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Abstract. The degree and spatial distribution of boreal forest ecosystem
degradation in Russia are not well known. The objective of this study is to
develop an interpretation basis for analysis of satellite remote sensing data using
a set of indicators characterizing the ecological situation and the degree of
industrial pollution. European Remote Sensing Satellite (ERS) Synthetic
Aperture Radar (SAR) and Landsat Multi-Spectral Scanner (MSS) data are
used in combination for this purpose, along with an exceptionally extensive
in situ data set of ground measurements of spectral radiance of pine biocenose
components, and the results of moss chemistry and bio-indicator studies from
the ecologically stressed St Petersburg region. It is shown that ERS SAR images
provide an assessment of forested area distribution and forest type classification.
The main factors of variability in parameters such as Normalized Difference
Vegetation Index (NDVI) that are most strongly related to in situ indicators
reflecting the state of the forest are identified. A supervised classification of
forest degradation was performed on the basis of the NDVI values from the
Landsat images. The results obtained make it possible to specify the areas at a
local level and perform regional assessments. The potential for multi-temporal
ERS SAR and multi-spectral sensor observations to trace the dynamics of
changes in forest ecosystems is evaluated.
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Introduction
The spatial variability of ecosystem characteristics of the Russian boreal forest
biome is poorly known, due largely to the difficulties its vast area and inaccessibility
present for frequent field observations. Therefore, satellite remote sensing observations can be useful if not essential tools for boreal forest monitoring. There is some
evidence from satellite data that the Russian boreal forest is undergoing
geographically broad changes (Mynemi et al. 1997), possibly in response to
global or regional climate change. Moreover, there is unambiguous evidence of
anthropogenic disturbances such as clear-cutting and pollution on regional and
local scales. Pollution-damaged forests in north-western Russia are the focus here.
Several sorts of pollution, such as airborne heavy-metal particles and noxious
gases—especially sulphur dioxide (SO2 )—are common over the terrestrial environment in north-western Russia. Airborne toxins prove to be harmful for higher
plants and lead to numerous disturbances in many physiological functions of the
plant, depending on the duration and intensity of the airborne toxins (Guderian
1979). Airborne toxins also lead to dilapidation of plant vigour, as well as to a
substantial reduction in plant growth increments and changes in appearance. In
most cases, visual inspection indicators (e.g. measured as per cent of colour
degradation of pine needles and/or degree of defoliation) of the state of the trees
are preferred to assess the degree of damage (UN/ECE 1992). The mere crown
appearance, especially in coniferous trees, reflects the response of plants towards
ecological degradation. The development of the degenerative process in pine needles
leads to a decrease of the velocity of respiration and photosynthesis, slowing down
the rate of chlorophyll synthesis and as result colour change and death of pine
needles.
Along with visual bio-indicators that describe the appearance of plants, the
method of lichen indication based on studying the state and species diversity of
lichen epiphytes is also representative of the forest state. There has been ample
evidence that the use of lichens as air pollution bio-indicators is a simple and
reliable way to characterize air pollution intensity (Nash 1974, Guderian 1979,
Goltsova and Vasina 1995).
A number of previous investigations have focused on the evaluation of air
pollution impacts on European, Russian and American forests using satellite data.
These studies show variations in the relation between satellite data and measurements of the degree of forest damaged. For example, research in the Czech
Republic using Landsat Thematic Mapper (TM) data demonstrates that significant
relationships exist between forest damage and spectral reflectance (Lambert et al.
1995). They show 80–88% accuracy in separating moderate and heavily damaged
classes with Landsat TM single bands and single-band combinations. Research in
the northern Czech Republic using Landsat TM data and regression-based
relationships has shown that spectral differences allow the separation of the three
forest damage categories in Norway spruce forests with an accuracy of 75% (Ardo
1998). This research shows that severe defoliation increases the spectral reflectance
in all wavelength bands, especially in the mid infrared region. At the same time
Koch et al. (1990) showed that increasing defoliation in both the visible and the
near infrared indicates a decrease in reflection intensity.
Many studies using remote sensing data have successfully used the Normalized
Difference Vegetation Index (NDVI) to monitor and assess forest vegetation
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conditions (Banninger 1986, Vogelmann 1990, Mikkola 1996, Rees and Williams
1997). Studies in the north-eastern United States have shown that NDVIs are
effective measures of forest health (e.g. Vogelman 1990). Mikkola (1996) used
Landsat MSS-derived NDVIs to study vegetation damage in the boreal forest in the
Kola Peninsula, Russia, caused by SO2 and heavy-metal emissions from nickel and
copper smelters. An unsupervised classification showed that the vegetation around
the smelters has degraded severely.
The requirements for monitoring vegetation and forest ecosystems in particular
have recently led to remote sensing developments such as the combined (or
‘synergetic’) use of different satellite sensors (Lambin and Ehrlich 1995). Satelliteborne Synthetic Aperture Radar (SAR) data have become an increasingly
important tool for forest and land-cover observations, as SAR provides highresolution data independent of darkness and cloud cover. As indicated by Pohl and
Van Genderen (1998), combining images acquired by sensors sensitive to visible/
infrared (VIR) with data from SAR sensors can significantly improve results. The
interpretation of SAR data to derive forest parameters remains a major research
issue, as does the potential advantage of synergetic use (e.g. Pohl and van
Gendeeren 1998) of SAR and multi-spectral sensor data for vegetation classification
and parameter retrieval (Donchenko et al. 1997, 1998, 2000, Fransson et al. 1999;
Kuplich et al. 2000).
The present study is related to the ecological monitoring of Russian boreal
forests by means of combined satellite observations, which promise to provide a
basis for future activities in this direction. The overall objective of this study is the
development of an approach for a combined use of data from different satellite
sensors (operating in different spectral ranges and having different spatial
resolution) for retrieval of parameters determining boreal forest conditions and
useful for monitoring damaged forest areas. To achieve this aim, European Remote
Sensing Satellite (ERS) SAR, Landsat MSS and Russian RESURS-01 SK-U sensor
data are used in combination. The case study area is located at the ecologically
stressed St Petersburg region, where an exceptionally comprehensive and spatially
well-sampled in situ data set has been acquired and analysed here.
2. Study area and data
2.1. Study area
This study has been undertaken in an area of north-western Russia near the
Estonian border (figure 1), where the current ecological status is a subject of serious
concern. It is located in the taiga zone (south-taiga sub-zone). The area covers
approximately 96 000 hectares. The prevailing forest tree species are pine (about
55%), spruce (30%) and birch and aspen (25%). Different types of wetlands cover
20% of the study area. The field layer consists of different type of moss, sphagnum
and Pleurozim schreberi, blueberry, and cowberry. The elevation is about 100 m
above sea level and the area is relatively flat.
The region is subject to a variety of anthropogenic impacts originating mainly
from the following sources of atmospheric and water pollution: electric power and
industrial chemical plants in Estonia and mining enterprises in Narva, Slantsy,
Kingisepp and some other towns. Oil shale has been a major source of energy
in Estonia for many decades. The Narva power plant, for example, is one of the
largest oil shale fired thermal power stations in the world. Within one year it
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Figure 1. Geographical location of the study area. In the upper-left corner the wind rose,
showing the distribution of wind direction through the year at Narva city, is
presented.

emitted 166 000 tons of toxic sulphur dioxide and more than 153 000 tons of solid
particles, most of which was transported out of the country (Helsinki Commission
2001).
The main sorts of pollution here are SO2 , NO2 , Ca, fling ash and mineral dust
(VTT 1994). These zones are characterized by very high (from 14–44 kg ha{1 per
year; critical load: 7.97 kg ha{1 ; peak concentration: 0.1–0.2 mg m{3 ) fall-out of
sulphur (S), which is known to cause serious damage to forest plants, mostly for
pine trees (Guderian 1979, Goltsova 1995). The sampling analysis has revealed that
the content of S (1450 mg kg{1 ) and calcium (Ca 5900 mg kg{1 ) in pine needles in
the Kingisepp district is 3–5.5 times higher than anywhere else in the St Petersburg
region (Goltsova et al. 1995, Donchenko 1998). Fall-outs of heavy metals here are
also very high, and the total amount of deposits is high enough to inevitably cause
serious disturbances and/or alterations to the local biota (Goltsova et al. 1995).
The fall-out of the toxic matter seriously impacts the region’s forest environment, not only due to the amount of emitted pollutants, but also the particular
meteorological situation on synoptic and local scales. Long-term observations at
the Estonian meteorological stations in Narva, Tartu and elsewhere indicate that
southerly and south-westerly winds prevail during nearly the entire year over the
Estonian territory. Therefore, there are numerous zones of strong pollution
transport from the Estonian plants over to the western part of the Kingisepp
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district, eastern coastline of the Narva Reservoir and some areas on the coastline of
the Luga and Kaporye Bays in the Gulf of Finland.

2.2. In situ data
In the St Petersburg Region (Leningrad Province), a forest monitoring survey
network according to the methodology suggested by the United Nations Economic
Commission for Europe (UN/ECE) and International Co-operative Programme on
Assessment of Air Pollution Effects on Forests (ICP-Forest) in Europe was initiated
in 1990 (UN/ECE 1992, Goltsova 1992,1995, ICP-Forest 1994). Since 1992, the
Scientific Research Centre for Ecological Safety and the Nansen International
Environmental and Remote Sensing Center in St Petersburg have conducted a
monitoring study of the forests in the St Petersburg Region (figure 1) using a
32 km632 km grid. Furthermore, for the territory of the Kingisepp and Slantsy
districts, a 16 km616 km grid was established. In these two areas, an intensive
monitoring scheme corresponding with the European program was set up. Methods
of sampling and assessment of pine tree defoliation, needle longevity, the status of
epiphytic lichen flora of pine trunks (lichen indication), as well as methods of
chemical analysis, have been subjected to inter-calibration with their counterparts
adopted in Europe. The coordinates of each site are included into the UN/ECE
database (Goltsova 1992). Chemical analyses for the metal content using atomic
absorption and emission spectroscopy methods were done at the Centre of Water
Quality at St Petersburg State University.
These in situ data on the intensity of forest damage obtained by means of the
above-mentioned methods were acquired from mid-July to mid-September from
1994 to 1996.
The present study has been focused on the following indicators: pine tree
percentage defoliation; percentage discolouration; longevity of pine needles;
number of indicative types of lichen-epiphytes (Hypogymnia physodes, Parmeliopsis
ambigua, Hypocenomyce scalaris, etc); content of heavy metals and other toxicants
in soil humus and forest mosses (Pleurozium schreberi); and forest-inventory
parameters determining the density of forest canopy (e.g. crown density, height and
diameter of trees, tree age)—see tables 3 and 4.

2.3. Spectral measurements
Ground measurements of the spectral radiance of the prevailing species of the
pine biocenoses were taken between 1 August and 13 September 1996 using a Field
Impulse Photometer developed at the State Optical Institute of St Petersburg. The
measurements were taken in spectral channels 0.3–0.63 mm (Ch. 1), 0.63–0.8 mm
(Ch. 2), 0.8–1.0 mm (Ch. 3), and 1.0–1.75 mm (Ch. 4). The measurements were done
in two ways: directly on the growing vegetation from a distance of 1.5–2 m, and on
vegetation samples collected in special cuvettes.
The mean spectral characteristics of pine biocenosis were calculated using
coefficients of weighted contribution of each plant community to the reflectivity of
the cumulative forest canopy.
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2.4. Thematic base maps
A geographic map of scale 1:200 000, produced by the Russian company
Aerogeodezia in 1994, was used for the creation of digital coverage, which served as
a base map. Several thematic vector layers, presenting the hydrological network,
urban area, forest and non-forest area (agricultural fields, gardens and industrial
areas) boundaries were produced.
To validate the forest classification maps produced from remote sensing
imagery, the relevant data on forest types from the test site were used. These data
represent the spatial distribution of different vegetation associations and their
detailed description, based on field observation and interpretation of aerial photographs. The data collection and map creation were done in the St Petersburg
Botanical Institute. Presented in the form of forest type map of scale 1:50 000, these
data were used to form raster-vector layers containing the information about forest
association boundaries.
The results of field campaigns on forest state assessments were used to create a
set of thematic digital maps presenting the spatial distribution of different levels of
forest damage and distribution of pollutants in the area.
All of the in situ information was spatially co-registered and transformed to the
same co-ordinate grid.
2.5. Remote sensing data
In this study, three different types of satellite data were used for solving
different tasks. Two ERS-1 SAR images, with the pixel resolution reduced to 100 m,
one from spring (13 March 1995) and one from autumn (13 September 1994), were
used to outline bogs and other similar types of terrain. Again, two ERS-1 SAR
images in PRI format (with original resolution of 25 m), one from spring (13
September 1995) and one from autumn (13 September 1994), were used for forest
type classification. A Landsat MSS image (80 m resolution) taken on 26 July 1989
was only available for the implementation of forest state assessment via remote
sensing. An MSU-SK sensor image (160 m resolution) from the Russian satellite
RESURS-01, taken on 28 June 1999, was also available for comparison or
‘validation’ of the methodological approach used here. The MSU-SK sensor has
similar spectral bands as Landsat MSS (see table 1). The choice of remote sensing
data was limited by several factors. The high cost of remote sensing data and our
low budget limited our possibilities to purchase new data. Most of the scenes from
available datasets were of poor quality (too cloudy) or from the wrong season.
The remote sensing data involved in the analysis were spatially co-registered and
rectified to the same map projection. The images were geo-referenced to the same
known co-ordinate grid using ground control points (GCPs). The rectification was
Table 1.

Spectral bands of the sensors MSU-SK of RESURS-01 and Landsat/MSS.

Satellite/sensor
Band
Band
Band
Band
Band

1
2
3
4
5

RESURS-01 MSU-SK (mm)

Landsat/MSS (mm)

0.5–0.6
0.6–0.7
0.7–0.8
0.8–1.1
10.4–12.6

0.54–0.59
0.6–0.72
0.72–0.8
0.82–1.01
–
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done using an adaptive polynomial rectification method. The ERS-1 SAR images
used for forest type classification were resampled to a pixel spacing of 25 m, and
quantized to reduce the number of grey levels to 16. The latter process was done to
reduce the computing time of texture features calculation. For the geometrically
corrected Landsat MSS image, the scan-line noise was removed using the Crippen
method (Crippen 1989).
3. Methods of analysis of remote sensing and in situ data
3.1. General approach
The accuracy of the estimates of industrially-damaged forest depends much on
the accuracy of contouring forested areas. This is due to the fact that changes in
spectral characteristics of the surface caused by natural and industrial impacts on
the vegetation depend not only upon the impact strength but also on the type of the
surface. Moreover, for this study, it is important to know if the degradation of
vegetation is induced by industrial pollution or by natural conditions. Therefore,
the targets should be thoroughly selected, especially within the areas with decreased
spectral indices. It is these areas, which include the sites of industrially-damaged
forest, that were finally chosen for monitoring.
The methodological approach used in the analysis of remote sensing and in situ
data comprised the following steps. Since vegetation in wetlands is naturally
depressed, the first step was a classification of the composite of two ERS-1 SAR
images with the reduced resolution (100 m) to outline wetland areas. Second, after
the location and boundaries of wetlands were identified, this SAR composite was
combined with the Landsat MSS imagery in order to exclude non-forested areas
from further analysis. Additionally, as all in situ data characterizing degree of forest
degradation were collected for pine stands the possibility of mapping forest types
using ERS SAR imagery was investigated. For this purpose, textural maps of SAR
images were calculated and classified along with their brightness values and the
results were compared with the ground truth data. Third, the study was further
extended by establishing relationships between the parameters characterizing the
forest state, the level of the deposits of different pollutants and the various satellite
data in order to develop approach for forest state assessment. A correlation analysis
was done for this purpose using collected in situ data and brightness values of the
Landsat MSS bands, as well as the retrieved NDVI. After the relationships
between these data were studied, the results obtained were validated by comparison
of RESURS-01 MSU-SK NDVI with the in situ data representing the spatial
distribution of mercury (Hg) in the forest moss over the test site. Since the content
of Hg in the forest moss is in direct proportion to its S content, the damaged forest
areas could be easily identified by a high concentration of Hg in the forest moss
(Goltsova 1995). About 80% of local emissions are formed by coarse fraction
(VTT 1994). It is generally assumed a priori that substances such as sulphur
transform mostly as oxide—however, Jalkanen (1996) found that fixation-process S
and Ca oxides occur here and he showed that the forms of transformation are
various: oxide, hydroxide, carbonate, sulphate and even silicate. Among them, a
number of soluble mineral forms and sulphate-nitrate complex form the emission
components. Goltsova (1994) and Goltsova and Pitulko (1996) have also found the
functional connection between S and Ca content in soil and moss in the
Slantsevskiy district.
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Figure 2. The ERS-1/SAR composite of two images: 13 September 1994 and 13 March
1995. The resolution is reduced to 100 m pixel spacing. Bogs and wetlands are clearly
visible.

3.2. Elimination of non-forested areas
Wetlands and other similar areas are expressed better in radar images than in
visible-band images, primarily due to the high sensitivity of microwave backscatter
to variations in soil moisture and the presence or absence of surface water (e.g.
Benallegue et al. 1995, French et al. 1996, Kasischke and Borgeau-Chavez 1997).
The variations in grey tones in a SAR image provide a basis for discriminating
different surface types by means of visual interpretation. Here, for the purpose of
locating and outlining wetlands, a composite of two ERS-1 SAR images with the
spatial resolution reduced to 100 m was used (figure 2). A straightforward, expertsupervised classification of this composite was carried out to identify wetland and
non-wetland classes. As a result such a composite from different seasons is
conducive to an image-map of wetland distribution. One can readily identify the
wetlands, bogs and similar terrain types. Landsat MSS images were classified using
maximum likelihood supervised classification. Furthermore, the ERS-1 SAR
composite was combined with classified Landsat MSS imagery to assess location
of general land-cover classes. Four general classes were separated: forest, wetlands,
agricultural field and water bodies.
3.3. Forest type classification
In the classification of SAR images, texture provides important information in
addition to image grey levels or the backscatter values alone. A large number of
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Figure 3. (a) Reflection coefficients (%) of A—moss, B—pine (bark), C—pine (needles),
D—Spruce (needles), E—deciduous undergrowth, F—soil cover; (b) averaged
reflection coefficients (%) of the canopy accounting for the contribution of all
species. Channels of Field Impulse Photometer (1): 0.3–0.63 mm; (2): 0.63–0.8 mm;
(3): 0.8–1.0 mm; (4): 1.0–1.75 mm.

approaches for computation of image texture have been proposed and applied to
SAR data to study land cover (e.g. Soares et al. 1994, Solberg et al. 1994, Renno
and Freitas 1998, Kurvonen and Hallikainen 1999). In this study, the performance
of texture features derived from the grey-level co-occurrence matrices (GLCM) is
investigated. Two ERS-1 SAR images in PRI format were used to evaluate the
performance of these texture features.
The element of GLCM can be described as (Solberg et al. 1994):
Pij ~

pd,a
ij
,
L
P
pd,a
ij

ð1Þ

ij

pd,a
ij

where
is the frequency of occurrence of grey levels i and j, separated by the
distance d in the direction a, and L is the total number of pixel pairs within a
window for given d and a values. The nature of the textural information contained
in the GLCM depends on quantity of grey levels in the image (N), the size of the
window (kernel), in which texture for a local area is computed, d and a.
In this study, the SAR images were quantized to 16 grey levels before computing
the GLCM. A 969-pixel kernel was chosen and the corresponding GLCM was
assigned to the central pixel of this kernel. The value d~1 was used and for each
kernel four GLCMs were calculated in directions of 0, 45, 90 and 135 degrees and
then an average value was taken. Four textural features were selected for analysis:
Cluster Shade~

N P
N 
P
i

Contrast~

j

3
izj{mi {mj Pij

N P
N
P
i
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where mi ~ i Pij and mj ~ j Pij .
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Four textural maps were computed for each image, resulting in eight textural
maps, which were then superimposed together with the two initial images (i.e. ones
that had not been subjected to quantization). The resulting ten-layer data set was
subsequently classified using maximum likelihood supervised classification procedure. Four general types of forests were classified: coniferous, lowland coniferous,
deciduous and mixed (see §4).
3.4. Forest state assessment
The correlations between satellite and respective ground-truth data were sought
for two cases: (a) the entire data set, and (b) data from sampled points, located deep
in the forests, with the sampling based on both the topographic material and on the
Landsat MSS and ERS-1,-2 SAR data.
The reflection coefficients for the prevailing species of pine biocenoses at a
varying degree of damage taken from the in situ data set (see § 2.3) have been used
as learning material for the interpretation of the satellite data. The statistical
structure of the samples has been studied, and the main factors controlling the
variability in parameters such as NDVI have been determined. These factors are
most significantly associated with the indicators reflecting the status of forests (in
particular, the content of Ca in mosses, pine defoliation, etc.).
4. Results and their validation
4.1. Results of in situ measurements
Based on the results of in situ measurements, a classification of the test site was
performed in terms of the degree of pine tree degradation. The areas of so-called
ecological anomalies were identified. A set of digital maps presenting spatial
distribution of different parameters characterizing mainly the degree of forest
damage due to anthropogenic factors was produced as a result.
Defoliation exceeding 15% is evident at two main sites: at the seaside lowland
band extending from Ivangorod to Ust-Luga and along the Tallinn highway, which
runs from Narva to Kingisepp and then to the north-east (figure 1). The maximum
defoliation (25–40%) is observed near the Kingisepp in the northern direction. An
increased defoliation is traced north, north-east and south-east off the Narva
Reservoir, which agrees well with the wind directions common for this region. Pine
needle colouration changes are most appreciable (more then 10%) around the
Narva Reservoir, which is clearly due to a combined impact originating from the
Estonian HPP, and Narva-Ivangorod industrial centre.
4.2. Results of spectral measurements
Defoliation and discolouration of pine trees led to a decrease of the reflection
coefficient in all spectral ranges (figure 3). Differences between oppressed and
healthy trees are detectable in every spectral channel. There is a general decrease of
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spectral radiance (in Ch. 1 by 30%, in Ch. 2 by 25%, in Ch. 3 by 26% and in Ch. 4
by 5%), which can be explained by a sharp decrease in pigmentation resulted from
irreversible physiological changes driven by atmospheric pollution impact on the
vegetation. Koch et al. (1990) obtained a similar result, showing that different forest
damaged symptoms reduce reflectance value in the visible and infrared parts of the
electromagnetic spectrum. Ekstrand (1990) found that reflectance decreased for all
the TM bands when needle loss increased from 10% to 40% in Swedish forest
stands. These dependencies substantiate the information content of simple spectral
indices which can be retrieved from satellites (e.g. simple differences and ratios of
different channels), at least for this study area, and used as learning material for
the forest state assessment (see § 3.4).
4.3. Land cover and forest type classification
To assess the distribution of polluted forests, an allocation of general land use
classes was carried out using the Landsat MSS and ERS-1 SAR composite (see
§ 3.2). The forested area allocation is shown at the maps in figure 4, where 4(a)
represents the in situ data and 4(b) the results of satellite data analysis. A comparison of these two maps shows that agriculture fields, urban areas and waterbody classes are well identified from the satellite data classification. Although there
are some dissimilarities in the boundaries and locations of small fields on these
maps, this can be accounted for by the difference in resolution between the in situ
and remote sensing-derived maps. The in situ map has a 1:200 000 scale, whereas
the remote sensing map has resolution of about 100 m. There is some discrepancy
between the forest and wetland classes; nevertheless, the discrepancy is relatively
minor and the delineation of the wetlands is reasonably good.
The results of forest type classification (see § 3.3) are presented in figure 5. Some
similarity can be seen, especially for the coniferous forest stands. From figure 5, it is
also obvious that the resolution of the ground truth data map is much lower than
that of the satellite-derived classification map. Table 2 presents the confusion matrix
for the two maps given in figure 5. The confusion matrix shows the correlation
between retrieved and ground-truth data. The value at each cell of the matrix is the
normalized count of the number of times that the combination of the corresponding
classes for these data occur. The confusion matrix shows that the best results were
achieved for coniferous and mixed forests (52.2% and 44.3%, respectively). For
lowland coniferous and deciduous forests, the accuracy of classification was lower
(37.4% and 11.3%, respectively). However, the results are in agreement with the
results obtained by other authors (Kurvonen and Hallikainen 1999).
It should be mentioned that the in situ data on the degree of forest pollution
were collected only for pine stands. Hence, for further establishment of the
correlation between remote sensing and forest state in situ data, it is important to
identify the location of the pine stands. In view of this, the ability to outline
coniferous forests using satellite data is a good result.
4.4. Correlation between Landsat MSS data and in situ measurements
The factor analysis of the distribution of the spectral channel intensity and the
values of spectral indices as a function of natural manifestations, which cause
oppression of forest ecosystems, has shown that the main contribution to the
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(a)

(b)

Figure 4. (a) The ground truth map representing five general land use classes; (b) the
allocation of major types of land use classes derived from Landsat/MSS and ERS/
SAR composite: 1—water bodies, 2—wetlands, 3—agricultural fields, 4—forested
areas, 5—urban areas. White triangles denote the locations of stations where in situ
data were collected.

variability of the studied sample originates from 3–4 parameters, whose variations
account for up to 95% of the total variance.
The correlation analysis of the total set (without dividing it into forest cover
types) showed the existence of a number of statistically significant dependencies
between the remotely sensed data and parameters characterizing the forest
conditions (table 3). However, these dependencies are established at ‘only’ a 95%
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Figure 5. Results of forest type classification. To the left is the fragment of an in situ forest
type map. To the right is the forest type classification map retrieved from satellite
data. Four broad forest types are presented.

confidence level and the values of partial coefficients of correlations are as a rule
only slightly greater than 0.25–0.30.
An interpretation of the statistical structure of only the samples located deep in
the forest was then implemented. The total data set was sorted and the data
Table 2.

Confusion matrix for the forest type classification from ERS/SAR data.
Coniferous
(%)

Lowland
coniferous (%)

Deciduous
(%)

Mixed
forest (%)

Coniferous
Lowland coniferous
Deciduous

52.2
27.7
3.7

23.3
34.7
8

29.1
30.6
11.3

24.2
21.1
10.4

MixedForest

16.4

34

29

44.3

Table 3. Major forest status characteristics which can be retrieved from remote sensing
data/value added products for the total data set (r~correlation coefficient).
Forest status parameters
Forestry characteristics
. crown density
. height and diameter of trees
. age of trees
. defoliation and discoloration
Pollution of mosses:
. total density of deposits
Pollution of soil humus:
. Al, Ca, Fe, K, Mg, V

Remote sensing data/value added products
All Landsat channels (r~0.3)
Landsat channels 2, 3, 4 (r~0.24)
All Landsat channels (r~0.27)
NDVI (r~0.3)
NDVI (r~0.2)
NDVI (r~0.26)
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characterizing the proper forest domains were selected, permitting a more precise
identification of the pine biocenoses state. The corresponding dependencies between
the parameters characterizing forest condition and remote sensing data are shown
in table 4.
The statistical structure of this selected data set differs significantly from the
statistical structure of the total set and the number of the dependencies between the
remotely sensed data and parameters characterizing the forest conditions is higher
in this case (compare table 3 and table 4). The correlations between the variables
increase substantially—the correlation coefficients exceed 0.60 at a 99% confidence
level. For example, there is correlation between the NDVI and the degree of pineneedles discolouration, figure 6 presents the comparison of spatial distribution of
these two parameters.
This figure shows the presence of the correspondence between the healthy tree
areas on the satellite-derived map and the areas of low degree of pine needle
discolouration on the ground truth map (high values of NDVI correspond to
healthy trees, low values to stressed trees). The area below Narva Reservoir, around
Slantsy quarry, has very low NDVI values—on the ground truth map, this area
corresponds to the highest degree of pine needle discolouration. The high values of
NDVI, in the bottom-right part of the remote sensing derived map correspond well
with the low discolouration values in this region on ground truth map. Additionally
relevant connections and relationships between the parameters obtained by multispectral satellite sensors, such as NDVI, and the factors inducing plant stress were
established. The rank correlation between the distribution of some toxicants in the
studied domains and bio-indicators and NDVI is shown in table 5.
A wide range of toxicants, contained in mosses, soil humus and soils have some
dependencies with the parameters characterizing the degree of forest degradation,
such as crown defoliation and discolouration, and longevity of needles, as seen
from table 5. These forest state parameters, in their turn, correlate with the NDVI
Table 4. Major forest status characteristics which can be retrieved from remote sensing
data/value added products as identified for the sorted-out sampling set (r~correlation coefficient).
Forest status parameters
Characteristic of tree masses:
. crown density
. height and diameter of trees
. age of trees
. defoliation and discolouration
. lichen-epiphytes
Pollution of mosses:
. total density of deposits
. Ba, Ca, Cu, Mg, S, Zn
. Al, Cr, Fe, Pb
Pollution of soil humus (a weaker
but as before still statistically
meaningful correlation, r~0.3):
. K, Mg
. Ca, Cu, Fe, Pb

Remote sensing data/value added products
All Landsat channels (r~20.67)
Landsat channels 2, 3, 4
NDVI Landsat (r~0.76)
NDVI
NDVI
Landsat channels 3 and 4, (r~0.45)
NDVI (content of Ba, Mg, S and Zn Correlates
with NDVI at a 99% confidence Level, r~0.5–0.6)
Landsat channels 3 and 4 (r~0.45)

NDVI
All Landsat channels
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The comparison of Landsat/MSS NDVI map (to the left) with the in situ data
presenting distribution of pine needles discolouration (to the right).

of Landsat MSS imagery. Therefore, the nature of pollution of the forested areas
can be investigated with the use of remote sensing data. The relationship of concentration of the Ca and S in the soils with discolouration of the pine needles is the
most pronounced.
These results can be used to produce maps indicating the degree of forest
degradation and for estimating the area of damaged and healthy forests. For
example, the state of the forest in the study area was assessed on the basis of the
NDVI distribution as derived from multi-spectral satellite surveys (see map in
figure 6). For the reliably identified forests, a distinction was made between healthy
trees (i.e. having high NDVI values) and trees weakened by air pollution. It was
found that about 1050 km2 of forested areas in the Kingisepp district and 600 km2
in the Slantsy district have the vegetation index values below the normal level
(about 25% of the total forested area).
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Table 5. The rank correlation between the distribution of some toxicants in the studied
domains and bioindicators (– lack of consistency; zweak consistency; zzclose
consistency; zzzvery close consistency; (z) unstable consistency).
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Domain toxicant
Mosses:
Pb
Zn
S
Ca
Fe
Soil humus:
Pb
Zn
S
Soils:
Ca
S
Fe
Pb
Zn
Defoliation
Discoloration
Longevity of needles
Lichen-indication
NDVI

Defoliation of
the entire crown

Discoloration of
the entire crown

Longevity
of needles

Lichenindication

NDVI

z
z
z
z
z

z
–
z
–
–

–
z
z
(z)
z

z
z
z
z
(z)

(z)
(z)
z
zz
–

z
z
z

–
z
z

–
z
zz

z
–
z

(z)
–
(z)

zz
zz
z
z
z
xxx
–
z
z
zz

zz
zzz
z
z
z
–
xxx
zz
zz
z

zz
zz
z
–
z
z
z
xxx
z
z

zz
z
z
z
z
z
zz
z
xxx
zz

zz
(z)
–
(z)
(z)
zz
z
z
zz
xxx

4.5. Validation of established correlations
To validate the correlations found between NDVI values and ground truth data
representing the degree of forest state, the RESURS-01 MSU-SK image was used.
The MSU-SK sensor of RESURS-01 has approximately the same bands as Landsat
MSS, thus it was of interest to compare the NVDI of RESURS-01 with ground
truth data.
Figure 7 presents a comparison of the forest state map derived from spatial
distribution of RESURS-01 MSU-SK NDVI with the ground truth data showing
the level of Hg pollution over the test site. This figure shows that the areas having a
high level of Hg in forest moss on the ground truth map generally correspond well
to the areas of unhealthy trees on the NDVI-derived map.
The strip of the low NDVI values, which stretches from the bottom-right to
the upper-left corner of the remote sensing-derived map, is also present on the ground
truth map of Hg deposits distribution as the region of high level of Hg pollution.
And the area of high value of NDVI in the upper-right part of satellite map
corresponds well with the area of low values of Hg pollution on the ground truth
map.
5.

Discussion and conclusions
The degree and spatial distribution of ecological anomalies in north-western
Russian boreal forests that appear under the influence of air pollution can be
effectively investigated and revealed using a combination of remotely-sensed data
from different satellite sensor systems (radar and optical, low and high resolution)
and a thorough ground truth data set from the monitoring at grid points. It has
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Figure 7. A comparison of RESURS-01 MSU-SK NDVI derived forest state map (to the
left) with in situ data presenting mercury deposits distribution in forest moss over the
test site (to the right). The red curve on the RESURS-01 map outlines Narva
Reservoir. On the left image the zones coloured in blue representing damaged forest
coincide with the zones coloured in deep blue on the right image representing higher
concentrations of mercury.

been possible to investigate in depth (utilizing a reference data set free from the
influence of the majority of non-anthropogenic factors), the co-variation matrix
relating the biocenoses parameters observed at monitoring grid points and
respective spectral indices obtained from remotely-sensed measurements, although
the relatively low correlation coefficients are a limitation.
Regarding forest classification, the combined use of ERS SAR and Landsat
MSS imagery allowed us to classify the test site area in general land cover classes.
ERS SAR data bring more accuracy to eliminate wetlands (where vegetation is
depressed by natural factors) that would be difficult using optical data alone. These
classifications were essential for the analysis of correlation between in situ data
characterizing the degree of forest damage and Landsat MSS data to be correct.
The sorted data characterizing the proper forest domains permit a more precise
identification of the pine biocenoses state. The statistical structure of this selected
data set differs significantly from that of the total set and the number of the
dependencies between the remotely-sensed data and parameters characterizing the
forest conditions is higher in this case. The same type of data sorting is not
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apparent in the research literature and most of the previous research did not take in
to account the natural factors that depress vegetation.
The remote sensing-derived land and forest type classification maps provide
substantially greater spatial detail than the contour maps based on ground-truth
data. In itself, this illustrates an advantage of using remote sensing data; however,
the relatively coarse resolution of the ground-truth maps precludes a comprehensive, spatially detailed error analysis. The accuracy of the classification of
coniferous stands is not as high, but comparable to previous researchers.
Differences between stressed versus healthy trees were apparent in all
investigated spectral ranges. This is based on the fact that the presence of high
concentrations of heavy metals and other toxicants either in soil or in deposits is
manifested through physiological and morphological changes in plants. It is
apparent from the correlation analysis that a range of parameters defining the
degree of forest degradation has strong dependencies on optical remote sensing
data. Therefore these data, such as Landsat MSS and RESURS-01 MSU-SK,
having a larger coverage area, have the potential for identifying areas of damaged
forests, at least where some in situ data are available for validation. We therefore
conclude that the present study establishes the capability to use combined remotely
sensed data to identify the degree of forest degradation under air pollution impacts.
However, identification of the density and composition of atmospheric deposition is
still possible only using ground measurements, though here we have been able to
relate the concentration of the Ca and S in the soils with the discolouration of the
pine needles and with remote sensing parameters.
Most of the previous research on forest state assessment has used only optical
remote sensing data, but we believe that combining images acquired by visible/
infrared sensors with data from SAR sensors can improve results of forest state
assessment and became efficient tools for forest monitoring. The results of the study
and multi-sensor approach in general can be useful applied for similar purposes in
different areas.
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