram matching method applied in
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Fi&urr f>. Mnltispcetial change detection based on Landsat-MSS image data lor the perit Is ( i ITS ]4Sfi b 19S6 I'
and e) 1978-1992. The one-dimensional change index was calculated as the snin of the increase in visible green and red
bands and the decrease in the infrared band. The isolines show the modeled average SO, concentration in ambient air
(p.g/m'1 based on the long-term average emission level.

tiiis study successiuily normalized the imago datasets, re-
vealing multispectral change in tilt: area related to vegeta-
tion degradation. The adaptive1 properties of the method
overcome a major problem inherent to the conventional
single-step technique, that is, the sensitivity to phenom-
ena effecting the rank order of pixel intensities, such as
local changes, moderate geometric displacements, and
random sensor noise. Unlike conventional radiometric
correction techniques, the method does not require
modeling of atmospheric characteristics. However, it
cannot detect uniform change or differences affecting a
majority of the area. The results of the regression analy-
sis indicate that this is the case in this stud)1. The differ-
ences derived lor red and IR hands appear to be biased
by 1-2 digital counts, probably because most of the vege-
tation within the study area show signs of injury. The risk
of bias can be reduced by expanding the matching area
to include more no-change pixels. On the other hand,
this would also increase the risk for bias due to nonuni-
form atmospheric conditions. In contrast to the multidate
classification approach taken in many change detection
studies which analyze the difference in class assignments
for separate dates, image-to-image matching and subse-
quent differentiation focus directly on the spectral
change, thereby avoiding the problem with additive clas-
sification errors. The multidate classification approach
also requires ground-truth reference representative of all
registration dates. Such information is usually not avail-
able, especially for the changed area, thus forcing the
problem to be resolved by laborious and subjective or

semisubjective methods such as visual interpretation,
outlier detection and removal, "rule-based inference," etc.

The strong statistical correspondence found between
modeled SO* concentration levels and observed multi-
spectral change as well as the nature of the spectral
change indicate that the airborne pollutants emitted
from the Severonickel smelter are the major factor of
forest vegetation decline in the region and that the gen-
eral spatial pattern predicted by the model is valid. The
type of multispectral change observed corresponds well
to what is expected for damaged forest vegetation. The
decreased intensity in the near-infrared and increase in
the visible green and red wavelengths could be attrib-
uted to a number of processes observed on the long-term
monitoring field plots:

• reduced vegetation vitality;
• a reduction of tree shadow density due to defo-

liation;
• a reduction of the area covered by species with

high near-infrared reflectance, such as bilberry,
herbs, and green mosses;

• an increasing proportion of dead needles, wood}1

debris, teelmogenic barrens, and hare soil;
• an increased frequency of wildfires.

It is not surprising that the closest correspondence
between nmltispectral change and SOo concentration was
found for the longer period of 1978-1992 since the pol-
lution model is based on the long-term average wind
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Difference (DN)

Multispectral change versus S02

concentration in ambient air

Average SO2 concentration ln(ug / m3)

Figure 7. Multispectral change versus inodeled SO2 concentration in amhient air based on
a long-term average wind pattern and emission level.

data and since the impact on vegetation is expected to
be cumulative. It is interesting to note that the change
patterns observed for the first and second periods were
considerably different. The reasons for this cannot be ex-
plained based on the information available in this study,
but one might speculate that they are caused by peak
emission events whose impact is mainly determined by
the current weather conditions. The accumulated impact

of multiple such events should, however, eventually con-
verge towards the long-term wind pattern. Another pos-
sible explanation for the different patterns observed
might be general differences in vegetation and soil types
for the northern and southern areas.

Based on supervised classification of partly identical
satellite datasets, Rees and Williams (1997) have also ob-
served the same dynamics of vegetation degradation pat-
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Table 2. Regression Models of Multitemporal Change in Landsat-MSS Band
versus Modeled SO2 Concentration Level Classes (n = 10)"

Dependent Variable Y

Visible green 1978-1992
Visible green 1978-1986
Visible green 1986-1992
Visible red 1978-1992
Visible red 1978-1986
Visible red 1986-1992
Near-infrared 1978-1992
Near-infrared 1978-1986
Near-infrared 1986-1992
Red-IR 1978-1992
Red-IR 1978-1986
Red-IR 1986-1992

Green + red -IR 1978-1992
Green + red -IR 1978-1986

Green + red-IR 1986-1992

K (DN)

-0.13
-1.33
0.41

-1.26°°
-2.27°"
-0.24

2.03°"
2.69
1.37

-3 .29°"
-4.96°

-1.61
-3.42°
-6.30°
-1.21

b, (DN)

0.73°°°
0.31

1.31"
1.04°°°
0.76°°°
1.32°

-1.03"°
-1.02°
-1.03

2.07°°°
1.78"
2.36"
2.80°"
2.09°
3.66°°

s (DN)

0.48
0.99
1.21
0.36
0.63
1.12
0.38

1.60
1.85
0.65
2.03
2.69
1.03
2.58
3.71

R2 (adj.)
(%)

78.8
4.9

64.2
93.2
69.6
68.6
92.2
35.7
28.7
94.3
5.3.6
53.5
92.3
49.2
59.8

p(x)

0.000
0.260
0.003
0.000
0.000
0.000
0.000
0.040
0.064
0.000
0.010
0.010
0.000
0.014
0.005

" Equation type: Y=ba+bl'in(SO,).p(x) is the probability of &,,=fc,=0. Significance levels 0.05,
0.01, 0.001 are indicated as °, " , " ° .

terns. Based on meteorological records from the Mur-
mansk station 110 km north of Monchegorsk, they suggest
that the different patterns observed could be attributed to
a change of general wind patterns. We find this theory
less likely, since the meteorological data available from
both the Monchegorsk and Severoniekel monitoring sta-
tions show very stable annual wind patterns for the entire
period. Besides, the meteorological conditions are very
heterogeneous across the Kola Peninsula. In particular,
the climate in Murmansk is maritime, influenced by the
warm Gulf Stream and the topography of the Kola Bay,
which is very different from the inland-type climatic con-
ditions and mountainous topography in the study area.

The significant offset coefficients (blt) observed in
the regression equations of the red and infrared bands
indicate that most of the study area is effected by pollu-
tion. This would cause the histogram matching algorithm
to adapt to some of the actual change. The concentration
levels derived by the pollution model for the majority of
the study area exceed 5 fig/m3, which is close to the criti-
cal level of 7 /ig/m3 suggested by Tsvetkov (1993) for co-
niferous forests in the Monchegorsk area.

It should be stressed that it is not possible to dis-
criminate the impact of specific polluting agents since
the model would produce similar spatial patterns for
most airborne pollutants. The main reason is that the sta-
tistical assessment is of relative nature (provided that the
critical levels are exceeded) and that the geometric shape
of the pollution pattern is not sensitive to the absolute
emission levels applied. This specific topic is currently
being investigated in a follow-on study where a pollution
impact model is applied to the modeled annual pollutant
concentration levels for the entire period of smelter op-
eration and calibrated with the changes in vegetation and
soil characteristics observed on the long-term monitoring

plots. A cumulative-impact modeling approach might
also contribute some information to the sequencing of
the multispectral change observed in this area.

In conclusion we consider the Gaussian plume model
used to be valid as a component in the modeling of air-
borne pollution impact on forest vegetation in this region.
Also, multispectral change detection based on bandwise
iterative histogram matching and differentiating is capa-
ble of revealing local changes in vegetation vitality, even
without sensor calibration data or scene-specific informa-
tion of atmospheric conditions.
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Abstract:
The central Kola Peninsula, Northern Russia is one of the few places in the world with
large-scale forest decline attributed to a single source of pollution - the 'Severonikel'
smelter. The major pollutant in the area is sulphur dioxide (Kryuchkov 1988). The study
objective was to monitor the dynamics of the forest damage area in the 'Severonikel'
smelter impact zone for the period between 1978 and 1996 by use of multi-temporal
satellite remote sensing and mathematical modelling. Landsat-MSS and -TM summer
images from 1978, 1986, 1992 and 1996 were used for the change-detection analysis. The
methods applied were histogram matching with subsequent subtraction. Unsupervised
classification coupled with in situ observations of vegetation type and degradation levels
on permanent field plots were used to map the severely degraded forest area around the
smelter in 1996.

The IIASA model for accumulated impact in forests under long-term exposure to
airborne sulphur (Makela et al 1987) was applied for the 1960-1996 period. The input
data used were plant sensitivity parameters and annual average SO2 concentration in
ambient air. The latter was calculated by a Gaussian plume sector model (Baklanov &
Rodyushkina 1993) based on actual emission records from the 'Severonikel' smelter and
local meteorology.

The analysis shows that:
•An expansion of the area of degraded vegetation around the smelter was revealed
during 1978-1992 with subsequent stabilisation between 1992 and 1996 coinciding with
reducing industrial emissions. The change detection analysis reveals a tendency towards a
recovery between 1992 and 1996.
•The pattern predicted by the impact model in 1996 corresponds well to in situ ground
truth data.
•Although in a long-term perspective, the annual average concentration contributes more
to the damage pattern than peak concentrations (Materna 1985), episodes might effect
results of satellite-based analysis. An exceptional expansion of forest damage south of the
smelter in 1992 is likely to be linked to an episode of high SO2 concentration prior to the
image acquisition or to an effect of extreme climatic conditions.
•The pollution pattern in the southern sector predicted by the 3D model reveals the
sheltering role of the mountains. This effect, coupled with frequent temperature near-
surface inversions, significantly influences the pollution pattern: high pollution is
localised in a zone within 6 km from the source.

Key words: remote sensing, mathematical modelling, change detection, boreal forest.
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INTRODUCTION
Environmental problems
The central Kola Peninsula, Northern Russia (Figure 1) is one of the few
places in the world with large-scale forest damage attributed to a single
pollution source. The 'Severonikel' smelter, operating since 1938, is one of
the three largest in Russia alongside with the 'Pechenganikel' on Kola and
the Norilsk integrated mining and metallurgical plant in Siberia. SO2

appears to be the dominant toxicant for forest ecosystems in the area
(Boltneva et al. 1982, Kryuchkov 1988). The emission levels are uneven in
temporal perspective (Figure 2).

68°27'

67-26' 32°04'

Figure 1. Study area - central Kola Peninsula, Northern Russia.

33°51'

Due to high-sulphurous ores (30 % S) and primitive protection measures,
the past sixty years of the smelter operation have caused severe
environmental degradation in the area (Pozniakov 1993). Within a 100-km
gradient from the smelter, a transition from the industrial barren to
undisturbed ecosystems is displayed (Lukina & Nikonov 1996).

Forests up to 6 km from the 'Severonikel' had perished already in 1946
(Berlin 1993). By 1973, the area 'void of trees' was estimated to cover
about 50 km2 (Doncheva 1978), and was nearly doubled in 1983-1987
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Figure 2. SO2 emission levels of the 'Severonikel' smelter (Ktons) in retrospective
(after Pozniakov, 1993; Murmansk Regional Committee on Ecology, 1996).

(Doncheva et al. 1992). During the past decades, the damaged area around
the 'Severonikel' smelter was reported to expand steadily at a rate of 50-70
km2/yr (Tsvetkov 1993); the affected zone expanding 26 km2/yr
(Pozniakov 1993). The external border of the industrial barren around
'Severonikel1 has been moving at a rate of 2 to 4 km/yr between 1985 and
1994 (Kozlov & Haukioja 1995).

Industrial pollution and forest health
Many ground-based surveys in the study area have been made to detect
and map forest damage by means of traditional approaches of forestry and
botany (Kryuchkov & Makarova 1989, Norin & Yarmishko 1990,
Tikkanen & Niemela 1995, Lukina & Nikonov 1993,1996). However,
these efforts have not allowed for detailed spatial mapping of the degraded
area or the rate of expansion, mainly because of the limited number of
plots and their unknown representativity.
Some attempts were made to find out a correlation between industrial
pollution and forest health by means of satellite remote sensing. Solheim et
al. (1995) reported a high correlation between change in the SO2

emissions and the area covered by lichen-dominated vegetation. Mikkola
(1996) found a high correlation between the Landsat-TM thermal band
and modelled SO2 annual average concentration. Hagner and Rigina (1998)
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found that decrease in near-infrared- and increase in visible green and red
radiances were highly correlated to the modelled long-term average SO2

concentration.

Some researchers analysed the interrelation between air pollution and
forest decline by means of mathematical modelling (Makela et al. 1987;
Boltneva et al. 1982; Tarko et al. 1995, Alekseev 1995). Despite very
rough results, these methods can be integrated (as auxiliary data) with
remote and/or ground survey for a better spatial discrimination by damage
level.

Damage level classification
Zone-based approaches have been widely applied in ground-survey studies
for classification of the degraded area around the 'Severonikel' smelter
(Alexeyev 1990; Kryuchkov & Makarova 1989; Yarmishko 1993;
Tsvetkov 1993; Lukina & Nikonov 1996) based on pollution load and/or
state of vegetation. It was also a popular approach in satellite-based
surveys (T0mmervik et al. 1995, Mikkola 1996), based on spectral
reflectance of different classes and pollution load. In most studies, four to
six levels of degradation have been discriminated around the 'Severonikel'.
Although the zones are being loosely described as homogeneous, they
indeed have a mosaic structure due to various conditions such as exposure
to pollution, hydrology, topography etc. The relationship between
degradation level and distance from the smelter is illustrated in Figure 3.

Dam age level
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Figure 3. Correspondence between forest damage level (0 - undisturbed, 5 - industrial
desert) and distance from the smelter in the south sector (after Lukina & Nikonov, 1996;
Kryuchkov & Makarova, 1989; Yarmishko, 1993; Kozlov & Haukioja, 1995).



According to Tikkanen and Niemela (1995), an average annual SO2

concentration of 15 |ag/m3 outlines a visible-damage zone regarding
conifers. Mikkola (1996) found a correspondence between severe damaged
zone and mean annual SO2 concentration of 40-60 |J.g/m3.

Sensitivity and critical levels
Lichen (long-term SO2 critical levels of 5-9 i-ig/m3) and moss (9-12 ^ig/m3)
appear to be the species most sensitive to sulphur pollution, whereas
shrubs and grasses are the most resistant (70-100 u.g/m3) (Kryuchkov &
Makarova 1989). Foliate trees (50-70 ug/m3) reveal more tolerance than
coniferous trees (15-25 fig/m3) (Kozlov & Haukioja 1995). The sensitivity
of spruce and pine is very similar (Alexeyev 1990). Young and middle-
aged stands are more resistant (Tsvetkov 1993). In coniferous forest, old
needles from the upper part of the crown are most vulnerable (Lukina &
Nikonov 1997).

It is necessary to distinguish two damaging mechanisms: long-term
exposure to pollution, and episodes, when acute damage to vegetation
occurs. Degradation of forest ecosystems due to moderate pollution lasts
for several decades (Kryuchkov 1993). After episodes of high
concentrations, chloroses occur within several hours, necroses within 1-3
days (Alexeyev 1990). Earlier results indicate (Materna 1985) that long-
term exposure to SO2 better reflects damage pattern than peak
concentrations. Acute damage may happen under SO2 exposure of 130-
1300 |J.g/m3 during 8 h (Mudd 1975) for sensitive species. Acute leaf
damage to forest (necroses) was reported at the SO2 level of approximately
1,000 )ng/m3 during 1 h (Baklanov & Sivertsen 1994).

Objectives
The objectives of the study are:
•to estimate and map the extent of the severely degraded forest vegetation
around the 'Severonikel' smelter in 1996 by means of satellite remote
sensing;
•to monitor the dynamics of the forest damage area around the
'Severonikel' smelter for the period 1978-1996 by means of mathematical
modelling and multi-date satellite remote sensing (i.e. extending the
monitoring period compared to the previous study (Hagner & Rigina
1998));
•to validate the forest impact model by the satellite data and in situ
monitoring in 1996;
•to assess the effects of topography and episodes of high concentrations on
the damage pattern.
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MATERIALS AND METHODS

Investigation area
The study area is a 112 by 76 km region in the central Kola Peninsula
(Figure 1). Several mountain massifs and the big lake of Imandra cause the
meridional winds in the area. However, during the vegetation period,
winds from the south usually dominate.

Forests are of a taiga-subarctic type with low productivity. The dominating
species are: Siberian spruce (Picea abovata) and Scots pine (Pinus
sylvestris) mixed with (up to 50 percent) birch (Betula pubescens). The
typical tree height is about 12-16 meters. The field layer mostly consists of
bilberries (Vaccinium myrtillus), cowberries {Vaccinium vitis-idea),
crowberries (Empetrum hermaphroditum) and grass {Deschampsia
flexuosa).

Field measurements
Ground truth data were collected in collaboration with the Institute of
Northern Ecology Problems (INEP) during 5-12 August 1996 which
correspond to the date of the Landsat-TM acquisition (08.08.1996 ). In situ
observations of forest damage levels were mainly based on permanent field
plots used for long-term monitoring of vegetation and soils by INEP
(Lukina & Nikonov 1996). The locations of the 21 monitoring plots were
determined by using the global positioning system (GPS). Most of the
plots are located in the southern gradient from the 'Severonikel' and
represent different levels of degradation in pine- and spruce-dominated
forest.

The characteristics of the different damage levels are:
•Non-visible (level 1): Concentration of copper and nickel in one- and
two-year old needles considerably exceeds the background level. Vitality
of the needles is decreased. In spruce forest Epiphyte lichens are absent
and a decrease in green moss proportion and some needle losses are
observed. In pine forest epiphyte lichens decline.

•Visible damage (level 2): Defoliation is noted on coniferous trees.
Lichen-mossy layer has deteriorated to a large extent. The proportion of
shrubs is reduced and that of grass {Deschampsia flexuosa) increases in
spruce forest types. Up to 5% of barren spots with missing field layer are
found.



•Moderate damage (level 3): Extensive defoliation and dying off of
coniferous trees. Visual damages on needles. Unsuccessful regeneration.
Reduction of bilberries (Vaccinium myrtillus), and cowberries (Vaccinium
vitis-idea) and an increase of crowberries (Empetrum hermaphroditum)
and grass (Deschampsia flexuosa). More than 5% of the field layer is
missing.

•Severe damage (level 4): Most of the coniferous trees are dead and
broadleaf species are severely defoliated. Birch trees grow as low bushes.
Up to 50 % of the field layer is missing. The dominating species are
tolerant shrubs like Empetrum hermaphroditum. The humus layer contains
high concentration of heavy metals and has eroded away in patches. Wild
fires are frequent in this area.
•Industrial barren (level 51: Vegetation coverage is less than 20%. All
coniferous trees are dead. Scattered shrubs of broadleaf trees remain.
Willows dominate in the secondary communities. Most of the humus layer
has eroded away as well as the podzol and illuvial soil horizons in some
cases.

Airborne pollution
Temporal and spatial dispersion of pollutants is primarily determined by
the meteorological conditions, topography, and the height of the chimney-
stacks. The 'Severonikel' smelter has ten chimney-stacks located in the
foothills of the Sopcha mountain (Figure 4) with a release height over 100
m; the highest is 200 m. Emissions from the high chimney-stacks can be
transported as far as 2,000 km from the smelters (Jaffe et al. 1995). The
low sources (release height below 50 m) contribute mainly to the
contamination of the areas adjacent to the smelter, approximately within a
20-30 km distance (Baklanov & Sivertsen 1994). This influence is
aggravated by frequent temperature inversions (Kryuchkov & Makarova
1989).

Severe air pollution problems in the region are caused by episodes. The
episodes usually occur during 3-5 % of the days in winter and 1-2 % of
those in summer (Baklanov & Sivertsen 1994). The maximum (averaged
for 20 min) for 1992 SO2 concentration 4,000 ug/m3 was recorded 4 km
south-west of the smelter. The 1992 episodes of high concentration over
500 ug/m3 were detected in the Lapland nature reserve (31 km S-SE of the
smelter), 200 ug/m3 in the Kislaya (40 km S-SW) and over 400 |ag/m3 in
the Khibiny station (32 km SE) (Baklanov et al. 1993) (Figure 5).
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Figure 4. The location of the 'Severonikel' chimney-stacks.

Annual average sulphur dioxide concentration is a sufficient description of
the whole pollutant environment (Makala et al.1987) because of the
following reasons:
1. The annual average concentration shows highly significant correlation
with the percentile of high concentrations (Materna 1981). Hence, the
impacts of episodes are difficult to separate from the average.
2. Foliar concentration of sulphur as an indicator of the sulphur-imposed
strain in the trees is well explained by the average concentrations for the
vegetation period and even for annual average (Materna 1981).
3. Concentration of the heavy metals is usually highly correlated to that of
sulphur and their dispersion patterns are similar with the appropriate
scaling (Kelley et al. 1998), due to the fact that metals are confined to a
smaller area owing to gravitational settling. Moreover, we focus on direct
effects of pollution, with SO2 being the main pollutant.

Forest response on pollution impact
Long-term exposure to moderate concentrations gradually leads to
appearance of chlorosis (yellowing and discoloration). Necrosis is usually
attributed to acute damage due to episodes of very high concentrations
(Alexeyev 1990). Both result in premature defoliation (i.e. earlier loss of
needles) later on.
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Figure 5. Monitoring records of daily-averaged S02 (|^g/m3) at the Khibiny (32 km SE)
(a) and Kislaya (40 km S-SW) (b) stations in 1992 (after Baklanov et al. 1993).

Chlorosis, necrosis and premature defoliation are the parameters used most
for assessment of forest damage. However, both chlorosis and necrosis
might be caused by other reasons such as disbalance of nutrients in soil,
exceptional climatic factors, insect infestation, etc.

Satellite data used
Satellite scenes acquired at 28.06.1978 (Landsat 2-MSS), 26.06.1986,
10.06.1992 (Landsat 5-MSS) and 08.08.1996 (Landsat 5-TM) were chosen



for the analysis. The first two images were very similar with respect to
phenology, whereas the third image was earlier (just after leaf-flush), and
the last image was acquired later in the phenological phase. All the
Landsat-MSS satellite scenes were georeferenced to the Landsat-TM
scene, which was system-corrected to UTM projection and adjusted by
GPS measurements.

Change Detection Analysis
Multispectral change images were derived for the periods of 1978-1986,
1986-1992 and 1992-1996 (Figure 6). The technique used was band-to-
band histogram matching and subsequent subtraction. Multi-date colour
composites were derived from the green, red and near-infrared change
bands coded in blue, green and red, respectively. A decrease in spectral
reflectance between two dates is mapped with high intensities and vice
versa.

Cover-type Mapping and Stratification
A raster cover-type map was derived by means of visual interpretation of
the 1996 colour composite with the help of information from the basic
topographic map (Figure 7). The cover-types identified were: alpine- and
non-alpine vegetation, water, urban and industrial areas and roads. In order
to minimize the effects of differences due to water turbidity, vegetation
phenological stage, snow cover in alpine regions, agricultural crop
rotation, etc., all non-alpine vegetation was masked. Then stratification of
non-alpine vegetation was made by means of unsupervised clustering
classification. Beside green, red and near-infrared bands of the 1996
dataset, red and NIR difference-bands of 1978-1986, 1986-1992 and 1992-
1996 were used in the clustering procedure. This new dataset describes
both the long-term trends since 1978 and the vegetation state at the end of
the period (1996). Nine different vegetation and damage classes were
distinguished based on the ground truth data as well as visual
interpretation. The labelling of the classes was supported by the earlier
results of single-date cover-type classifications from 1978,1986 and 1992,
(Hagner & Rigina 1996) and the trends of the multispectral changes
between 1992 and 1996 (Figure 6c).

Atmospheric pollution modelling
To model annual average concentration in the temporal range of 1960-
1995, a Gaussian type sector model (Baklanov & Rodyushkina 1993) was
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1978-1986 (a) 1986-1992 (b) 1992-1996 (c)

Figure 6. Inverted difference bands (a decrease in radiance is shown as bright values) of near-infrared, red and green (RGB) for the periods of:
1978-1986 (a), 1986-1992 (b) and 1992-1996 (c). Signs of vegetation decline can be seen as red hues corresponding to a decrease in near-infrared
and an increase in the visible wavelengths.



used. The model is based
on the Gaussian
probability distribution in
vertical and horizontal
crosswind directions
relative to the plume
centreline. The statistical
data of wind and
atmospheric stability used
were based on monitoring
records from the
Monchegorsk "
meteorological station,
situated centrally in the
study area. For years, when
meteorological information
was not available, average
data (mean for 1970-1990)
were used (Berlin 1993).
Emission parameters and
levels were based on
statistics from the
'Severonikel' smelter
(Pozniakov 1993) and data
of the Murmansk Regional

Committee on Ecology (1996). Data prior to 1960 were not available. The
Gaussian plume models have a limited predictive capability in areas with
complex terrain. However, the model used was reported to be adjusted to
the area through verification of parameters and constants during field
campaigns (Kalabin et al. 1995).

For analysis of influence of episodes with high concentration and
topographical effects, a 3D numerical model of atmospheric dynamics and
pollution dispersion over a complex terrain (Baklanov et al. 1996) was
applied. The mesometeorological part is based on a system of equations
where the non-hydrostatic approximation and a modified k-s model are
assumed. The atmospheric pollution part is based on an Eulerian 3-D
model of transport and turbulent diffusion of pollutants.

First of all, situations in the south sector linked to northern winds were of
interest, because there we possessed monitoring data on airborne
concentration and the forest plots. The calculations (Figure 8) were carried

Figure 7. A cover-type map showing the extent of
the severely damaged area (red) in 1996.
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out for several wind directions southwards over the Sopcha mountain.

Wind velocity was 7 m/sec, and both cases of neutral (Figure 8) and stable
(Figure 9) stratification of the atmosphere were considered. Pollution from
the low (20% of the total emission) and high (80%) sources was
calculated separately for the SO2 emission rate of 180,000 ton/yr,
corresponding to year 1992.

Q.Q

Figure 9. Isolines of SO2 concentration in the ambient air southwards of the 'Severonikel'
smelter for neutral and stable (dashed) stratification as predicted by the 3D model.

Forest impact model
The HAS A model (Makela et al. 1987) for damage development in forests
under long-term exposure to airborne sulphur was used. The analysis of the
relationship between damage and sulphur concentration was guided by the
dose-response approach. The input to the model was the annual average
SO2 concentration calculated at the previous step, and accumulated impact
over time was incorporated. Sensitivity of the region to the pollution
impact was defined as a function of the effective temperature sum (ETS),
which reflects the length and warmth of the growing season.

The main equation in the model is the dose-response formulation. Dose, Q,
accumulates if the annual average SO2 ambient concentration, C, exceeds a
critical level, Q:

Q(t + At)=Q(t)+f(C(t))At,
where f(C(t)) = max {C(t)-Ct, 0}.
It is assumed, that damage to trees occurs if Q > Qf , where Qf is a
threshold dose, which is a quadratic function of the effective temperature
sum, ETS (degree *days):
Qt = ao+ a} ETS + a2 ETS2,
where a\ are empirical constants (Makela et al. 1987) for Norway spruce in
mountainous areas of Czechoslovakia and ETS is defined as the annual
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sum of daily temperatures, 7/, exceeding a threshold value, To
(conventionally 5°C):

365

ETS=Smax {Ti-Tt,, 0}.

According to data of the Monchegorsk meteorological station, ETS ranges
from 322 to 986 degree*days. Averaged for 1970-1990 ETS was estimated
to 677.6 degree*doys. We use the same constants as determined by Makela
et al. (1987) by the following reasons:
- the sensitivity of both spruce and pine is very close, and
- there are similarities in the mountainous areas and in the pollution load in
both studies.

The cumulative doses were calculated and damage areas were outlined for
the period of 1961-1996 for SO2 critical levels of 15, 50 and 80 ug/m3

(Figure 10). These critical levels represent areas with different damage
levels regarding coniferous - visible-damage (level 2), severe damage
(level 4) and industrial barren (level 5). On the other side, the zones
obtained explain health variability within the visible-damage zone for
different species: conifers - spruce, pine (critical level is 15 jj.g/m3),
deciduous - birch (critical level is 30 |Lig/m3) and willow shrubs and grasses
(critical level is 70-100 ug/m3).

RESULTS AND DISCUSSION

Extent of forest damage in 1996
Forest damage (levels 4 and 5) according to satellite image classification is
displayed as extensive red areas north and south of the smelter with a
shape caused by dominating meridional winds and topography (Figure 7).
The damaged area extends more north (34 km) than south (15 km) of the
smelter. This result is due to some dominance of southern winds during the
vegetation period, when the pollution effect is much more important
(Manninen & Huttunen 1997). In addition, the sheltering role of the
Sopcha, Nydyaivench and Monchetundra mountains, which mitigate the
pollution impact in the southern sector, is revealed by the 3D model
(Figure 8).

Vegetation change detected by remote sensing
In the change-detection composite images (Figure 6), vegetation stress and
decline due to industrial pollution (decreasing near-infrared, increasing
red and green reflectance) are manifested as diffuse red hues. Unchanged
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areas are exhibited in medium grey tones. A simultaneous increase or
decrease in radiance for all bands is displayed by various shades of grey.

An increase of the forest-damage area is detected north and south of the
smelter in the 1978-1986 composite (Figure 6 a), although this region was
already severely damaged by 1978. Two small and one large burnt areas
also displayed in red are seen south of the smelter. This is in accordance
with records on a recurrence of fires in the smelter neighbourhood
(Selikhovkin 1993).

Indication of appearance of stressed vegetation in the 1986-1992
composite (Figure 6 b) is evident in a large forested region south and
south-west of the smelter.

The composite image of 1992-1996 (Figure 6 c) shows an increase in
healthy vegetation south of the smelter. A plot with clear cutting is
revealed south of the smelter along the main road. A further deterioration
of vegetation state in the zone nearest the smelter is indicated in bright red
hues. However, the spatial expansion of the area of damaged forest seems
to have been interrupted during the period of 1992-1996, which coincides
with reducing emission levels since 1991 (down to 110,000 t/yr in 1996).

The opposite tendency in the 1992-1996 sub-period, versus 1978-1986 and
1986-1992 in a large area south of the smelter might be a consequence of
one of, or a combination of the following reasons:
1. a phenological difference between the scenes;
2. appearance of deciduous shrubs of willow and birch instead of the dead
mature coniferous forest;
3. general improving in forest health due to the decreasing pollution load
since 1991;
4. an acute leaf damage occurred after an episode of high concentration
prior to the image acquisition in 1992;
5. extreme climatic conditions in 1992.

Despite the highest phenological difference between the scenes from 1992
and 1996, the latter image was not yet effected by autumn discoloration,
so this could not be the only reason. Some residual phenological
differences can show up in shades of red or blue/green depending on the
type of difference. However, it is unlikely that the phenological differences
would appear only south of the smelter; they are likely to have a distinct
spatial pattern correlated to a specific vegetation type. An example of this
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Figure 10. Dynamics of the damage areas around the 'Severonikel' smelter in 1968 (a),
1976 (b), 1984 (c) (years of the emission peaks) and in 1996 (d), corresponding to SO2

critical levels of 15 (light grey), 50 (medium grey) and 80 (dark grey) |ig/m3. For 1996 in
situ data on damage level are superimposed on the damage areas modelled.
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could be the thin bright red line along the transition zones between tundra
and alpine vegetation in the 1986-1992 composite.

The appearing of spots of deciduous shrubs of willow and birch replacing
dying coniferous mature forest is highlighted during the 1996 field survey.
However, this process can be responsible for the difference close to the
smelter, but not in the detected extent and not only south of the smelter.

Although a general improvement of vegetation health (recovery) due to the
decreasing pollution load is possible, it is known to be a long-term process
and is not likely to have happened over the four-year period (1992-1996).
Besides, the emission was not stopped and still remained rather high
(110,000 t/yr).

It is quite likely that this damage is due to the episode of high
concentration detected on 12 April 1992 (the highest episode for the period
from January 1992 until the date of the image acquisition) or on 25 May
1992 (the last episode prior to the acquisition) (Figure 5). Such an episode
could lead to an acute foliar damage south of the smelter proceeding from
an assumption that the wind direction was southwards at that time. This
damage pattern reflected the current meteorological situation and did not
have to correlate with the damage pattern due to the long-term process of
damage accumulation. In this case, the latest 1996 image could reveal
some recovery. All needles damaged in 1992 have dropped for the past
four years; in the heavily polluted forests, the lifetime of pine needles
decreases down to 2-3 years (Norin & Yarmishko 1990) and that of spruce
needles down to 2-4 years (Lukina & Nikonov 1993). Lifetime of shrubs
of bilberries, cowberries and cowberries dominating in the field layer
drops to 3-5 years (Norin & Yarmishko 1990). Apparently, during 1992-
1996 other episodes of high concentration took place as well, however the
decreasing of the emission levels since 1991 indicates that they generally
should be of lower value. So, at the moment this hypothesis seems to be
the most plausible. However, additional meteorological data are necessary
for a trustworthy conclusion.

After an episode on 27-28 June 1992 around the 'Pechenganikel' smelter,
when an area of approximately 150 km2 was exposed to extreme SO2

concentrations exceeding 1,000 (ag/m3, vegetation damages were observed
by both ground and remote methods (Sivertsen et al. 1994). This fact also
indirectly supports our hypothesis.
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However, the scientists Nikonov and Lukina from the Kola Science Centre
and specialists from the Lapland reserve (personal communications) claim
that the exceptional forest damage observed in 1992 and exhibited as
yellowing of spruce and pine needles, may be related to extreme climatic
conditions in 1992.

Also a combination of all the above-mentioned possible reasons could
explain the difference observed between 1992 and 1996. If in a long-term
perspective, the average annual SO2 dominates over peak concentrations
(Materna 1985), then episodes might effect results of satellite-based
analysis.

Investigation of topographical effects
Distinctive features of the pollution transport from the low and high
sources are displayed in Figure 8 for a case of neutral stratification: the
plume from the high chimney-stacks streamlines over the mountain,
whereas pollution from the low sources is separated and transferred by two
flows, rounding the mountain from both sides through the valleys.

Figure 8 also exhibits two effects of the topography: changing the plume
direction during the transport, and the sheltering role. Figure 8a (wind
southwards) reveals a tunnel effect of intensification of the flow by the
slopes of Monchetundra and Sopcha, where the plume becomes very
narrow. In Figure 8b (wind towards south-west) the pollution, because of
streamlining, has two maxima at the windward slopes of Sopcha and
Monchetundra. Thus, the territory of the Lapland natural reserve appears to
be twice protected. In Figure 8c (wind towards south-east) the plume
streamlines both Sopcha and Nydyaivench and becomes wider. In Figure
8d (wind towards S-SW) the plume streamlines Sopcha and rounds
Monchetundra from the right, turning southwest. The plume, initially
transported south-southwest of the smelter turns southwest due to the
effect of Sopcha and Nydyaivench.

Thus, the mountains protect the territory behind and mitigate pollution
impact south of the smelter. The most effected (subjected to the highest
concentration) is the Sopcha windward slope, due to dry deposition (Figure
8a-d). This is approved by our field observations.

Frequent temperature near-surface inversions (stable stratification) worsen
the environmental situation (Figure 9). The main transport of pollution
takes place around the Sopcha mountain through the valleys, increasing the
concentration there. In this case high pollution is localised within 6 km
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from the sources.

These calculations explain the difference between the shape of the severely
damaged area observed in the Remote sensing analysis and that predicted
by the forest impact model (because of deficiencies of the Gaussian plume
sector model).

In the future, an optimal way is to use the Gaussian plume sector model as
the first approximation. Then one will need to run some test calculations
by a 3D model to derive a coefficient correcting for the topography in the
southern sector. Finally, obtaining weight coefficients for calculations for
the vegetation period and the rest of the year might improve the results.

Dynamics of the forest damage area as predicted by mathematical
modelling
Figure 10 outlines the dynamics of the damage regarding mature
coniferous forest in three classes: visible-, severe damage and forest-death,
roughly corresponding to SO2 critical level of 15, 50 and 80 |ig/m3 for the
years with maximal emission levels and for 1996, the year of the latest
satellite image acquisition.

The model predicts a stabilisation of the forest damage area between 1992
and 1996 because of decreasing emissions. This result is in logical
agreement with the findings of Htegda and T0mmervik (1996) about
damage stabilisation around the 'Pechenganikel' smelter since 1988; both
smelters, apart from similar natural conditions, have similar history and
comparable emission levels.

Verification of the forest impact model
The forest impact model has been tested against the ground truth data. The
boundaries of the different zones in 1996 coincide with corresponding
damage levels defined during the 1996 survey with respect to mature
coniferous stands (Figure 10 d). The isolines, superimposed on the
classified 1996 Landsat-TM scene show a reasonably good correspondence
with the damage zone. The difference is conditioned by the diversity
within the forest class: classes dominated by deciduous trees are more
resistant and thus belong to another damage level. The shape of the
damaged area north of the smelter revealed by remote sensing corresponds
better to that predicted by the forest impact model due to the lesser effect
of the topography.
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Both the Remote sensing analysis and mathematical modelling show an
expansion of forest-damage area around the 'Severonikel' smelter during
the period of 1978-1992 with subsequent stabilisation in 1996 consistent
with the emission decrease.

It is, however, clear that the spatial resolution of the model is rather coarse
and some important factors are missing. The model does not include
recovery from damage, although it is known that recovery may occur. On
the other hand, the theory predicts a very long delay time - from decades to
a century- due to 'impact accumulation' (Rigina & Kozlov 1998).

CONCLUSION

•An expansion of the area of degraded vegetation around the smelter was
revealed during 1978-1992 with subsequent stabilisation between 1992 and
1996 coinciding with reducing of the industrial emissions. The change
detection analysis reveals a tendency towards a recovery between 1992 and
1996.
•The pattern predicted by the impact model in 1996 corresponds well to in
situ ground truth data.
•An exceptional expansion of forest damage south of the smelter in 1992
is likely to be due to an episode of high concentration prior to the image
acquisition or an effect of extreme climate conditions.
•Although in a long-term perspective, the annual average concentration
contributes more to the damage pattern than peak concentrations (Materna
1985), episodes might effect results of satellite-based analysis.
• The pollution pattern in the southern sector predicted by the 3D model
reveals the sheltering role of the Sopcha, Nydyaivench and Monchetundra
mountains that displays in two mechanisms:
- the southern windward slopes of both mountains undergo the highest
exposure to the pollution due to dry deposition and thus mitigate the
pollution of the streamlined current, and
- the pollution transport southwards is channelled through a valley along
the Imandra shore.
• Frequent temperature near-surface inversions significantly influence the
pollution pattern; high pollution is localised in a zone within 6 km from
the sources.
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